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PRETACE

The real purpose of 2 preface 1t has been sud, 1s to break down
reader resistance  to put the reader in the proper frame of mind to
approach the reading of the book  Such a purpose has no great 1ppenl
to the present author but 1t mav perhaps put the reader in 1 more
svmpathetic frime of mind f 1t 15 mentioned at the outset that this
1s  first book not A first book n the author sense but 1n the subject
sense Numerous books hive been published on the vitamins but none
dealing wholly with the trace elements i human and ammal nutrition
Thus 15 curious when one considers that the history of the trace elements
1s as stmulating and as romantic s that of the vitumns their economic
sigmificance 1s as great or greater and they lie equally at the root of
p1siological processes These ponts will 1t 15 hoped become 7bun
dantly apparent from the pages which follow It 15 true that a small
book by Stiles called Trace Elements in Plants and Animals” was
published m 1946 and one by Momer Wilhams entitled “Trace Elements
in Food” in 1948 but the former devotes only a few pages to ammnls
and the latter 15 concerned prmcipally with analytical methods and
with tovicological and public health aspects of the trace elements rather
than with nutrition For this reason the present text c¢an legiimately
be regarded as a first attempt to survev the trace elements from the
pomnt of view of their nutnitional sigmficance to man and is domestic
ammals

Tlus book 15 wntten for those who pln to speciilize m nutntion or
who are already speciabists 1n nutrition It 15 not wntten for those who
are primanly dietiians biochemusts or pathologists although evitably
there 15 much 1n 1t to nterest all three In fact 1t 15 impossible to treat
the trace elements at all effectively without venturing boldly sometimes
even rashly 1nto the nochemustry of the cell on the one hand and into
the pharmacology and toucology of the hning body on the other The
extent of the movement nto exther field vanes with the element It 1s
governed by no known rationale but rather by the personal interest
knowledge and predilections of the author The authors mm has been
to present a balanced treatment to explore as fully 1s space will allow
those facets of any element which throw light on the nutntional signifi
cwnce of that clement and to exclude arbutranly other aspeets which
apper to have no such beanng on nutntion  The author has also
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CHAPTER 1
INTRODUCTION
| The Trace Element Concept

Ouer the last hundred years and especnally m the last thirty years
a steadily mcreasing number of clements has been found to be constantly
present m Inng tissues To 1 few of them, defimte biologicn] functions
have been assigned  The term  trace elements” was quite understandably
applied by the carly worhers to those clements which occur or which
funchion 1 very smoll amounts relative to the amounts of the mam con
stituents of the tissues because of the difficulties then associated with
measunng the low concentrations mvolved and their recogmition there
fore merely as traces” The term minor elements” has also gamned
some acceptance particularly by plant biologists to describe these
elements Both these terms have been quite justifiably cnticized as
musleading or as having prejudicial implications—the first because 1t
fails to convey the 1dea of their quantitative sigmficance and the second
because 1t suggests for them a mmor or less important role compared
with those elements which occur or are required 1 larger quantities
Several altematnve names have been suggested The terms “ohgo ele
ment or “ohgo metal (obgo commg from the Greek “ohgos” meaning
scanty) have been used in the French literature for some years and
the terms “mucro-element” or “micro nutrient” have the mpressive sup
port of several international conferences None of these latter terms,
however appears to have made a great deal of headway 1n spite of ther
greater descriptive accuracy The name “trace elements” 15 retaned
this book because of its historscal associations and its continued general
acceptance by most active workers mn the field

Nearly every element has been found to oceur 1n Living tissues by one
method or another at some time or another Spectrochemical methods
because of therr comenience speaifiaty and accuracy n sklled and
cntical hands have been particularly useful in the detection and estima
tion of a senes of trace metals 1 biological matenals under a vanety of
condibons They have n fact played a very important part in gving
uscful leads 1n the mvestigation of several naturally occurnng nutnitional
problems yn animals to which reference 1s made 1n the appropnate
chapters wlich follow



4 1 INTRODUCTION

trace elements and those which cannot be so clissed For instance won
15 considered a trace metal by some wnters and not by others It 1s
certamly required by ammals in sigmficantly Jarger quantibes than the
other trace elements and 1t occurs m the body m rclatively hngh con
centratons as part of the hemoglobs molecule On the other hand, 1t
functions also as’a conshtuent of a number of oxdative enzymes n a
manner sumilar to copper, and 15 ntimately related to copper m 1its
metabohsm  Moreover m many body flmds and hssues st does not
normally occur in concentrations which are as igh as those of another
acknowledged trace clement, zme For these reasons st 15 included
among the trace elements 1 this text Even »f wron 15 excluded from the
present considerations however, large quantititive differences reman
Thus the requirements of mammals for copper are many times those for
10dme or cobalt and the concentrations of zinc 1 ammal hssues are many
times those of manganese and so on  An :dea of the magmtude of some
of these dufferences can be gamed from an mspection of Table 1, m
which typical concentrations of the si« essential trace elements m normal
human blood are presented
TABLE 1

Tyricar ConcenTraTionse oF EsseNtial Trace Ermments
™ Norwat Hovian Broon

Element ‘Whole blood Scrum
Tron 50000 80-100
Zine 700-900 300
Copper 300-120 100-120
Manganese 12-18 4-6
odine 812 5-6
Cobalt - 08

o Measured i pg per 100 ml

Some of the trace clements to which no defimte functions have yet
been asenbed occur n the blood and tissues m concentrations sigmfi
cantly lagher than those of the essential trace elements Bromme and
stlicon are examples of such clements as 1 evident from the data given
m Chapter 12 Another example of great wmterest 13 the alkah metal
rubidium  Rubidium has been found to oceur n most animal and human
tissues and organs, mcluding fetal tissues and mlk 1 fanly constant
proporbions amounting to no less than 2040 p pm on the dry basis (12}
No attempts to find out if these appreciable quantibes of this element
serve any useful or essentral function within the tissues appenr to have
been made
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Il The Development of Knowledge of the Trace Elements

Although « great deal of our knowledge of the sigmficance of the trace
elements m mmal physiology has been accumulated m the last thity
years—m fact snce the clssical demonstration by E B Hart and lus
colleagues of the essentinl nature of copper n mammalian nutrition mn
1928 (9)—interest 1n certan aspects of these elements dates back for over
a century The presence of copper m the oxygen transporting hemo
cyamin of mollusks was first recogmzed 1n 1847 (8), wron was shown to be
1 part of the hemoglobin molecule 1n 1886 (15), 1odine was found by
Baumann (1) a few years later to be concentrated i the thyroid—
although this element had beert used empineally 1n the treatment of
humn goiter a5 early 1s 1820 (4) zme was shown to be present in the
respiritory pigment of the snail Sycotypus, 1n 1905 (11) vanadium was
demonstrated 1n the blood pigment of sea squirts n 1911 (10) and the
senes of early 1\ estigations on cell respiration and on won and oudative
processes wlich began with Claude Bernard mn 1857 (2) pointed the
way to the discovery of metalloenzymes 1nd to metal enzyme interactions
m catalysis

Durmg this early peniod also the uniwversal presence of a range of
elements n minute quanthes i plant and amml tissues and n the
soils on which the plants feed was estabhshed Many of these early
studies are now known to have been quanhtatively msleading because
the analytical methods then avaulable were rarely equal to the task of
estimating accurately the extremely low concentrations involved and
because the ease with which contamimnation can occur was not generally
appreciated Nevertheless these “distnbution” studies served the very
useful purpose of drawing attention to the possible sigmficance of many
elements previously disregarded and gave the necessary stimulus to
phy siologeeal and ! 5 lesigned to ascertamn therr
function if any m hving tissues

Interesting and 1mportant as these studies were 1dvances i our under
standing of the role of the trace elements were exceedingly slow untl
two different types of investigations began—inyeshgations which bear a
stnking resemblance m therr method of approach to those which have
been so ful 1n 2l g the sigmfi of the v m
ammal physiology and of the trace elements 1n plant physiology These
are (1) the mvestigation of vartous naturally occurnng diseases of man
and ammals widely separited geographically which were shown to be
due to a dietary deficiency or excess of a particular trace element and
(2) the nvestigation of the effects on ammals of Inghly punfied or
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I  DEVELOPNMINT OF K\NOWLEDGE 7

wath punfied diets espeannlly those of the great French school led by
Gabnelle Bertrand and of J § McHargue in Rentucky, dunng the
1920s, were mnconclusive because the dicts employed were generlly
laching 1n essential vtamns so that the ammals made httle growth
or sunned for only short penods, even when supplemented wath the
clement under study Not untl vitamin rescarch had advanced suffi
ciently to enable diets to be devised low m the element in question but
adequite or reasonably adequite m other respects was rapid progress
mnde in this type of study Outstanding in this respect was the Wiscon
sin school led by the Inte E B Hart Not only were the researchers
of this school extremely successful with punified diets but m the decade
followng the demonstrition of the relwtion of copper to hemoglobin
production 1n the rat in 1928 they pioncered the use of whole milk or
of diets composed largely of milk 1 trace element studies Milk because
of 1ts palatability 1ts nchness in many dietary essentials and ats natural
deficiency 1n wron copper and manganese has proved to be an invalu
ble tool to nutntion workers interested 1 the trace elements

The two approaches to the study of trace clements outhned above
were at first distinct and unrelated but they have tended to merge :n
recent years each contributing to developments 1n the other 1n a manner
stmlar to the mergmg of pure and applied research m the relted field
of vitamin research Studies of naturally occurnng deficiencies or tox-
1aties 1 man or farm stock have provided new stmul for the further
mestigation of the mode of action of trace elements m laboratory
ammals by disclosing new and often unexpected functions wathin the
body and laboratory studies with small ammals have been fruitful in
draving attention to the wider sigmficance of certun elements 1n field
problems previously mexpheable Such cross fertlization 1n 1deas and
techmques examples of which arc gnen 1n the chapters that follow has
been a potent factor 1n mcreasmg our undershndmg of the nutntional
sigmificance of a great number of these elements

Witlun the last few years a ncw and powerful weapon the “tracer”
1sotope has been added to the nutntional physiologist s armamentarium
Radiactive 1sotopes with 1 swtible half bfe and a ugh specific activity
are now available for 1 wide range of clements mn amounts and at 4 cost
suited to most biological needs  With the trace elements thus has proved
to be a development of tremendous sigmficance because essential 1n
veshigations of abserption excrction distnbution and combimation within
the tissues were n some cases impossible and 1 all cases difficult
by comcntional methods The value of ridicactine 1sotopes has been
shown most convineingly with 1edine whose metabolic movements defied
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10n speatfiaity  In neither case however can a clear exposihon of the
way 1n which these elements function yet be given  Moreover with the
latter group especially most of the studies have been carnied out sn oitro
Enzymatic catalysis m these circumstances may not be apphieable to n
viwo cnzvme reactions although it 1s difficult to imagme that they are
totalls unconnected

In the carhier stages of the trace clement era vestigators tended to
concentrate upon the reaction of the whole orgamism—upon such gross
cffects as gronth appette and Ine weight changes reproductive per
formance and the ke These were obviously necessary and important
and are still so but they do not readily illuminate the mode of action
of the element mn question  Subsequent mvestigations have however
moved successnely and successfully down the seale of orgamizational
compleuty from the whole organism to organs tissues cells cell par
ticulates and finally to mndividual components of the matrix of enzymes
coenzymes and 1morganic cofactors within the cell These have proved
ncreasingly revealing mn respect to trace element enzyme relationships
but, unfortunately, many of the studics of enzymatic changes m the
tissues and flwds of lving ammals suffering from various trace element
deficiencies have as yet proved very disappointing  Changes in the con
centrations or activities of those enzymes or hormones with which the
particular trace clement 1s known to be associated have been demon
strated under these conditions with some elements notably tron cobalt
copper and manganesec But frequently marked retardation 1 growth
and profound climical changes have been observed 1n the deficient anmmnl
well before any reduchon 1n the amount or activity of the enzyme or
enzymes concerned can be detected Tlus 1s particularly outstanding
with znc as 1s shown in Chapter 7 These findings do not of course
demgrate the trace clement enzyme relationship but they indicate that
the functions of these elements 1n lving systems extend far bevond
our present understanding and that these functions are more subtle and
more complex than can be appreciated at the present state of knowledge

Whatever future research may lwold 1 this respect 1t nevertheless
scems clear that the trace elements constitute such 2 small proportion
of the structural make up of plants and ammals that they must function
as catalysts Bertrand has put forward the interesting hypothesis that
they have played 1 sigmificant part an evolution by increasing the number
of chermcal reactions within the cell and the consequent elaboration of
morphological structures physiological functions and biochemcal poten
tialities In more cmotive language he suggests that the Iving organism
both plant and ammil 3s *a knd of oligarchy 1n which the masses
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mtake of the ammal and that molybdenum excretion mn the sheep 1s
profoundly affected also by the morganie sulfate level of the diet

These findings are discussed more fully m the chapters dealing with
copper molybdenum nd zinc, but 1t 1s clear that studies of copper
metbolism ind copper requirements are of hitle value unless the mo
hbdenum and morgame sulfate levels 1n the dict are known and that
studies of mols bdenum metabolism espeailly of its retention and excre
tion are Iargely worthless unless the copper and morganie sulfite con
tents of the diet arc known How far these particular relatonships
apph to nonrummant species remuns to be determined  but evidence
has alreads been obtamed that the copper requirement of the rat 1s
greath affected by the level of dietary zine It seems reasonnble to
expect that other trace element and nutrient interactions of this type
eust In amy cise 1t 1s obvious that considerable caution should be
everased 1 the mterpretation of nutntional and metabolic studies wath
the trace clements in which attention 1s restricted to a single element
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affimty crystallne form, and ammo acid composition  All mammahan
hemoglobins contun four hemes to one globin that 1s, four atoms of
won to each hemoglobin molecule but nvertebrate hemoglobins may
contatn tery many more hemes to each globin unit Union between the
heme and globin molecules 15 believed to be brought about by electro
static attraction betw een 10mzed propronic acid groups and surface basie
groups of heme and by coordmation of won with a mtrogen contuning
group of the globin probably imdazole from histidine  Thas latter union
stabilizes the 1ron m the ferrous condition and allows 1t to be reversibly
bonded to oxygen thus permitting licmoglobn to function as an oxygen
carner (97)

The hemoglobm molecule 1s sumilar n size 1n all mammals birds and
fishes It has a molecular weight of 68 000 and an 1ron content very close
to 034 Pure hemoglobin obtamed from the blood of different mam
malian species has been reported to contan 030-059% ron, depending
upon the species but 1t 15 probable that the higher values are inexact,
due to difficulties 1n the preparation of the hemoglobm as well as m
the determination of the wron Small species differences 1n 1ron content
no doubt eust, consequent upon varations 1n the nature of the globin
component of the molecule but satsfactory values charactenstic of
particular species cannot yet be given

b Formation The exact steps by wlich hemoglobin synthesis 1s
accomplished 1n the bone marrow are far from clear Globn 1s ap
parently first built up 1n the differentiating stem cell and synthesis of
heme and its attachment to globmn take place 1n the later stages of
red cell development. Defimte evidence that glycme and acetate are
utihzed by the body as starting compounds i heme production 1s now
available (10) It seems probable that these are first condensed nto
pyrrole nng umits four of which umte to give protoporphynn into which
the wron enters to form heme Protoporphyrin 1s normally present i the
erythrocytes and particularly m the reticulocytes but not i blood
plasma It has been :dentified in the megaloblasts and the erythrob!
of fetal bone marrow (100) Also an increased protoporphynn content
of the bone marrow and of the erythrocytes following hemorrhagic
anemia has been reported 1n rabbits (63) Iron has been detected histo
chemically 1n the nucler of the developing red cell and found to occur
m considerable quantihes i bone marrow  The mncorporation of this
tron 1nto the protoporphynn to form heme and the combination of the
heme and the globm to form hemoglobin seem to be localized n the
erythrogeme tissue within the developing red cell Copper 1s necessary
at some pomt or pomts withmn tlus process but the exact stage at which
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1t everts 1ts action 1s still not known This question 1s considered more
fully m the chapter on copper

The extent to which factors influencing hemoglobin formation and red
cell maturation can be inde pendent of each other 1s also far from clear
although they must be closely correlated processes ¥ for nstance
erythrocytes cannot mature without at least a parhal complement of
hemoglobn, which seems highly probable, factors such as a deficiency
of iron, which lmmt hemoglobin synthesis, will also kit erythrocyte
production  Simularly, factors such as vitamin By» which are known to
affect red cell maturation, wall also affect hemoglobin formation because
hemoglobin 1s confined to the red cells and there 1s 1 It to the hemo
globin content of the individual cell

¢ Levels n Blood The concentration of hemoglobm m the blood
15 of the same order i all mammahan speces. The normal range of
values found for apparently healthy adults of different species 15 too
large to give much meamng to arbitrary single figures but the following
normal values can be taken to represent the real species differences
which undoubtedlv exist men 15-16 women, 13-14 rat 14-15 dog
13-14 cow, pig and rabbit, 11-12 and sheep, geat and horse 10-11 g
hemoglobm per 100 ml of blood The fotal hemoglobm m the body of
mammals 1s however directly proportional to body weight The mean
of the five species exammed by Drabhin (25) was 127 g hemoglobin
per kg body weight

In man the concentrabion vares with age sex, nutntion pregnancy
state of health environment (climatic and barometnic), and perhaps race
Several modern studies of hemoglobm levels 1n human populations have
been carned out (86 88 128) wlich mndicate the extent of normal
vanabihity and illustrate the mfluence of age and sex (Fig 1) High
levels at birth are charactenistic of most but not all mammals The
Hlaod of the mewborn kumor com s & maok a5 20-22 g hemoglohin
per 100 ml  Under ordinary conditions of fcedmg tins level falls rapidly
to about 12 g per 100 ml at 3-4 months at which level 1t usually
remamns or falls shghtly unti] the baby 1s about a year old when a slow
nse to adult values begins There 15 a stnking nise m the hemoglobmn
level of the blood of males at puberty compared with tht of the female
The higher values of the male continue throughout the hfe spwn (Fig 1}
Whether this sex difference reflects subtle metabolic differences attmbut
able to hormonal dwersities between the seves or whether the fem:le
15 1 fact, usually shghtly anemic due to menstrual blood losses and
consequent depletion of 1ron stores 1s stll beng debated The bulk of
evidence howeter, 1s agamst the latter explanation It will be shown
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Jater that the loss of iron m the menstrunl blood imposes an apprecible
additional requirement for dictary wron which can be met wath difficulty
if at All from many dicts and that some success has been obtuned n
mereasing the mean hemoglobin levels of women by the admimistration
of wron (130) On the other hand many attempts to ruse hemoglobin

= Males
===Females

Hb grams

10 10‘12 1? 20
1 232¢68 1 2 34 679 1 234638 2939 59 89
L pas— L Months — L vears
Age plotted togar th cally
Fic 1 Hemoglobin values m g per 100 ml blood at different ages
throughout Ife The raprd fall m both seves m early hfe and the rapid nse n
males following puberty are clearly shown (Wnlsh et al 128)

levels 1n women by such means ncluding a very recent entical study
by Gury et al (39a) have been completely unsuccessful and most
convinaing of all there 15 no sigmficant tendency for the hemoglobin
Ievels of the blood of females to nise to those of males after the meno
pause or after hysterectomy when these blood losses no longer
occur {134)

Really entical data for other species on sex differences of this kind
m wlich all the conditions known to influence hemoglobin concentrn
tions are controlled are surpnsingly few Exammation of the hetero
geneous moss of dote whieh does eust gnes itle support to amy
generalization about higher levels for males than females in mammals
An extensnve study 1 the bovine revealed a small but sigmficant dif
ference between breeds but no significant sex differences within breeds
(15) The mean of 98 simples from 30 bulls was 112 g hemoglobm
per 100 ml and that of 916 samples from 498 cows was 111 g per 100 ml
A recent study with normal rits disclosed no sigmficant sex difference
m hemoglobin values and no sigmficant changes following castration 1n
erther males or females (61)

Ewvidence that the small fall mn mean hemoglobin level wiuch oceurs
during pregnancy in women s a phenomenon common to mammals s
Iclang although no such fall takes place in pregnant ewes (78) Thus
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arculating hemoglobin approvimates 900 g m 2 70kg man 72 g of
hemoglobm (900/125) 1s broken down duly, hberating 244 mg
(72X 35) of won Most of this won 15 conserved that 1s 1t does
not lewve the body, and 1s v ailable for the replacement of the destroyed
hemoglobin  This vmount of endogenous won metabolized daly far
transcends the amounts of iron absorbed duly from ordinary diets and
wndicates the etent to which endogenous sources dommate the inter
mediary metabolism of 1ron

2 Serum Iron

About thirty years ago the constant presence of nonhemoglobin iron
1 blood serum was defimtely established (36) Untl this ime the small
quantities of won occurring in serum were thought to ongnate from
shight hemolysis of the red cells Subsequent investigations established
the fact that the won of serum does not occur in the free state but 1s
completely bound to 1 speafic proten known as transfernn (57) or
siderophilin (99) the sole function of which appenrs to be the transport
of 1ron from one site 1n the body to another The total wron 1n the plasma
of a normal adult 1s about 3 mg (Table 2) The daily turnover of iron
n normal hemoglobin destruction and new formation amounts to about
24 mg which 1s very much larger than the wmount ordinanly absorbed
from the daily diet As was mdicated mn the preceding parigraph
changes m the rate of hemoglobin destruction or synthesis are therefore
Likely to be of far greater quantitatne sigmficance in determiming serum
iron levels than are changes 1n rates of absorption The key position of
serum 1ron 1 intermediary wron metaboltsm and the ways in which 1ts
level can be influenced by the relative rates at which the diffcrent
processes im olving iron are tahing place are illustrated diagrammatically
below

Iron Tron
absorbed excreted
4
'

n Bone
cserve ——>| Serum marrow
wron

mn Iron
tissues «—| ~p on ot
+

Iron 10 myoglobwn
cytochrome catals e

The role of serum won in wron metabolism (Kaldor 69)
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circulting hemoglobin approximates 900 g m a 70kg man 72 g of
hemoglobin  (800/125) 1s brohen down duly hberating 244 mg
(72X 35) of won Most of this won 1s conserved that 15 1t does
not lenve the body, and 15 available for the replicement of the destroyed
hemoglobin - Tlis amount of endogenous won metibolized duly far
transcends the amounts of 1ron absorbed duly from ordinary diets and
ndicates the extent to which endogenous sources dommate the mter
mediary metabolism of 1ron

2 Serum Iron

About thirty years ago the constant presence of nonhemoglobin ron
1 blood serum was defimitely established (36) Until this ime the small
quantites of wron occurring mn serum were thought to ongmate from
shight hemolysis of the red cells  Subsequent investigations estabhished
the fact that the ron of serum does not occur 1 the free state but 1s
completely bound to 1 speafic protem known as transfernn (57) or
sideroplulin (99) the sole function of wlich appears to be the transport
of 1ron from one site 1n the body to another The total iron in the plasma
of a normal adult 1s about 3 mg (Table 2) The duly turnover of iron
m normal hemoglobin destruction and new formation amounts to about
24 mg wlich 1s very much larger than the amount ordnanly absorbed
from the daily diet As was indicated m the preceding paragraph
changes 1n the rate of hemoglobin destruction or synthesis are therefore
likely to be of far greater quantitatine sigmificance in determining serum
wwon levels than are changes 1 rates of absorption The key position of
serum 1ron in intermediary wron metibolism and the ways m which its
level can be influenced by the relative rates at which the different
[};rocesses mvolving wron are taking place are illustrated dingrimmatically
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The tole of serum sron mn tron metabolism (Kaldor 69)
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Siderophilin has been 1solated crystalized and charactenzed as a
salmon pink 8, globukn occurring n Fracton IV 7 (Cohn), with a
molecular weight of 90000 (98) Each molecule 1s capable of binding
two atoms of wron which are in the fernic state and can be removed
from the complex either when converted to the ferrous state by reducing
agents or by dualysis 2t pH 5 or less (98) Present evidence suggests
that siderophilin serves s 1 true cwmer for wron in the same way that
hemoglobim ncts as a camer for oxygen (67) It 15 probable therefore
that rron Jeaves the blood stream 1 an 1omzed form and not as an iron
globulin complex but the manner 1n which ron 1s made available from
its combination with siderophilin to take part i other functions 1s still
a subject of dispute It has been suggested that 1 small fraction of 1ron
existing 1n ferrous 1ome form n equiibrium with siderophilin accounts
for the transfer 1cross membranes (67) whereas Flexner has proposed
that 4 more complex enzymatic factor imvolving ferntin rather than
simple diffusion accounts for such trinsfer (32)

Since the ron binding property of siderophilin 15 speaific to this protem
and since 1ron cannot ewist in serum for any length of time m the free
state 1t follows that the capauty of serum to transport wron 1s governed
by 1ts content of stderophilin  Normally only a portion of this siderophilin
carries non In the healthy human subject the proportion 1s about one
third the remaimng two thirds bemg known as the latent iron binding
capacity of the serum Intravenous mjection of won produces a rise
to the saturation value only that 1s to the wron binding capacity of the
siderophihn present  Any excess iron rapidly leaves the blood stream
to enter the tissues where toxic effects may ensue (56) There are,
therefore, four values of sigmficance n 1ron transport These are serum
won (SI) the latent won binding capaaity (LIBC), the total iron bind
g capacity (TIBC) which 1s the sum of the SI and the LIBC and the
percentage saturation of the 1ron bindmg protem (PS), which 1s defined
as SI divided by TIBC expressed as a percentage Each of these values
has been shown 1n the human subject to vary charactenstically for certan
physiological and pathological conditions (69) The nature and the
extent of the vanations are tlustrated 1n Table 5

Values for normal human subjects i different environments have been
obtained by a number of mvestigators (69) These show fair agreement
parhcululy as many of them were obtamed before the mportance of
the drurnal rhythm (see below) i serum wron was properly appreciated
The total iron binding capacity varies on the average from about 300-350
#g per 100 ml of serum the serum iron from 90-120 pg per 100 ml and
the percentage saturation from 30—40% Many individual values for ap
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Siderophilin has been 1solated, crystallized and charactenized as a
salmon pink B globukn occurnng m Fracton IV7 (Cohn), with a
molecular weight of 90000 (98) Each molecule 1s capable of binding
two atoms of wron which are mn the ferric state and can be removed
from the complex either when converted to the ferrous state by reducing
agents or by dialysis at pH 5 or less (98) Present evidence suggests
that siderophilin serves as a true carner for won in the same way that
hemoglobin acts s a carier for ovygen (67) It 1s probable therefore
that ron leaves the blood stream mn an 1omzed form and not as an tron
globulin complex but the manner m which iron 1s made available from
ats combination with siderophilin to take part in other functions 1s still
a subject of dispute Tt has been suggested that a small fraction of 1ron
existing 1 ferrous jome form m equibbrium with siderophilin accounts
for the transfer across membranes (67) whereas Flexner has proposed
that a more complex enzymatie factor wvolving ferntin rather than
sumple diffusion, accounts for such transfer (32)

Since the wron binding property of siderophilin 1s specific to this protem
and since won cannot exist i serum for any length of time mn the free
state, 1t follows that the capacity of serum to transport won 1s governed
by 1ts content of siderophilin  Normally only a portion of this siderophilin
carnes 1ron In the healthy human subject the proportion 1s about one
third the remammng two thirds being known as the latent iron binding
capacity of the serum Intravenous injection of iron produces a rise
to the saturation value only that 1s to the won binding capacity of the
siderophihn present Any excess won rapidly leaves the blood stream
to enter the tissues where touc effects may ensue (56) There are,
therefore four values of sigmficance n won transport These are serum
won (SI) the htent wron bindmg cipraty (LIBC), the total won bmd
g capacity (TIBC) which 1s the sum of the SI and the LIBC, and the
percentage saturation of the iron binding protem (PS), which is defined
as SI dwided by TIBC expressed as a percentage Each of these values
has been shown m the human subject to vary charactenstically for certam
physiological and pathological conditons (69) The nature and the
extent of the vanitions are illustrated 1n Table 5

Values for normal human subjects mn different environments have been
obtamned by a number of mvestigators (69) These show fair agreement
particularly as many of them were obtuned before the importance of
the diurnal rhythm (see below) 1n serum 1ron was properly apprecxated
The total 1ron binding capacity vanes on the average from about
ug per 100 ml of serum the serum wron from 90-120 pg per 100 ml and
the percentage saturition from 30-40% Many mndwvidual values for ap
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parently healthy subjects, however he well outnide these average
normal ranges There 15 no sigmficant difference between the sexes
m total won bmding capacity but women edubit signtficandly lower
serum 1on levels, and hence lower percentage siturition values than
men, the difference beng of the same order as the sex difference
hemoglobin and red cell concentrations

In additon to vanation occurnng m the individual from day to day
and between mndiiduals at the sime time on the same diy a well
marked dwrnal vaniation m serum sron cxists  This was first shown by
Vahlquist (125) who found 15 normal male subjcts to have a mean
serum ron of 135 106 pg per 100 ml at § am and of 9992 »g
per 100 ml at 6 pm A regular diurnal rhythm of this order, or some
what smaller, characterized by high momng and low evening v lues,
has since been confirmed by scveral groups of mvestigators The magm
tude of the dwrnal variation 1s greatly dummshed m vanous erythro
paetic disorders, mcluding these characterized by decreased and by
mcreased erythropoiesis (48) In mght workers the dmmal vanaton s
also somewhat dimimshed but 1s reversed to lugher evening than morning
values (48)

No completely satisfactory explanation of the durnal rhythm m scrum
sron 15 yet available but light has been shed on the problem by the
recent finding of Laurell (68) that both the maumum and muumum
diurnal levels of serum 1ron comneide chronologically with the correspond
mg levels of the likewise rhythmically varymng serum bihrubm concentra
tions As a considerable part of serum won nd of serum bilrubin 18
normally dentved from hemoglobin released during the destruchon of
red cells it can be supposed that the dwrnal vanation mn serum ron
and bilirubin 1s ascribable to v wiations m the different phases of hemo
globin metabolism It suggests further that the rate of destruction of
hemoglobin 1s shghtly greater during sleep than dunng hours of nchvity

It 1s apparent from the figures given 1 Table 5 that serum won levels
are well below normal 1 ron deficiency anemia and m wfections and
are sightly below normal m pregnancy The first condition 15 accom
panted by an mcreise 1 the won binding protemn of the serum to levels
above normul, givng extremelv low percentage saturation values where
as n mfection the percentage saturation 1s Also low but the won binding
protemn 15 significantly reduced In hemochromatoss transfusionat
hemosiderosis aplashie anemma and permictous anemn on the other
hand, serum mon 15 two to three times the normal level and the ion
binding protein of the serum 1s fully siturated but shightly below normal
concentr \tion
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The 1ron of serum cwn be concenved s a4 pool nto which iron at
\anying Tites enters lewes and s returned for the synthesis and
resvnthesis of hemoglobin and the other 1ron contuning complexes This
wron 15 1n dynamc equilibrium with the various processes mvolved in
the nddition of won to and the withdrawal of won from the serum
If the rate at wlnch 1ron leaves the plasma exceeds that at which it e
be delivered to the plisma the level will obviously fall and vice verst
Thus m 1ron deficiency low serum 1ron v1lues and pereentage satura
tion are explunable on the basis of Jow mtike depletion of body 1ron
stores nd reduced hemoglobin destruction accompanymng the wnemn
and 1 infechion on the basis of the mereased affimty of the tissue storige
depots for iron  In hemochromatoss Iigh serum 1ron values and
saturation of the ion binding protein are associted with excessive
absorption of 1ron and deposition throughout the body and n aplastic
ancmia and permicrous anemit with mereased bsorption and 4 bone
marron block to hemoglobin svnthesis 1n the presence of 1dequate body
won stores

The vamations 1n 1ron binding protemn levels are not so readdly ex
plamned It 1s tempting to argue that increases or decreases 1n total won
binding capaaity parallel the need of the body for greater or lesser
transport of 1ron and that the degree of saturation regulates iron trans
port  Such a hvpothesis 1s not fully acceptable It has been shown that
in ammals on diets which allow excessive 1ron absorption the iron bind
g protemn becomes fully saturated after about two weeks yet iron
absorption continues fully as rapidhy over the next three to four weeks
(69) Moreover injections of iron binding protemn exert only 1 very
temporany effect on the scrum 1ron level  On present evidence it 1ppears
that the carner protemn of the serum plays a merely passne role 1n won
trapsport  Whether 1t occurs nd functions similarly in all mammals
1s not known

Very httle information 1s 1 ulible on serum 1ron or iron binding
capacity 1n speaies other than the human It 1s apprent however that
the position 1n the rat differs in several important respects from that
of man (61) Both serum iron and total iron binding epacity are ap
precnbly lugher i normal rats than i man and the sex difference
1s reverscd The serum iron values of normil female rats have been
shown to be 507 higher than those of normal males ind following
ovancctomy to decline to valucs approximating those of normal males
Castration of the males produced no significant changes A decline 1n
serum aron with 1ge was obsen ¢d in both normal males and females and
was arrested by castration (61)  These mteresting findings wurant
further study and extension to other species
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the smuses 1nd villt of this tissue and to ncrease within the hadney
tubule cells after hemoglobin leakage through the glomeruli (40)

These findings leave no doubt that ferrtin 1s an 1mportant form of
storage won but recent mvestigations by Shoden and co workers (106)
indrcate that this function of ferntin 1s mmtimately shared with hemo
siderm  Radiorron admimstered orally or parenterally to rabbits was
found to be stored m hver and spleen as hemosidenin and also as
ferntin the proportion depending upon the level of the dose and the
wron status of the tissues (106) At physiological levels of tissue won
there was a shight preponderance of ferntin over hemosidenn iron but
with incretsing concentrations of wron, hemosidenn stores predommated
At ligh levels additional storage won was reflected m a quantitative
ncrease 1n hemosiderin in both human and rabbit tissues These workers
showed further that when mobilization of 1ron oceurs 1t 15 dernved from
both ferntin and hemosidenn fractions of the tissue It 1s apparent,
therefore that these two forms of storage won are intimately associated
and functionnlly related

Ferritm has 1equired further physiological sigmificance by the demon
stration that it or rather SH ferntn will produce an antidwretic re
sponse (4) and by 1ts 1dentification with a vasopressor principle 1 the
hver which 1s concerned with the regulation of perpheral arcula
tion (84) Limted studies of ferntin mn certamn disease conditions of
man (5 41) have also provided some interesting facts which cannot
yet be evaluated It 15 apparent that a very great deal remams to be
learned of this compound, both 1n health and disease before its sigmfi
cance to the body can be fully appreciated In this connection 1t may
be mentioned that attempts to synthesize ferntin from apoferntin and
an 1ron compound have not so far been successful the factors mfluenc
mg the incorporation of won nto apoferntin are unknown apoferntin
has not been demonstrated 1n any of the tissues concerned with ferritn
production and ferntn itself has not yet been shown to be present 1n
the tissues of rummnants or other farm stock

2 Hemostdenn

Histonically hemosidern h1s been regarded as the mun storage form
of won It has become displaced from its former prommence by the
more fashionable ferntin but 1t 1s becoming mereasingly apparent 3s
wis indicated when discussing ferntin that the two forms of won are
intimately related in both form and function It 15 not unhhely n fact,
that these compounds differ only in physical form and that a graded
series of molecular aggregates evist from ferntn to the visible particles
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of hemosidern (106) Certunly iron m the tissues cin pass readily
from one form nto another

Hemosiderm 15 ¢ colladal ferne hydroude phosphate of unknown
constitution which evists in the tissues as 4 browmsh yellow  granular
pigment the wron s which 1s microscopically stumible  As Josephs
(59) has put 1t ‘hemosidenn 1s the form m which iron of the tissues
becomes visuahzed  This contrasts wath the sron 1n ferntin which can
not be distinguished lustochemically 1n tlns way - The iron i hemosiderin
mav be as lugh 1s 35% by weight and has similar magnetic properties
to that m ferntin  According to Grimck (40), hemosidenn represents
tissue 1ron i evcess of the binding eapacity of apoferntin and the
formation of hemosidenn 1s viewed as resulting from the deposition of
1ron 1n the tissues 1t a greater rate than the appropnate amount of apo
ferntin can be synthesized In conscquence the fermic hydroude phos
phate umits polymenze mto large stunable granules (63) The findings
of Shoden and his collaborators (106) previously mentioned do not
mvahdate this hvpothesis but they suggest that 1t 15 an oversimplification

Eacess deposits of ron as hemosidenin occur 1n the tissues 1n various
pathological conditions mncluding hemochromatosis and transfustonal
hemosiderosis n man The aggregates may be so large as to mnterfere
with cell function and impair iron mobilization but the point 1t which
such overload induces pathological changes cannot yet be defined These
deposits are espeaially large 1n the lver and spleen but other tissues
including the myocardium pancreas and adrenal cortex are also fre
quently mohed All these organs may contan 50 to 100 times the
normal amount of on chiefly as hemosidenn (23) Sumlar large
deposits of hemosidern have been found m the Iner lidney and
especially the spleen of sheep suffering from cobalt (119) and copper
(89) deficiency

It 15 important to realize that hemosidenn exists 1 small amounts 1n
the bone marrow of normal indivaduals and can be mobthized for hemo
globin synthesss (96 111) Histoch 1 1on of asp d
samples of bone marrow for hemosiderin has in fict been shown to
be a relable ndex of iron stores and may be the decisne test mn
diagnosing anemea due to won deficiency and n differentiating betw een
this type of anemia and that due to infection (111) In the develop
ment of won deficiency anemma the earhest change s the contraction
of the iron resenve and mn pitients wath such anemia the stainable
marrow 1ron (hemosiderin) 1s aither absent or present m only minute
amounts In those with anema associated with nfection there s usually
an increase in marrow (hemosidenn) wron (111)
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the smuses and vill of this tissue and to increase within the Judney
tubule cells after hemoglobin leakage through the glomeruh (40)

These findings leave no doubt that ferntin 1s an mmportant form of
storage 1ron, but recent mnvestigations by Shoden and co workers (106)
mdicate that this funchion of ferntin 15 mmtimately shared with hemo
siderin  Radorron, 2dmimstered orally or parenterally to rabbits was
found to be stored n lwer and spleen as hemosiderin and also as
ferntin the proportion depending upon the level of the dose and the
won status of the tissues (106) At physiological levels of tissue won
there was a shght preponderance of ferntin over hemosidenn won but
with increasing concentrations of wron hemosiderin stores predommated
At hugh levels, additional storage won was reflected mn a quanttatne
increase in hemosiderin m both human and rabbit tissues  These worhers
showed further that when mobilization of won occurs 1t 15 denved from
both ferntin and hemosiderin fractions of the tissue It 1s appuent,
therefore that these two forms of storage won are intimately associated
and functionally related

Ferritin has acquired further physiological significance by the demon
stration that 1t or rather SH ferntn will produce an antidiurebc re
sponse (4) and by 1ts 1dentification with a vasopressor prmasple the
lver which 15 concerned with the regulation of penpheril arcula
tion (84) ILamited studies of ferrtin 1n certan disease conditions of
man (5 41) have also provided some imnteresting facts which cannot
yet be evaluated It 1s apparent that a very great deal remaimns to be
learned of tlns compound, both 1n health and disease, before its signifi
cance to the body can be fully appreciated In this connection 1t may
be mentioned that attempts to synthesize ferntin from apoferntin and
an wron compound have not so far been successful the factors fluenc
g the mcorporation of 1ron mwto apoferntn are unknown apoferntn
has not been demonstrated m any of the tissues concerned with ferntn
production and ferntin itself has not yet been shown to be present in
the tissues of ruminants or other farm stock

2 Hemosiderin

Historically, hemosiderin has been regarded as the mamn storage form
of won It has become displaced from its former prommence by the
more fashionable ferntin but 1t 15 becoming mcreasingly apparent a5
was mdicated when discussing ferntin that the two forms of on are
intimately related mn both form and function It 1s not unlikely, 10 fact,
that these compounds differ only in physical form and that a graded
series of molecular aggregates eust, from ferntin to the vnisible parhicles
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of hemosiderm (106) Certunly ron 1n the tissues can pss readhly
from one form nto another

Hemosiderm 15 1 collodal fernie hydrouide phosphate of unknown
constitution which eusts 1n the tissues 15 4 browmish yellow, granulr
pigment, the won i which 1s microscopically stunable  As Josephs
(59) has put 1t ‘hemosidenn 1s the form m which wron of the tissues
becomes visualized” This contrasts with the ron 1n ferntin which ean
not be distinguished lustochemmeally in this way - The 1ron in hemosiderm
mw be as high 1s 35% by weight and has smulir magnetic properties
to that m ferntin  According to Grumick (40), hemosidenn represents
tissue wron 1n excess of the biding expacty of apoferntin and the
formation of hemosiderin 1s viewed as resulting from the deposttion of
1on 1 the tissues 1t 1 greater rate than the appropnate amount of apo
ferntin can be synthesized In consequence the ferric hydroude phos
phate umits polymenze mto large stunable granules (63) The findings
of Shoden and his collaborators (106) previously mentioned do not
mvahdate this hvpothesis but they suggest that 1t 1s an oversimphfication

Excess deposits of iwon as hemosidern occur m the tissues 1n various
pathological conditions ncluding hemochromatosts and  transfusional
hemosiderosis in man  The aggregates may be so large as to interfere
with cell function and impair wron mobilization but the point at which
such overload imduces pathological changes cannot yet be defined These
deposits are especially large 1n the Lver and spleen but other tissues
including the myocardium pancreas and adrenal cortex are also fre
quently mvolved All these organs may contain 50 to 100 times the
normal amount of won cluefly as hemosidenn (23) Sumilar large
deposits of hemosidenn have been found i the Iner lidney and
especially the spleen of sheep suffcnng from cobalt (119) and copper
(89) deficiency

It 1s important to realize that hemosidenn ewsts 1 small amounts
the bone marrow of normal individuals and can be mobihized for hemo
globin synthesis (96 111) Histochemical examinahion of aspirated
samples of bone marrow for hemosidern has in fact been shown to
be a rehable indev of won stores and mav be the decisive test in
dhagnosing anemia due to ron deficiency and n differentiating between
this type of anemia and that due to wnfection (111) In the develop
ment of won deficiency anema the earhiest change 1s the contraction
of the iron resenne and in patients with such anemia the stamable
marrow 1ron (hemosidern) 1s aither absent or present n only minute
amounts In those with anemia associated with infection there 1s usually
an ncrease in marrow (hemosidenn} won (111)
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the smuses and willt of this tissue and to ncrease within the kidney
tubule cells after hemoglobin leakage through the glomeruls (40)

These findings leave no doubt that ferntin 15 an important form of
storage 1ron, but recent 1nvestigations by Shoden and co workers (106)
mndicate that this funchion of ferntin 15 mtimately shared with hemo
siderin  Radiowon, admimistered orally or parenterally to rabbits was
found to be stored i hver and spleen as hemosiderin and also as
ferntn, the proportion depending upon the level of the dose and the
won status of the tissues (106) At physiological levels of tissue wron
there was a shight preponderance of ferritin over hemosidenn tron but,
with creasing concentrations of iron, hemosidenn stores predommated
At high levels additional storage won was reflected m a quanhtative
increase in hemosidenin 1n both human and rabbrt tissues  These workers
showed further that when mobihization of iron occurs 1t 1s denved from
both ferntin and hemosidern fractions of the tissue It 1s apparent
therefore that these two forms of storage won arc imtimately associated
and functionally related

Ferntm has acquired further physiological sigmificance by the demon
stration that it or rather SH femtin will produce an antdiretc re
sponse (4) and by its 1dentification with a vasopressor principle i the
ver which 15 concerned with the regulation of penpheral crcult
tion (84) Limuted studies of ferntm mn certun disease conditions of
mn (5,41) have also provided some interestng facts which cannot
yet be evaluated It 1s apparent that a very great deal remams to be
learned of this compound both m health and disease, before 1ts signifi
cance to the body can be fully appreciated In this connection 1t may
be mentioned that attempts to synthesize ferntn from apoferntin and
an 1ron compound have not so far been successful the factors influenc
mng the mcorporation of ron nto apoferrttin are unknown apoferntin
has not been demonstrated m any of the tissues concerned with ferntin
production nd ferntn 1tself has not yet been shown to be present 1
the tissues of rurmnants or other farm stock

2 Hemostdern

Historicallv hemosidenin has been regarded as the mam storage form
of won It has become displaced from its former promimnence by the
more fashionable ferntin but 1t 1s becomng mcreasingly apparent 15
was ndicated when discussing ferntin that the two forms of iwon are
mtimately related 1n both form and function It 1s not unlikely, 1n fact
that these compounds differ only in physical form and that a graded
series of molecular aggregates ewst, from ferntin to the visible particles
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of hemomdenn (106) Certunly won in the tissues can pass readily
from one form into another

Hemosiderin 15 4 colloidal ferne hydroxide phosphate of unknown
constitution which custs i the tissues as 2 browmsh yellow, granulr
prgment, the won m which 15 microscopicallv stunable  As Josephs
(59) has put 1t ‘hemosidenn 15 the form n which 1ron of the tissues
becomes visuilized ™ This contrasts with the iron 1n ferntin which ean
not be distingwshed lustochermenlly in this way  The sron 1n hemosidenn
mw be as ugh 1s 35% by weight and has similar magnetic properties
to that m femtin  According to Granick (40), hemosidenn represents
tissue 1ron 1 evcess of the binding eapaaity of apoferntin and the
formition of hemostdenn 1s viewed as resultng from the deposition of
won mn the tissues at 1 greater rate than the 1ppropnate amount of apo
ferntin can be synthesized In consequence the fernc hydroude phos
phate umits polvmenze mto large stamable granules (63) The findings
of Shoden and lus collaborators (106) previously mentioned do not
invahdate this hypothesis but they suggest that it 1s an oversumphfication

Excess deposits of ron as hemosidenin oceur 1 the tissucs m various
pathological conditions 1ncluding hemochromatosis and transfusional
hemosiderosis i1 man  The aggregates may be so large 45 to mnterfere
with cell function and wmpair won mobihzation but the pomnt at which
such overload wnduces pathological changes cannot yet be defined  These
deposits are especially large m the Liver and spleen but other tissues
meluding the myocardum pancreas and adrenal cortex are also fre
quently miohed All these organs may contan 50 to 100 times the
normal amount of won chiefly as hemosidenn (23) Sumlar large
deposits of hemosidenn have been found m the liver kidney and
especially the spleen of sheep suffering from cobalt (119) and copper
(89) deficiency

It 15 ymportant to realhze that hemosidenn exsts i small amounts in
the bone marrow of normal indiduals and can be mobilized for hemo
globin synthesis (96 111) Histochemical cxammation of asprrated
samples of bone marrow for hemosidenn has i fact been shown to
be a reliable indev of yron stores and may be the decisnve test mn
diagnosing anerma due to ron deficiency and in differentiating betw een
this type of anemia and that due to mfection (111) In the develop
ment of wron deficiency anemia the earhest change 15 the contraction
of the won resene and m patients with such anemia the stamable
marrow 1ron (hemosiderin) 1s either absent or present i only munute
amounts In those with anemia associated with infection there 1s usually
an mcerease n marrow (hemosiderin) ron (111)
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the siuses and wilh of this tissue and to increase within the lidney
tubule cells after hemoglobin leak 1ge through the glomerul (40)

These findings leave no doubt that ferntin 1s an important form of
storage won but recent mvestigations by Shoden and co workers (106)
mdicate that this funchion of ferritn 1s intimately shared with hemo
siderin - Radiomron admimstered orally or parenterally to rabbits was
found to be stored m hver and spleen s hemosidermn and also as
ferntin the proportion depending upon the level of the dose and the
won status of the tissues (106) At physiological levels of tissue iron
there was a shght preponderance of ferntin over hemosidenn iron but
with mereasmg concentrations of won hemosidenn stores predommnated
At ugh levels additonal storage won was reflected 1n a quanttative
ncrease 1n hemosiderin 1n both human and rabbit tissues These workers
showed further that when mobihzation of 1ron oceurs 1t 1s derived from
both ferntin and hemosiderm fractions of the tissue It 1s appwent,
therefore that these two forms of storage 1ron are mtmately associated
and functionally related

Ferntin has acqured further physiological significance by the demon
stration that 1t or rather SH femtin wall produce an anhdwretic re
sponse (4) nd by 1ts 1dentification with a vasopressor prmeiple in the
Iver which 1s concerned with the regultion of penpheral crcula
tion (84) Limted studies of ferntn m certain diserse conditons of
mn (5,41) have also provided some interestng facts which cannot
yet be evaluated It 1s apparent that a very great deal remuns to be
learned of this compound, both 1n health and disease, before 1ts signif
cance to the body can be fully appreciated In this connecton it may
be mentioned that attempts to synthesize ferntin from apoferntin and
an 1ron compound have not so far been successful the factors influenc
g the incorporation of won mto apolerritn are unknown, apofernbn
has not been demonstrated m any of the tissues concerned wath ferntn
production nd ferntin stself has not yet been shown to be present in
the tissues of rurminants or other farm stoch

2 Hemosiderin

Histerically, hemosidenin has been regarded s the mamn storage form
of won It has become displaced from its former prommence by the
more fashionable fermtin but 1t 15 becoming ncreasingly apparent 15
was mdicated when discussmg ferntin that the two forms of on are
inhmately related m both form and funchon Tt 1s not unlikely, m fact,
that these compounds differ only in physical form and that a graded
series of molecular aggregates ewst, from ferntin to the visible parhdes
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of hemosidern (106) Certamly wron i the tissues e piss rendily
from onc form snto another

Hemosiderm 1s 1 colloidal ferne hydroude phosphate of unknown
conshitution which eusts m the tissues 1s 1 browmish yellow, grunulir
pigment the wron in which 15 microscopically stunable  As Josephs
(59) has put 1t hemosidenn 1s the form m which iron of the tissues
becomes visualized  Tlus contrasts wath the 1ron 1n fernbtin which can
not be distmgushed histochemically m this wav - The iron in hemosidenin
mav be 1s high as 35% by weight and has similar magnetic properties
to that i femtm According to Gramck (40), hemosiderin represents
tissue 1ron m excess of the bmding capacity of apoferntin and the
formation of hemosidern 15 viewed s resulting from the deposition of
won i the tissues at a greater rate than the appropnate amount of apo
ferntin can be synthesized In conscquence the ferric hydroude phos
phate umts polymenze nto large stunable granules (63) The findings
of Shoden and his collaborators (106) previously mentioned do not
malidate this hypothesis but they suggest that 1t 1s an oversimplification

Excess depostts of 1ron as hemosidenin occur in the tissues 1n various
pathological conditions ncluding hemochromatosis and  transfusional
hemosiderosis 1n man  The aggregates may be so lurge as to mterfere
with cell function and impair ron mobihzation but the point at which
such overload iduces pathologieal changes cannot yet be defined These
deposits are especially large 1n the Lver and spleen but other tissues
ncluding the myocardium pancreas and adrenal cortex are also fre
quently mvolved All these organs may contain 50 to 100 tumes the
normal amount of won chiefly as hemosiderm (25) Similar large
deposits of hemosidern have been found 1n the Iner lidney and
espeeially the spleen of sheep suffenng from cobalt (119) and copper
(89) deficrency

It 15 important to realize that hemosidern evists 1 small amounts 1n
the bone marrow of normal indrviduals and can be mobilized for hemo
globm svnthesis (96 111) Histochemical examination of aspirated
samples of bone marrow for hemosidern has in fact been shown to
be a rehable ndev of wron stores and may be the decisnve test n
diagnosing anema due to 1ron deficiency and n differentiating betw een
this type of anemma and that due to infection (111) In the develop
ment of wron deficicniey anemua the earlest change 1s the contraction
of the won reserve and m patients with such anemua the stamable
marrow 1mon (hemosidenn) 1s either absent or present 1n only minute
amounts In those with ancma associated with infection there 1s usually
an increase in marrow {hemosidenn) 1ron (111)
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3 The Iron Content of the Liwer and other Organs

A vast amount of ruscellaneous data eusts on the total ron and the
on concentration of most of the organs of the body of a farly wide
range of immal species Data for the hver exceed those of other
organs because of the early recogmbion of 1ts special responsibibity as
the mamn site for the storage of won and the value of such data there
fore as an ndex of the won status of the ammal. A further stmulus
to mvestigation of the won content of different argans came from the
need for assessing the relative values of these organs as sources of iron
m human dietanes

Any synthesis of the data mto a comprehensible form 1s comphcated
by the fact that some of the results were obtamed on perfused tssues
and some on tissucs which retamed varable amounts of blood with s
Iugh content of hemoglabin won \WVith some organs such as the spleen
ths 15 obviously extremely mmportant because of the Jarge amounts of
blood retuned whercas with others such as sheletal muscle the dif
ference between perfused, or washed and nonperfused samples 15 very
small (62) Moreover not only does the amount of blood retamed by
tissues varv but the hemoglobm, and hence the iron content of this
blood may 1lso vary owing to dietary or other causes 1t 1s unfortunate
that so few worhers hate followed the excellent example set by Zaleshr
(134) as long ago as 1886 Zalesh studied the won content of the
Iivers of a vanety of animals following perfusion In recent years how
ever this problem has been overcome by the tendency of some workers
to measure the morgame or nonhemn won, as well as the total won of
various organs

In spite of this confusion the followimng generabzations appear permis
sihle (1) The concentrations of iron m the different organs and tissues
of wdults show no charactenstic species differences, that 1s the betueen
species v nation 15 1n general no greater than the within species vana
ton (b} The spleen and the hner m that order contam the highest
congentrations of beth total and nonhematin won followed, usually at
some cistance by such tissues as the kadneys hewrt, sheletr] muscles
pancreas and bran which generally contain onh one half to one tenth
of the concentrations m the hver or spleen The Inver because of its
size contams the largest total amount of won (c) The won content
of the hiver spleen and bone marrow 1s very greath reduced m won
deficiency and hemorrhagic anemia but the reduction m other tissues,
notably the skeletrl muscles kudney panereas and bram 15 much
smaller In all cases the reduction 15 to a base hne below which tissues
will not gne up won under any condtions of stress Mean figures
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ilusteating some. of these pomnts and providing wn adea of the actunl
mﬁgmmde of thc various 1ron concentrations 1 tissues are prescnled
in Table 6

In some species such s the rat riblat sheep and man there 1ppears
to be almost no limit to the storige cipacity of the hiver for wron ns the
result of tron feeding or copper deficiency or nfechion but n the dog
it 15 apparently much more difficult to ruse liver ron by feeding which
mdicates 2 possible species difference Enormous mereases in the wron
content of lners m cases of human malignaney and chromic infection
up to 1 total of 10 g 1n some eases have been reported (42)  Some
of these findings hve already been referred to 1n the section dealing
with hemosidenn

4 Iron m Milh

A venv large number of ughly varable values for the won content
of milk especially cow s mulk Iras been recorded  Some of this vanability
1s assocrited with faulty wnilvtical methods particularly mn the cise of
many of the early values which are now known to have been much too
high  Insufficient care i woiding contamination m1y also have been
a factor 1n some cases Contarmnation with 1ron from metal receptacles
readily occurs m the handling and processing of milk oftcn more than
doubling 1ts wron content (31 58) Appreciable mdmvidual vanation
custs however i milk taken dircetly from the ammal  The iron content
of mik sanes also with species ind with stage of lactahion within
spectes but 1t appears to be mdcpendent of the 1ron ntake of the Iactat
ing ammal  Admmmstration of 1ron salts to cows sows and women has
repeatedly been shown to be quite meffectivc 1n rasing the 1ron content
of their milk to levels above normal  This »s simlr to the position wath
copper but whethcr under conditions of 1ron deficiency  the 1ron content
of the milk 15 reduced below normal as the copper content of the milk
1s reduced m copper deficiency 1s not known  The mability of ammnls
gnen dictany additions of 1ron to secrete milk wath an 1ron concentra
tion above levels winch ire normal for the specics contrasts greatly with
the position for 2inc manginese cobit wnd 1odime where as will be
shown latcr very substantial mcreases in the levels present in mulk can
be achieved by such means

Milk wath the cxeeption of that of the rat 1s an extremely poor source
of wron compared with almost every other food nermal to mammals
Cows goats and human mlk taken in full lactation «re very similar
i iron content A hugh proportion of the most acceptable values falls
between 03 and 06 mg Fe per hter but many individual samples he
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outside this range  Cow s colostrum contuns 3 to 5 times these con
centrations of won In a recent careful study, human milk was found
to nerage 05 mg Fe per liter and cow s milk 045 mg Fe per Iiter (31)
Sow s milk on the other hand 1s shghtly ncher maron Venn MecCance
and Widdowson (126) gue values rainging from 14-24 mg /I with
stll hugher concentrations (24-28 mg /1) m colostrum Rats milk
according to the work of Cov and Mueller (18) 1s eveeptionally nch
1 ron and contuns tbout 10 times these concentrations

There 1s no evidence for the presence of any special won compound
m milk but mn cows and human mulk Al of 1t or virtually all of 1t
eusts 1n an 1omzable form which rencts rexdily with dipyndyl This
1s nonhematin but not necessanly frec 10me won and 1t scems highly
probable that won occurs m milk m combmition with protemn as 1t
does m other body tissues and flmds  Support for this comes from the
behaor of the metal m the separation of milk and churning of cream
During the separation of milk 1ron distributes stself i direct proportion
to the protemn and water i cach fraction and dunng churning it 15
concentrated 1n the butter apparently m the form of an 1ron protemn
compler adsorbed on to the fat globule surface (58)

V  Absorption
1 Mechanism of Absorption

Since the body s capaaity to exerete iron 15 neghgible some regulat
ing mechanism must eust to prevent excessive amounts of won from
being absorbed over the years and at the same time to permit adequate
amounts to enter the tissues Such regulation 1s now known to be
normally achieved at the port of entry and to reside specifically in the
mucosal cells of the gastromtestinal tract The principle that 1ron 1bsorp
tion 15 normally controlled by body requirements was ongmally put
forward by McCance and Widdowson (73) and 1s supported by an
mpressne weight of evidence including studies with radwactive ron
The adjustment of 1ron absorption to need w1s m fict one of the
earhest and most stuking conclustons drawn from the application of
the racwactive tracer techmque with this element In the healthy
normal adult only a small proportion usually 5-157 of the dietary 1ron
1s assmilated  whereas in an iron deficient subject a much higher per
centage of the ingested 1ron 15 taken up  In humn adults fed radioactive
tron Chodos and Ross (17) found that norma! healthy individuals
wncorporated 1-10% of the admnistered 1ron mnto hemoglobin and 66-907
was recovered 1 the feces whereas iron defictent individuals ncor
porated 40-62% of the sime amount of won into hemoglobin and lost
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only 34-67% mn the feces Studies by Hahn and others have shown that
the efficiency of wron absorption parallels the need for this element n
growing children and mn the latter half of pregnancy (20) and i dogs
rendered anerme by repeated bleeding the amount of won absorbed
was up to 20 times that taken up by normal dogs (44)

Regulation of absorption accordmg to bodily needs does not take
place under all circumstances  For instance, various condttions mnclud
g untreated pernicious anema aplastic anemn1  hemolytic anerua
pyndoxine deficiency hemochromatosis and transfustonal siderosis 1n
which serum wron and body iron stores may be erther normal high or
excesstvely high have been demonstrated to be associated with mereased
1ron absorption (11, 16 26) In hemochromatosis the merease 1 absorp
tion must be very considerble to account for the enormous amounts of
won found i the hver of some patients In the investigations of Peterson
and Ettinger (94) for mstance 20-45% of physiological amounts of
radioachive ton gnen to patients with hemochromatosis was found to
be absorbed, compared with 1-4% 1n normal subjects

The nature of the breakdown of the controlling mechamsm m these
conditions 1s not known but 1t would apper that a condition of anem
can of iself be a factor of some importance whether the anemia 15 due
to ron deficiency or not. On thus assumption the control of won absorp
tion can be concewved provisionally as bemng achieved by two mecha
misms one 1s concerned wath the absorption of won mto the cells of
the mucosa and the other with the passage of ron from the mucosa mto
the blood stream The first which seems clearly estabhshed involes
the control of absorption by the amount of won m the mucosal cell
When these cells become physiologically saturated with won they
normally no longer take up won This 1s the “mucosal block” hypothests
of Hahn and 1s expenmentally demonstrable Feeding of a dose of
won will result several hours Jater mn a condition which will prevent
newly fed won from bemg absorbed for some 12 24 hours The presence
of won 1 the mucosal cells stmulates these cells to form apoferntn
to which the mon may rapidly become attached to form ferntn The
changes in fermtin content of the mtestmal mucosa of the gunea p;‘g
followmng a single oral dose of won (Fig 3) have revealed how the
mcrease and decrease in ferrmtin parallel the appearance and disap
pearance of the mucosal block e

It shonld be noted that the mucosal block theory emphasizes the
exclusion of won from the bodv to avord accumulations of h
amounts It 1s equally important as Finch ef al (34) and ]osephs (592‘
have pomted out, to consider this mechamsm n terms of the revers
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position Iron 15 present in foods 1n such small amounts nd 15 so poorly
absorbed that there must not only be 2 mechamsm for hmiting its
excretion but also to cnsure its absorption n sufficient quantitres for
the requirements of growth and for storage for emergencies

250

150 Fic 3 The chinges in fer
ntin content of the duodenil
mucost of the guinea pig after
100 feeding 1 single dose of iron
(Gramich 40)

A crage n mber of ferr tn crystals n duodenal reg ont
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The second } troling the passage of won from the
mucosa to the blood stream 1s less convineingly established It 1s known
to be imndependent of the serum sron or siderophilin levels or of the
estent to which the siderophilin is saturated with won but under
certatn conditions 1t 1s correlated with the oxygen tension of the blood
In anemas generally as pomted out 1n the preceding paragraph 1ron
absorption 1s increased over that of the normal In normal dogs on
the other hand neither anoxia of 48-5G hours duration nor the brnef
period of anemu following a single hirge bleeding 1s assocrated with
an increase i 1ron absorption (112)  Furthermore absorption 1s i
creased n growing children adolescents and in the second half of
pregnancy without sigmficant hemoglobin reduction The heightened
won absorption of cstablished anemia may be a direct effect of dimin
1shed ovygen supph to the mucosal cells or an mdirect effect of ovygen
tension mechated through a hormonal mech fl g the !
cells

A completely satisfactory explanation of the nature of the mechamism
mvolved m this aspect of iron absorption and particularly of the sigmf
cance of such factors as the level of hemopoiehe activity and the
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avidity of the body stores for mon, cleuly must await further ex
permmentation  Nevertheless, the sequence of events i the movement
of won from the intestines to the blood stream can be stated bnefly n
the following terms ferrous iron 15 oxidized to the fernc state followng
absorption 1nto the mucosal cells, where 1t attaches itself to the protemn
apoferntin to form ferntin At the blood stream end of the mucosal
cell the fernc 1ron 1s reconverted to the ferrous condition and detached
from the ferntin It passes mnto the blood stream where 1t 1s autoxidized
and attached to the protein siderophilin to form serum 1ron for transport
These events are shown diagrammatically below

G1I tract Fe++ —> Mucosal cell Fe++ — Sideroplulin Fe+++

i

Mucosal ferritin Fet+++

Granck s scheme as modified by Drabkin (25)

2 Factors Influencing Absorption

Absorption of 1ron may take place all along the gastromntestinal tract
but 1 man, the rat and the dog the region of most active absorption
1s the duodenum, especially in the portion adjacent to the pylorus No
really adequate data eust, however, on the absorption from various
levels of the gastromtestinal tract in different species It appears that
to be absorbed, 1ron must be present as ferrous 10ns This 1s cunous
mn view of the fact that the ron m both mucosal ferntn and plasma
siderophilin 15 1 the fernc state In man studies with radioachve ron
have shown ferrous on to be absorbed more readily than femc ton
(46) In the rat and the dog on the other hand, fernc ion appears
to be as well absorbed as ferrous (112 121) This does not mply that
mn these species sron 1s mot absorbed as ferrous 1ons, but rather that
reduction of fernc 1ron to the ferrous state may be achieved more readtly
m the gastromntestmal tract of these species than in man It emphasizes
the importance also of the existence of gastromtestinal conditions con
ducve to such reduction

Production of ferrous 10ns pnor to absorption, from the predomnntly
fernie 1ron of the food 1s presumably a function of reducing agents which
are present i the food such as ascorbie acid reductones and —SH
compounds like cysteine but httle 1s known m this regard Ascorbic
acid reduces fernc to ferrous won mn witro and oral admumstraton of
ascorbic 1e1d during the feeding of wwon salts can mncrease the efiimenq
of absorption apparently by reason of its reducmng action (95) but
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whether 1t senves this role under ordmnry dretary conditions 1s not
defimtely known Nor 1s the role of the HCI of the stomach m iron
absorption fully understood  Acidity 1s essentinl to render food 1ron
soluble and hence iomzed nd hydrochloric acid 1s sometimes ad
mimstered with 1ron 1 the treatment of anermt but convincing evidence
that 1t uds the bsorption of ron 1s Jacking A Irge number of indt
wviduals who have achlorhydna do not become defictent 1n won and
patents with permicious anemin who would be expected to be achlor
hydric actually absorb more wron than normal  As Gramek (40) has
pomted out only 1 very small fraction of the mon ingested m the
normal diet 1s absorbed and this small amount mght be absorbed
with the help of the orgame acids 1n food which could 1n part replace
the ction of HCl When the requirement for iron becomes relatively
Ingh however the presence of HCI could be important 1n making more
of the ron of the diet avulable for absorption

Many other factors matenially influence the 1bsorption of wron particu
larly the chemical form i which 1t occurs m the food and the nature
of the diet m other respects The wron of ron porphyrins such s that
of hemoglobin 1s not available for absorption sice 1ron porphynns can
not be sphit or are neghgibly sphit in the gastrointestinal tract to release
the yron  The 1ron may ewst also i predommantly msoluble or spanngly
soluble forms Thus mn diets contmmng abnormally high levels of
phosphate the escess phosphate can combine with the iron to form
msoluble fernc phosphate which 1s not availible for absorption (13)
The presence of relatively large amounts of phytate i the diet has also
been stated to have an adverse effect upon 1ron tbsorption 1n man
owing to the extremely msoluble ferrous and fermc phytates formed
Some doubt has been thrown upon tlis elum s 1 result of more recent
myestigations of longer duration (127)

The possible role of the proteins and their digestion products i 1
fluencing won absorption and 1ts rcduction to the ferrous state 15 sug
gested by several expenimental findings which are little understood In
rats the absorption of wron can be greatly increased by the administra
tion of diets 1n which corn (mmze) 15 the principal source of protemn
(112) The reduction of wron wlich tikes plice when certain foods
are mned with pepsin and HCl i titro {118) has been found to
accur equally well i the stomach of normal human bengs Breads
meat and fruit gine reduction of fernc to ferrous won s high as
50-90% (8)
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Vi Excretion

Absorbed 1ron 1s retamed with great tenacity by the body, except
for that which may be lost through external blood loss or bleeding into
the gastromntestinal tract In fact there 1s evidence that an ppreciable
proportion of the very small amount of wron which 15 excreted 1s i
the form of cellular debns Even the msigmficant amount lost m sweat
1s dependent upon 1ts cell content since dermal excretion of iron 1s
believed to be due primanly to desquamation and not to sweating (3)
The hmited ability to excrete wron 1s well illustrated in the treatment
of polycythemra with phenylhydrazine and 1n hemolytic anemia  In both
these conditions large amounts of 1ron are iberated 1n the body by the
destruction of red cells yet less than 05% of this won appears i the
urme and feces (75) Even when salts of 1ron are 1njected mtravenously
there 1s only a shght and transitory nse 1 the level of unnary won and
only a minute proportion of the amount njected 1s excreted i the
unne (74) Loss of injected won via the feces 15 also small and slow

Under normal dietary conditions far more 1ron appears m the feces
of healthy mmdividuals than in the urine Earlier values for the urmnary
won of normal adult humans were about 1 mg /day or more but more
recent work indicates that this 15 almost certainly too high Barer and
Fowler (6) found 2 group of healthy adults to excrete 01-03 mg of
ron, occasionally more, per day The amount of 1ron ehmmated daily
i the feces of normal adults 1s very vanable and depends prumanly
upon the amounts ingested On ordinary diets the amount usually hes
withmn the range 6-16 mg /day but most of this represents unabsorbed
won True excretory won in the feces compnses 02-09 mg /day for
normal human subjects by the calculations of Dubach et al (27) and
averages 02 mg /day accordmg to two methods of calculation made by
Ingalls and Johnston (57a) An unknown proportion of this excretory
won comes from the bile which appears to be a regular route for iron
excretion i normal ndividuals  Actually Iittle 15 known about won
excretion m the bile in humans but n dogs 1t has been shown that
01-02 mg /day 1s excreted n this way (50) The amount 1s not greatly
affected by rasing the tron mtake of the dogs either orally or piren
terally but 1t can be increased to 10 times this amount by mnducing
hemolysis with phenylhydrazne It should be noted that even under
these conditions the increased excretion m the bile represents only about
3% of the amount of tron calculated to be released from the hemoglobmn
of the destroyed red cells and much of this will be reabsorbed from the
tract
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In women an additional source of won loss from the body apart from
that which tikes place to the newborn mfant and its adnexa at partun
tion and m the mI\ dunng lctation occurs in the regulwr menstrual
blood Yosses The perodie blood loss 1n menstruation 15 nghly vamble
but averages about 35 ml contumng 5 g hemoglobin or 16 mg 1ron
(70) This was formerly regarded as neghgible but 1t represents no less
thain 05 mg 1ron per diy {16 X 13/365) In many women 1t 15 1p
preciably greater

Vil lron Deficiency
1 Man

Iron defictency has been clumed by hospitl chinteians to be the most
frequently encountered chmeally manifest deficiency disease 1 man
It 1s exther of dietary ongin or occurs 15 1 result of chronic blood loss
The former 1s most common m nfants of either sex the latter occurs
usually m adults—rarely i men but fairly often 1n women

a  The Nature of the Anemic Conditron  Surprisingly 1n view of ats
importance the nathology of ron deficiency has not been described 1n
detml Darby (19) states that “the wron deficient person 1s usually rather
nervous easily fatigued and bstless palpitation on exertion < sore
tongue angular stomatihs and dysphagia may be present A hypo
chromic microcytic anema 1s 1mvanably seen Koilonychit may
lso be seen Any combmation of these conditions may be encountered
Signs other than the anerma are not usually encountered 1n children ™
The oral lesions and nail changes are illustrated 1n g 4 According to
Darby (19) these oral lesions occur 1n one degree or another mn only
about 10% of 1ron deficient adults and the hoilonychia still less frequently

The anemia of 1ron deficiency 1s accompamed by vanous other changes
most of which have been mentioned and discussed earlier and all of
which are useful for 1ts diagnosis and discrimination from other forms
of anema  The differential diagnoss of the anemias 1s however more a
matter for a text on hematology than on nutntion and will therefore
not be discussed furthcr  Nevertheless it can be stated that 1n addition
to the hypochromic microeyvtic condition of the blood 1won defictency
anemua 15 charactenized by a normoblastic hyperplasia of the bone mar
row and an absence or virtual absence of marrow iron as determined
histochemicalls  Also the serum siderophilin levels are low the iron
binding protein lesels shightly lugh and the percentage saturation values
therefore extremely low The condition 1s further associated with an
mcreased efficiency of on absorption judging by the results of a
number of studies with radicactne 1ron
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The problem of when an mdividual or a group should be considered
anemic 1s difficult because of the considerable vanation in hemoglobm
levels which has been shown to oceur 1n apparently healthy mdividuals
Consistent values 25% or more below normal” are nevertheless, general
1y considered to mdicate an nemic condiion  On this basis the wnerma

Fic 4 Glossitis angular stomatitis koronvehia n a patient with hypo-
chromic microcytic anemia due to menorrhagia  These lesions as well as
the anemia responded to therapy with ferrous sulphate alone (Darby 19)

level can be taken to be 12 g per 100 m] 1n male adults and 10 g per
100 ml 1n female adults Such a deficiency, especrally when 1t develops
slowly 1s usually well tolerated Not untl the hemoglobm 15 reduced
to 50-60% of normal (8-9 g m males and 7-8 g m females) 1s functional
embarrassment usual although such figures are arbitrary and elastic
and cannot be apphed to all indivaduals 1n all circumstances

b Iron Defictency Anemua in Infants In the absence of won sup
plementation the hypochromuc anema of infancy occurs most frequen!l)’
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m children from 6 to 24 months of age There 15 no doubt that this
ts wn won deficiency anemun m the sense that at responds rapidly to
wron therapy  but ats etiology 15 by no means as simple and strmght
fornard s was formerly supposed According to the classieal theory
of Bunge (14) which has dominated thinking on thss subject for half
a century mammals are born with 1 congemital store of iron 1 their
Iners normally sufficient to compensate them for the Jow tntihe of ron
from the maternal milk dunng suckling 1t 1s now hnown that mulk
m spite of sts low 1ron content 15 1 far from neghgible source of won
ind that 2 diet of milk alone up to 12 months of age could not account
for more than 1 vers moderate degree of 1ron depletion mn the human
body It can be shown further that the congenttal liver stores of most
mammals (the rabbit 15 an exception) are insufficient to make more than
a small contribution to their 1ron needs (76) For exxmple the liver of
the newborn human infant usutlly contams no more than 30-40 mg of
nonhemin won which 1s only about one third to one half of the 1mount
of 1ron ingested from the milk dunng the first six months (77)

The major source or “store of wron i the human infant 15 normally
contamed 1n the considerable plethora of hemoglobin 1n the blood at
buth If the blood of the newborn contams 20-22 g hemoglobm per
100 ml which 1s usual provided that the tymg of the cord 1s delayed
unti] 1t has stopped pulsating (83) and the blood volume 1s taken ns
300 ml 1t can be calculated that some 200-220 mg of 1ron 1s present
i the blood alone or 6 to 7 times the 1mount stored n the hver At
the end of the first six months the verage human baby has increased
mn weight from 35 to 7 kg the hemoglobin content of 1ts blood has
fallen to about 12 g per 100 ml and sts blood volume per umt of
body weight has decreased shghtly from the newborn level (83) There
15 therefore about 280 mg 1ron 1n the form of hemoglobin 1n the blood
of the sin months mfant of which some 200 mg was present at birth
Smee a high proportion of this would he released from hemoglobm
breakdown and retatned for the needs of the body 1t must make = very
substantial contribution ndeed to the wron required by the mfant for
growth and hemoglobin production In fact the total stores of ron n
the newborn baby s blood and Iner together with the 1ron retained from
the milkh are such as to make 1t difficult to visualize won defictency
ansing at all Clearly the whole problem requires reapprassal in these
terms  This has recently been done very ably by Josephs (59) who

pl that the hvpoct anem:a of infancy s not normally as
soctated with depletion of iron stores the baby he argues may be
“stanung for 1ron 1n the midst of plenty ~
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No really adequate hypothesis or hypotheses to account for the won
deficiency anema of infancy have yet been put fornard Josephs ex
ammed the position from the powt of view of the nfluence of pregnancy,
diet, growth, infections extra uterme adjustments and congemtal factors
but armved at no really adequate conclusions There 15 some evidence
that the babies of nemic mothers have shightly lower levels of hemo
globm at birth and smaller concentrations of won i ther Iners than
those from herlthy mothers (115) The hver wron stores of premature
infants e also smaller than those of full term babres (77) because most
of this won 15 deposited during the last third of pregnancy These
observations have not been well correlated with the later onset of anemia
except perhaps with premature babies and 1n these cases 1t seems likely
that the mamn factor 1s their more rapid growth rate compared wath that
of normal mfants The possiihity of copper deficiency has been rased
but although some successes from copper therapy with wron have been
reported 1 great majority of cases respond to iron alone More specula
tive but of great physiological interest, 1s the question rassed by Josephs
of competttion for won between tissues and hemoglobm dunng growth
Iron 1s needed 1 the tissues s part of the building matcnal especially
n the muscles but may also be diverted to the tissues as a physiological
factor 1 acceleratng their growth This demand for iron by the hssues
of the growmng infant could tike precedence over the demands for
the mcreasing volume of blood and compete successfully where the
supplies or the mtakes of won are imited Suggestive evidence of the
effectiveness with which the tissues compete for mon m the mfant
provided by the absence of epithehal changes associited with the anemia
at this age whereas such changes occur m the hypochromic anemia of
adults (Fig 4) 1n consequence 1t has been proposed of tissue 1ron
deficiency (102)

Specultive suggestions of this sort must reman m the realm of 1deas
until further mvestigitions either support or mvahdate them There
1s however no question of the effectveness of won therapy mn the hypo
chromic anemia of mnfancy and of the necessity for protection agamst
won deficicney by the supplementation of a milk diet wath iron rich foods
at least from the age of bout 12 months and considerably earher with
premature babies

¢ Iron Deficiency i Adults It was stated earher that wron defi
ciency 1 adults occurs prineipally as a result of chrome blood loss but
rarely mn males Iron deficiency does not often occur as a result of a
single massive hemorrhage but may result m ether males or females
from chronic blood loss due to pathological conditions such as bleeding
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peptic ulcers hemorrhotds hookworm anfestation or secondary to mahg
nant changes i the gastrointestinal tract, nasopharyny or urmogenital
trict The female 1s subject however, to three important sources of loss
to which the mnle 1s not subject—menstruation gestation and Iactation
There 1s no clear evidence of iron deficiency anemin resulting from
lactation although the amount of tron evcreted mn the milk m1y amount
to 05 mg /dw or more for some months but 1t cn occur in many women
15 7 result of either menstrustion or pregnancy

Normnl females between the ages of 13 and 47 years escape menstrun
tion only by occasional pregnaney  From the standpomnt of evading loss
of body 1ron this 1s unprofitable becruse some 350-430 mg of aron 1s
lost 1 the fetus and ats vdnexa compared with 2 total of about 200 mg
seuh m the menstrual flow  Compensation for the increased iron
demands of pregnancy 1s apparently achieved to some extent by mn
cresed bsorptn e efficiency but there 1s no proof that this 1s sufficiently
effectne to prevent iron defictency i Inte pregnaney 1n many women
on ordinary unsupplemented diets According to Dieckmann and his
colleagues (22) nearly 40% of women have 1 low grade anerma dunng
pregnancy and would benefit from wron therapy Nor 1s the loss of won
in the menses neghgible from this point of view  An extra retention of
06 mg 1on per duw requires an appreciable share of the dietary ron
but from the extensive data of Frenchman and Johnson (38) 1t 1s ap
parent that this apphes to only about 50% of women In about 157 of
the women studied defimtely larger menstrual losses were observed
which imposed a replacement need of over 1 mg iron duby  This 1s by
no means easy to supphy from ordmany unsupplemented diets To woid
wwon deficiency 1t may therefore be advisable to supplement with won
the diets of 10-15% of “normal women

d Therapy The treatment necessary to prevent or overcome iron
deficiency anemia vartes with its cause In nfants it can best be
prevented by providing the mother duning lte pregnancy with 2 diet
well supphed with wron and other nutnents ind by the mtroduction of
a vanety of foodstuffs mnto the babys diet duning the second half of
the first year of its lfe Once won deficiency has developed  therapy
with a sutable preparation of 1 ferrous silt 1s necesswry 1 addihon
to the dietarv improvements Treatment of established 1ron deficiency
by ordinary dietary means alone 1s a Jong and doubtful process at
any age

For the prevention of won deficiency 1n the adult 1t 1s necessany to
detect and where possible correct the sources of chronic blood losy
and to admimster orally 1 readih absorbed preparation of ferrous wron
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Large doses are usually necessary for the best chinical results but as the
efficiency of absorption decreases with merexsing dosage there 1s clearly
a hmit beyond which the iron 1s merely wasted A daily dosage of
not more than 350 mg of ferrous sulfate plus the simultineous ad
mimstration of ascorbic 1cid to ud absorption 1s commonly used For
qucker results 1 view of the low absorption of orally admimstered
tron 1ntravenous injection of suitable preparitions such as saccharated
wwon oude 1s bemg increasingly pricticed Such treatment must be
carried out with ewrcumspection because of the danger of touc effects
and the development of hemosiderosis Good results especially m the
anemua of pregnancy with very few towic reactions, have been obtamed
by these means with a total dosage of 25-40 mg of elemental 1ron for
ewch 1% deficit of hemoglobin and a humt of 100 mg for a single
dose (55, 103)

2 Farm Ammals

a Pigs Pigs are the only farm ammals in which iron defictency 1s
known to present ¢ practical problem Even in this species it 1s confined
to the first part of the suckling perod and to ammals reared under very
restricted conditions Braasch, the proneer worker m this field reported
an extraordmanly lugh death rate among suchling pmigs m Schleswig
Holstein due to anema and stated that the disease becime especially
common after the so called modern hog house came into use (12)
McGowan and Cnchton (80) mn the Umted Kingdom and Doyle and
co workers (24) m the Unmited States subsequently showed that piglet
anemia was exceedingly prevalent in pig breeding establishments in
those countnies where the sows were housed mn pens with concrete
floors without access to soil or pasture More recent mnvestigations (49
126) have estabhshed the disease as an uncomplicated 1ron deficiency
with a number of interesting features m relation to ron metrbolism
It can be overcome by direct admimstration of tron salts to the piglets
or by farrowing under less restricted conditions so that additional wron
cn be obtamed by the piglets from soil or pasture

Piglet anemia 15 often referred to as thumps because of the Iabored,
spasmodic breathmg which characterizes the condition It generally
develops within 2 to 4 weeks of birth by which time the hemoglobtn
level of the blood has fallen from 2 normal 8-9 g per 100 ml at birth
to as low as 34 g per 100 m! A high proportion of affected htters die
but surviving members usually begin a slow spontaneous recovery at
about 6 to 7 weeks of nge by which time they have normally started to
consume significant quantities of the sows food and to undertthe what






46 2 moN

liver won stores (Table 3) The mount of 1ron n the pigs hver at
birth 15 therefore even more madequate for the rest of the requirements
of the body during the suckling period than 1s the hver won for this
purpose 1n other species And thirdly, the pig m marked contrast to
other mammnls for which data are available 1s not born wath a plethora
of hemoglobin m 1ts blood In fact the hemoglobin concentration of
the blood of the henlthy pig 1s very simlar at burth at weaning and
at matunity The absence of this source of endogenous won which was
shown to be so mmportant to the human mfant, together with the very
rapid growth rate are considered to be highly sigmificant factors con
tributing to the onset of suckling anerma i the pig  They show clearly
why this condition can anse so much more readily in this species than
m the ovine bovine or human suckling

b Poultry Iron 1s obviously necessary for hemoglobim synthesis
birds just as 1t 1s 1n mammals but there 15 no conclusne evidence of
the natural occurrence of 1ron deficiency anem:n 1n erther growing chicks
or laying hens Indeed the normal diets of these ammals appeir to
supply abundant won for their requirements There 15 no doubt that
under certun conditions, anema 1s a cruse of embryonic mortality during
mcubation (108) but either direct summer sunshine or access to a grass
range alleviates the condition and 1ts incidence has not been correlated
with the won (or copper) content of the eggs (28) Nor 1s 1t possible
to raise the won content of the egg by feeding extra won to the hen
In the laying hen the demand for 1ron for egg formation 1s large since
the average egg contains about 1 mg of this element and there 1s some
evidence that anemir accompanies heavy egg production Howeser
this memrn does not appear to be associted wath lack of iron Schultze
and co workers (101) found n practical laying ration to supply about
14 mg of iron per hen per diy which could support heavy egg produc
tion without reducing the hemoglobin level of the blood Moreover
the feeding of additional won did not raise erther the hemoglobn level
or egg production In spite therefore of the very rapid growth rate
of chicks the remarkable productive performance of the modern laymng
hen n relation to her size, ind the high 1ron content of eggs commonly
fed rations supply more than sufficrent wron to prevent the occurrence
of won deficiency

¢ Sheep, Cattle and Horses Areas ewst n dufferent parts of the
world where the soils are so low 1 available 1ron that the herbage has
been reported to carry msuffictent sron for the requirements of grazing
stoch resulting m emacntion and anemia The won deficiency theory
used to explan these disorders of sheep and cattle appeared to be
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supported by the finding that supplementation of the diet with Inrge
amounts of mny 1ron compounds was completely effectiv e in preventing
or curing the condition  Filmer and Underwood 1n Westcrn Australi
showed this theony to be untenable since they were able to cure the
condition by “won frec” extracts of 1 potent wron compound (33)  Tlis
and other relevant findings are discussed Iter and 1t will suffice 2t this
stage to state that deficiencies of cobnlt or copper or both 1n the soils
and herbage of the so called ron deficieney arews were hiter shown
to be the real cause of the nemin and other svimptoms of disease The
efficacy of the wwon compounds used resides m the cobalt which they
contun Al crude wron compounds so far examined are contuminated
with vanable amounts of cobalt (120)

Iron defieicney under naturally occurnng conditions has never been
demonstrated 1 sheep cattle or horscs and scems mpossible of oceur
rence m view of the verv hiberal amounts of 1ron carred by most feeds
relitise to imy concenable requrements  The 1ron requirements of
these species hve never heen determmed but pasture herbage very
rarely contuns less than 80 ppm of won on the dry basis (122) and
150 to 250 ppm are more usual concentrations (107) Even the cereal
gramns notorious for therr low status in many mmerals contam relatively
hberal amounts of iron which fall mostly withm the range 30-60 ppm
(7) On the basis of these figures a 50 hg grazing sheep consuming
21000 g of drv matter duly would ingest from the herbage alone
that 15 excluding the considerable possibilities of additional won from
soil contammation a mimmum of 80 mg won per dvy This 15 some 5
to 10 times the amount of 1ron mgested daily by adult men and women
on tvpical modern dietaries!

Even durmg the suchling peniod lambs calves and foals are unlikely
to develop won deficicney because of the conditions under which they
are normally reared In common with other mimmuls they have relxtne
I hugh Iner 1ron stores and hlood hemoglobin levels t burth (78 81)
but these at least 1n the lamb (116) are quite madequate to prevent
severe anemia developing within 6-8 weeks 1f they are restrcted to
a milk diet under confined conditions The young of these species
normally begin to consume appreaiable quantities of feeds which re
tery much nicher 1 1ron than the mulk of their mothers at relatnely
early ages usually within about 1 month of birth This effectively
prevents the development of wron deficiency
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Vil Requirements for lron
1 Man

Single figures for the iron requirements of humans of different ages
must always be arbitriry ind approximate because of vanations m re
quirements from person to person and 1n wron vailabihty from foodstuff
to foodstuff and from diet to diet Numerous iron balance studies which
have yielded much valuable data have been carned out over many
yeus but these are subject to techmeal difficulties which Lt their
accuracy even with the elegant radicactive wron techmques of recent
years Moreover, rehable balance data for successive years of hfe are
not available Iron requirements can lso be deduced from the physi
ological demand multiphed by 4 factor to adjust for the percentage
absorption of almentary won Such calculations have been made by
Drablin (23) and agree fauly well with the suggested daly dietary
allowances of 1 mg/hg for infants 06 mg/hg for chuldren 10 mg
for adult males 12 mg for adult females and 15-20 mg for pregnnt
females (92) Calculations from physwological demand are particularly
effective 1n revenling changes consequent upon rapid growth as i males
at puberty or upon pregnancy and menstruation m females but they
make no allowance for differences mn percentage absorption of 1on
between individuals and between diets or for mcreased absorptive eff
ciency m parbicular conditions such as wron deficiency or pregnancy

The physiological demand for aron 1s largely determmed by the re
qurement for hemoglobn turnover, for hemoglobin growth (~ccretion
durmg growth), and 1n the female, between puberty and the menopause
for the replacement of wron lost 1n menstruation gestaton and Jactation
Hemoglobin turnover 1s an overwhelmingly larger metabolic process
than erther hemoglobin accretion m growth or its loss 1 menstruation,
but most of the won (97-98%) from the catabohzed hemoglobm 1
conserved so that 1ts replacement makes very httle demand on dietry
won Infact as was mdicated earher 1 relation to excretion, the healthy
male adult excretes only about 09 mg ron daily, of which about 80%
or 07 mg/day represents hemoglobm wron Hemoglobin growth 1
childhood and adolescence and losses of blood and 1ron 1n menstruation
and gestation on the other hand make relatvely large demands on
evogenous 1ron although the amounts of hemoglobm nvolved are s0
much smaller than the amounts bemng catabolized 1n hemoglobm turn
over Moreover these physiological demands on exogenous (dretary)
wron are additional to the small requirements consequent upon the shight
ly imperfect conservation from hemoglobmn turnover which eist m esery
mdmidunl
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The best estimntes of 1ron requircments based on calculations of the
wron needed to fulfil these physiological demands are shll those of Heath
and Pateh (53) made i 1937 More recent estimates for full term
babies up to 24 months of age and for premature babies up to 12
months of age wre given by Josephs (59) Heath and Pateh s figures are
summanzed mn Table 7

Heath and Patehs datn are far from perfect but they ndieate that
there are three penods when the requmirements for tron are greatest both

TABLL 7
Iron RrPQUIRENMENTS FOR GROWTH MENSTRUATION AND PRECNANCYS

Total annual requirement (mg Fe)

Year of hfe Males Females
1 193 182
2 112 112
3 80 92
4 92 80
5 98 87
6 79 106
7 80 18
8 70 67
] 72 108
10 152 120
1 130 163
12 137 164
13 189 192
14 198 143
15 314 468
16 313 424
17 353 498
18 183 435
19 149 452
20 81 365
21 71 338
a3 — 298
23 - 208
21 - 208
P - 3740
26 - 298
Total Requirement (g Te)
Birth to 21 years 315 159
Burth fo 47 years 1222

¢ From Heath and Fateh (53)
® Calculated for pregnancy
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reltively and absolutely They are dunng the first two years of hfe
during the rapid growth of adolescence and throughout the childbermng
period 1n women The very great increise in requirement mn males at
age 15-16 years due to the extraordmary rapid hemoglobm accretion at
this time (see Fig 1) the much ngher requirement of females than
males from the menuche at age 14 onwards and the exceedingly low
requirement after growth ceases in the male are particularly evident

It should be emphasized that these are not estimates of dictary require
ments those hive been given n the first paragraph of this section

2 Farm Animals

Practically nothing 1s known of the rron requirements of farm stock
The abundince of wron m all ordinary farm feeds and the absence of
an 1ron deficiency problem 1n these species other than in suckhing pigs
no doubt explams the marked lack of mterest of nutnhon worhers
this question No conventional wron balance studies with sheep cattle
or horses appear to have been carmed out, nor so far as 1s known have
the great possibiliies of radicactive won m metabolic mveshgations
with these species been exploited Rough estimates of the physiological
demands for ron for hemoglobin turnover and for ccretions of hemo
globm and other chromoproteins m growth could be made mn much
the sune way as has been done for humans but the conversion of
such estimates mto dietary requirements 1s impossible until data have
been obtuned on their absorptive efficiency Assumptions that on ab
sorption 15 regulated m the same way 1 the ruminant 1s 1 man or
the dog are completely unwarranted in view of the very great differences
known to ewist 1n other aspects of the digestive and absorptive processes
mn these species The whole problem of wron metabohsm n herbivorous
farm ammals especially rummnants appears to present an mteresting
and rewarding field for research

IX Sources of Iron in Foods and Dietaries

There have been many analyses of the 1ron content of foods, from
which tables of average composison of represcntative foods grown or
processed under a wide range of environmental conditions have been
comptled Such comprehensive compilitions have been made m recent
tumes with acceptable methods of analysis for US (123) English
(85) Austrahan (91) and Indian (52) foods The results are charac
tenized by great vanabilitv from sample to sample of the same food
matenial the vanability beng related to vanety soil type chmate
manunal treatment and many other factors Nevertheless consistent
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differences eust 1n the aron content of the edible portions of vanous
foods which have conaderable nutntional mmportince  Relatwely nich
sources of total iron are the organ meats (Iver hidney and heart) egg
yolk dned legumes, bran ¢ane molasses or black treacle cocon shellfish
dned yeast and parsley  Poor sources of won mclude milk and milk
products fats and oils white bread and flour (unenriched) polished
nce sigo white sugar potatoes and most fresh frmt  Toods of inter
mediate aron content are the muscle meats fish and poultry nuts
green and green lefy vegetables wholemenl bread flour and cerenls
and ennched bread and flour

Vegetables and fruts which are clissed above s erther poor or
medium sources of total 1ron are grouped by Stebeling (113) as follows

Poor (04 ppm edible portion) most frts and fruit juices
Far (48 ppm edible portion) some fruits seed pods blanched
lewes and stalks roots and herbs
Good (8-16 ppm edible por potatoes thick green stalks and
ton) lewes
Excellent (over 16 ppm mostly leguminous plants and leves
edible portion}

These levels of 1ron may be greatly reduced by boiling n water Losses
of 207 or more have been reported by such treatment (107)

The mfluence of the degree of extraction i the milling of wheaten
flour upon the 1ron content of the product nd the value of iron ennich
ment of low extraction flour can be gaged from the following representa
tne figures

Patent flour (60% extraction) 7ppm won
White flour (707 extraction) 9 ppm won
80% flour 16 ppm 1ron
85% flour 2l ppm on
Wholemeal flour 30 ppm 1ron

Patent or white flour (ennched to “standard”) 28 ppm won

Iron exists n foods i 2 vanety of chemical forms some of which are
completely avalable for absorption and some of which can be absorbed
with difficulty or not at all  Ths has led to numerous studies of “nal
able” 1ron by the use of the dipyridyl reagent of Hill (51) which does
not react with hematin won Such determinations were based on com
paratively early evidence showing that neither hemoglobin nor hematin
won 13 absorbed presumably because 1t 15 not detached m the gastro
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wmtestmal tract from the porphynin complex, of which 1t forms a part
Even this assumption 1s apparently not fully justified m the light of
the finding of Black and Powell (9) that 10-20% of hemoglobmn 1ron was
absorbed when a liter of citrated blood was given by duodenal tube
The absorption was considered to result from bacteral decomposition
of the blood in the mtestine However determmation of the available
(nonhematin) 1ron of foods enjoyed a considerable vogue for a number
of years and was supported by the good correltion shown to eust
between the available 1ron 1 vanous foods and the value of these foods
for hemoglobin synthesis m rats (105) No such correlation has yet
been demonstrated 1n man and even in the rat some curious and un
explamed discrepancies have been found (109) It1s questionable, there
fore, whether available won determmnations of human foods are of much
real value, and they are now much less frequently used In this con
nection 1t 1s as well to pomt out that hematin compounds are not the
only organic compounds of 1ron which do not react with dipyndyl on
reduction In many foods and particularly i frmts and vegetables
hematin compounds may ccount for only a small fraction of such non
rewcting won s Hull (54) poimnted out m his ongmnal contnbution
Nothing 1s known of the availabihity for absorption of these compounds
m man Fmally 1t may be stated that the chemical nature of wron
compounds in foods 1s probably much less tmportant for their absorp
tion than other less easily defined factors the most mportant of which
have been discussed when considering iron absorption

The wide ringe 1n 1ron content of different foodstuffs indicates clearly
that the over all ron ntake from different diets will vary greatly accord
g to the proportion of won nich and 1ron poor foods which they contamn
The cheapest and most readily available and consumed foods m terms
of calortes, 2re the carbohydrate nch matenals notably the mmlled
cereals white sugar and potatoes These are all low n won and they
wmvanably constitute a lngh proportion of low cost duets where the choice
of foods 1s dictated largely by the need to satisfy 1mmediate hunger
rather than by the more subtle needs of the body Improvement of the
quality of such drets by the inclusion of more dury products is nutri
tionally lighly desirable but 1t does not increase and may even decrease
therr over all won content Improvement mn iron content requires in
creased proportions of meat especially organ meats eggs green leafy
vegetables leguminous seeds and whole cereal or Ingh extraction cereal
products Al of these foods are normally much richer 1 iron than those
Just mentoned as being consumed i large amounts 1 low cost duets

The mportance of this m human nutnition 1s revealed by a number of
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studies of actual dietanes in different parts of the world A dict typical
of that consumed by millions i India has recently been shown to supply
only 9 mg of wron duly (52), whereas an improved diet composed of
local matenals but contuming 2 much lower proportion of milled nice
and incrensed amounts of pulses and green leafy vegetables will supply
no less than 60 mg 1ron duly (52) An awverage of 11 mg aron duly
was shown some years ago to be ingested in the dietanes of the poorest
classes 1n Aberdeen (21) This was quite madequate for women since
anemi1 was presalent among nearly half the women i the survey (and
this nermn responded remarhably to won therapy) but 1t was presum

ably satisfactory for most men and cluldren because anerma was found
to be rare 1n them  Average Amencan dietanes were shown by Sher

mn (104) to supph from 14 to 20 mg won per mn value duly, and
Australian dietartes where the proportion of meat 15 unusually ugh to
provide 20-22 mg 1ron per adult male duly (90) These appenr to be
ample for all ordiniry requirements including those of women duning
the cluldbeaning period but average figures of this sort can obscure
important differences between mdividuals famihes and groups Thus
Sticbeling and co workers (114) 1n their cxtensive studies of family food
consumption and dietary levels in the Unmted States demonstrated sigmfi

cant differences m 1ron mtake 1 groups of famihes grouped according
to therr level of expenditure on food At the three levels of expenditure
included the 1ron 1ntake per nutntion umt averaged 12 14 and 16 mg

per day with increasing expenditure on food Sumlarly even in Australia
where econome conditions are generally very good and iron intakes
relatively hugh 1t has been found that the daly intake per nutntion
umt falls with mereasmg size of famuly from an average of 15 to an
average of 11 mg 1ron per day (90)

An 1nescapable conclusion from the above findings 1s that almost any
diet likely to be consumed by man will supply ample won for adult
males but that many diets especially where the expenditure available
for food Limits the chorce to low cost matenials high 1n energy provide
msufficient ron for women and 1n certamn arcumstances to be discussed
1n the following paragraph for growing cluldren because of their much
higher requirements Improvement of such diets n relation to iron can
be achieved at httle extra cost either through a more judicious choice of
foods or by 1ron medication

In the preceding paragraphs emphasis has nghtly been placed on
the general nutritional quahty of the diet as the prinerpal determinant
of its 1ron content. There are circumstances howeser i which the
source as well as the choice of foods can greatly mfluence iron intakes
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atwia was 1 mimfestation of copper deficieney which could be pre
sented by the rdmimstration of copper to the ewes during pregnancy
These proneer discovenies were followed by the demonstration of ex
tensne copper deficiency arens in many parts of the world—areas n
which (a) sheep and cattle fuled to thrive unless supplied with extra
copper ether directly or indirectly through the pastures (b) the lver
and blood of affected ammals were greatly below normal in copper
content and (c) the herbage and m most cses the soils contuned sub
normal levels of copper

While these wmvestgations were proceeding it was demonstrated that,
copper 15 an essential dictary factor for normal pigmentation of har
fur and wool mn several species and for the heratimzation process n the
growth of wool Such findings and particulaly the great economic
sigmficance of naturally occurnng copper deficiency conditions gave a
tremendous stimulus to studies of copper n nutrition—studies which
hne revealed how widels this element 1s concerned 1n bodily processes
and how closely 1ts absorption utilization nd excretion are hinked with
other dictary components notably ron and molybdenum These 1nvest
gitons were greatly ficiltated by the contemporary development of
rehable methods of estimation of the very small amounts of copper
mvolved Many of the earlier results are open to grave suspicton because
of faulty analytical methods and the fulure to take sufficient precautions
to avoid contamination with copper

Il Copper in Animal Tissues and Secretions
1 The Copper Content of the Whole Body

The healthy adult human body contains about 100-150 mg of copper
or 15-2 ppm (29) This 1s verv much lower than the total amount
of 1ron and only about one tenth of the 1mount of nonhemoglobin 1ron
normally present Very sumlar concentrations of copper occur i the
whole bodies of the adults of most other spectes No data for the whole
bodies of normal adult sheep or cows are available but 1t 1s probable that
they contamn appreciably higher concentrations because of the excep
tonally hagh levels of lver copper which usually occur n these species
Newborn and very young amimals mvarably contun 2 to 3 times more
copper per umt of body weight than adults of the same spectes although
aswith iron there 1s more species vanation at tlus early stage of desvelop
ment than at matunty (Table 8)

The whole body of the newborn calf 1s apparently much ncher 1n
Copper than that of any of the spectes gien in Table § Calculations
from the data of Rusoff (113) gine a concentration of about 14 ppm
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detected this element m snails 1n 1847 and showed that 1t existed 1n
combimation with the blood protems Fredenrq (59), in 1878 estab
hished the fact that the copper contaming pigment (hemocyamin) of
the blood of the octopus behaved as a respiratory pigment Hemocynms
from dufferent marne species are now known to vary m composition and
m copper content but they all umte vath oxygen mn a defimte rato to
copper One atom of oxygen 1s taken up for each atom of copper n
the hemocyanm molecule

A different type of copper compound which aroused earlv brologieal
mterest 15 the colored pigment, turacin, found 1n the feathers of the
South Afncan bird, turaco It was first descnibed by Church (30) i
1869 who later found 1t to be analogous to hematin and to contan no
less thin 7% of copper It has since been shown to belong to a denwvatve
of the porphynn pigments which are normaily found mn plant and ammals
(1112) but the turaco 1s apparently the only species i which copper
oceurs combined with porphynn  No reason for 1ts occurrence mn these
birds 15 yet known

Following the demonstration of the essential role of copper 1 hemato
poesis, although largely mdependent of 1, there was a great upsurge of
terest 1 the biological function of copper A number of copper protemn
compounds were 1solated from both plant and animal sources several
of which were shown to be enzymes with an ondase function [tvrosimase
(polyphenoloudase), laccase, and ascorbic aaid oxidase] (75 77, 78)
More recently butyry]l CoA dehydrogenase has been identified as a
cuproflavo protem m which copper oceurs as part of the prosthetc group
of this enzyme (91) The activities of these enzymes are dependent upon
the copper they contamn but hittle 15 yet known about how the copper 13
bound or how 1t functions within the enzvme Nor 1s 1t vet clear what
quantitative sigmficance can be attached to these copper contaimng
enzvmes 1 the oxidative processes of the mntact cell

Of equal importance were the mvestigations, which begwn m the early
1930s of certamn naturallv occurnng diseases of grazing sheep and cattle
which were shown to be caused by a deficiency of copper, or of copper
and cobalt or to respond to copper therapy The first published repost
suggesting that deficiency of copper occurs naturally m hvesloc)\““'ﬁs
that of Neal and associates 1n 1931 as a result of therr studies of “salt
sich of cattle n Flonda (108) In 1933 Sjollema mn Holland showed
copper deficiency to be a causal factor in a wasting disease of sheeg
and cattle charactenized by diarrhea loss of appetite and anema an
called lechsucht (128) In 1937 Bennetts and Chapman (14) »
Australia showed that a demyehnating disease of lambs named enzootic
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atwr was 1 mfestation of copper deficiency which could be pre
sented by the admimistration of copper to the ewes duning pregnancy
These pioneer discovenes were followed by the demonstration of ex
tense copper deficiency arens m many parts of the world—arets m
which (a) sheep and cattle fuled to thnve unless supphed with extrn
copper cither directly or indireetly through the pastures (b) the hver
and blood of affected ammals were greatly below normnl i copper
content and (c) the herbage and m most ciscs the smls contuned sub
normal levels of copper

While these investigations were proceeding it was demonstrated that
copper 15 n essential dictary factor for normal pigmentation of hair
fur and wool m several species and for the heritimzation process n the
growth of wool Such findings and particularly the grent economic
sigmficince of naturally occurnng copper deficiency conditions gave 1
tremendous stmulus to studies of copper i nutntion—studies which
have revenled how widels this element 1s concerned 1 bodily processes
and how closely 1ts bsorption utihzation nd excretion are hinked with
other dictary components notably won and molybdenum These nvest:
gations were greathy facilitated by the contemporary development of
reliable methods of estimation of the very small amounts of copper
mvolved Many of the earler results are open to grave suspicion becuse
of faulty analytical methods and the failure to take sufficient precautions
to avord contamnation with copper

It Copper in Amimal Tissues and Secretions
1 The Copper Content of the Whole Body

The healthy adult human body contamns about 100150 mg of copper
or 152 ppm (29) Ths 1s very much lower than the total amount
of 1ron and only about one tenth of the amount of nonhemoglobin tron
normally present Very swmlar concentritions of copper occur m the
whole bodies of the adults of most other species No data for the whole
bodies of normal adult sheep or cows are available but at 1s probable that
they contan appreciably Ingher concentrations because of the excep
tonally Ingh levels of iver copper w ich usually occur in these species
Newborn and very young ammals myanably contun 2 to 3 times more
copper per umt of body weight than adults of the same species although
as with wron there 1s more species varation at this early stage of develop-
ment than 1t matunity (Table §)

The whole body of the newborn calf 1s apparently much ncher in
copper than that of amy of the species given Table 8§ Calculations
from the data of Rusoff (113) give a concentration of about 14 ppm
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‘The high levels of the newborn are largely, but not entirely, a reflectior
of the hugh hver copper storage winch charactenzes this growth stage
In most species such levels are mamtaned dunng the suclling penod
and are followed bv a steady fall dunng growth from weamng enwards
until adult levels are reached
TABLL 8
Concexrnarionst or Copper m tite, WiroLe Bobies o Dirrenent Srecies

Human Pig Cat  Rablat Cumeapry  Rat  Mouse

Newbora® X 32 28 40 69 43 67
Adulte 17 25 15 1% - 2.0 -

o Measured m ppm of fat free body tusue
* E M Widdowson {140a)
¢ C M Spray and E M Widdowson (13la}

Data on the mfluence of sex on the copper content of the body e
extremely hmted but sex differences if they ewst, must be very small

The distribution of the total bodv copper among the tissues can only
be gwen 1 very general terms because of the pauctty of rehable data
and the very wide differences m the results of different mveshgators
Chou and Adolph (29) eshmate that, of the 100-150 mg found mn the
adult human bedy, 65 mg 15 found m the muscle mass, 23 mg 1 the
bones and 18 mg m the Iner In the adult rat fed a normal stock
diet 81% of the total body copper has been found m the muscles 23% 0
the bones 13% 1n the hver, ond 36% m the sk (87) In one newbom
calf 18% was found m the muscles, 54% in the bones, 12% m the lwer,
and 23% n the skin, whereas mn another newborn calf evammed by the
same methads by the same workers (113), the distnbution of total body
copper was as follows 26% m the muscles, 7% in the bones 12% m the
ver, and 17% m the skim  In two adult sheep which had excephonally
high hver copper stores, Dick (45) found that the distnbution was 72~
79% 1n the liver, 8-32% i the muscles 9% in the skin and wool and abont
2% n the skeleton

These rosults, m spite of thew great vanabihty emphasize the large
total amounts of capper which can occur m the bones nd muscles and
the skin of hared amumals as well 1s 1n the hver

2 Copper in Vanous Tissues and Organs

Data are warlable for the copper content of the prmespal tissues and
argans of the rat rabbit cat dog pig gumea pig sheep, cow horse
domestic fow! and man  Varymg concentrahions have been found 1n
every tissue ind organ exammed and there 15 good reason to beleve that
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copper occurs 1 all body cells The mdividual vanabibty 1s Iarge—~too
large 1n fact to allow defimte values to be assigned to particular organs
Nevertheless 1 all species certun tissues and organs consistently carry
hugher concentrations of copper than others and 1 gencral tissues or
organs which are Ingh or low m one species are similarly hugh or low
n others (23 36 83 93 93) s shown in Table 9 'The endocnne glands
(pitmtary thyroid nd thymus) are examples of organs with very low
concentrtions of copper whereas the Iner heart hidneys hur and
brun roughly 1n that order e usmally among the lighest in this
clement The splcen and the lungs represent organs of mntermediate
copper content  The muscles wnd bones (particularly ribs) are tissues
for which some surpnsingly lugh values have occasionally been reported
but which normally carny lower concentrations of copper than the spleen
the lungs or the skin  The igh total amounts of copper present m the
muscles and the bones result not from Ingh concentrations but from the
large mass of these tissues which est n the body

From the hmited evidence avulible 1t appears that neither 1 deficiency
nor an evcess of dictary copper mfluences greatly the copper content of
certain of these tissues and organs notably the endocrine glands the
muscles the bramn the heart and the skin The copper content of the
Iner kadney, spleen and lungs by contrast can be greatly mcrensed
by high copper intakes and that of the hver kidney spleen har and
blood greatly reduced under conditions of copper deficiency Thus
Lindow et al (87) found that the addition of 5 mg of copper per duy
to a normal stock ration raised the copper concentration of the hvers of
adult rats from 11 to 213 ppm on the dry basis the kdneys from 12
017 ppm and the spleen from 3 to 17 ppm wherens i the same
anmmals there was little change 1n the levels of copper 1n the heart bram
muscles and shin

In certam disease conditions 1n man namely Wilson Uzmans disease
(hepatolenticular degeneration) and hemochromatosis exceedingly lngh
concentrations of copper far beyond those regarded as normal occur 1n
the liver bram and other tissues In \Wilson Uzmans disease these
appear to be related to exceptionally lugh copper absorption rather than
to hugh intakes

3 The Copper Content of the Liver

The Iiver has recened far more attention than any other organ or
tissue because followmg the earh lead gnen by McHargue 1t soon
became evident that st ncts as the mun storage organ of the body for
copper aud can provide 1 reasonably rebiable index of the copper status
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of the ammal Laver copper concentrations have been determined for
an exceptiontllhy wide ringe of ammal species including mammals,
birds fish reptiles and amphibin (7) In additon many workers have
studied wathin 2 much more restricted range of species the factors which
mfluence ver copper levels It as apparent from these studies that the
concentration of copper an the hver 15 determmed by four mun factors
which wre considered below, numely the species the age of the ammal
the nature of its diet and the occurrence of certun disease conditions
(Table 10) In the Austrilian salmon (Arryns trufta) Beek (7) has
shown that there 1s 1 highly sigmficant sex difference but there 1s no
evidence of 1 sigmificant influence of sex on liver copper 1n other species

a  Specics Differences  In spite of appreciable individual vanation
which 15 common to all species 1 number of nteresting species differ
ences eust in the normal range of copper n the hver The hvers of
normal adults of most species have been shown by Beck (7) usually
to contamn between 10 and 50 ppm of copper on the dry basis with
a lugh proportion of individual values lying within the narrower range
of 1530 ppm These levels apply to species as unrelated 1nd as diverse
m therr environment and therr nutnitional habits as man rats, rabhits
cats dogs foves pigs hangaroos whales crocodiles snakes domestic
fowls turheys emus sharks and herring In contrast to this remarkable
umformity, much lugher Iner copper levels are exlubited by a few
species  Examples of such species are the sheep cow duck frog and
several species of fish for which the large normal range of 100400 ppm
may be grven (Table 10)

No satisfactory explanation of these dufferences can be given on the
basis of present knowledge Differences in copper mtike alone can
hardly suffice since domestic fowls turkeys and ducks consume very
sumlar diets and yet the two former spceies normally carry very much
lower levels of copper 1n thewr Ivers than do ducks Moreover the whale
which Ines on manne orgimsms high n copper 15 included 1n the
group with Jow hver copper storage It seems Likely that physiological
differences 1n the efficiency of copptr absorption excretion and storage
will be found to Lie at the root of these intere sting spectes vnations

b The Influence of Age In all species for wluch adequate data
are available wath the evce ption of the sheep and the con hver copper
concentrations are much Ingher 1n the normal healthy newborn than
they are 1n the normal healthy adult (Table 10) In the human species
average values for the newborn are 5 to 10 times those of the adult
Dunng intra uterme life considerable storage of copper occurs i the
Iner but the extent of this storage and the time at which maumum
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concentration generlly occurs vary m different species In man and
the rat rabbit, gumea pig dog and eow, maximum concentrations oceur
at or shortly after birth, but in the pig and chick the peak occurs some
what earlier mn embryonic hfe (142) Dunng the suchling perod the
concentration of copper mn the liver dechines n almost all species al
though the total amounts of copper present may, and frequently do nse
A notable exception to the general rule of a fall m hver copper con
centrations during suchling and until matunty, occurs with the sheep
In this species the levels tend to nise contnuously after birth (102) In
the rat, also, the peak does not occur until 10 to 15 days after birth
although in thes case there 1s a decline thereafter (23)

The functional sigmficance of the congemtal Iver copper deposits 1s
not completely understood The suggestion that copper 1s accumulated
m fetal liver because the hiver 1s the chief site of hematopoiesis during
embryonic hfe would be easier of acceptance 1f 1t were not for the fact
that the hematopoietic actiaty of the hiver 1s at 1ts highest during early
embryomc life and has nearly disappeared at birth when 1n most species,
the Iver copper concentration 1s at its peak The more plausible but
distinetly teleological suggestion that the hver copper stores of the
newborn e provided to compensate for the low copper content of the
maternal milk has recerved 1ts mam support from the well established
fall 1n hiver copper concentrations which occurs during suckling  Agamnst
this must be set two important facts In the first place the total amounts
of copper 1 the lver actually nse m many species duning suckling as
was pomnted out earher In the second place as was stressed m the case
of won, the total Lver stores at birth are normally too small to make
more than a very small contribution to the needs of the suckling mammal
For instance, the newborn human contans about 2 mg of copper m 1ts
Iver This amount of copper would be mgested from the milk of the
mother within a few days of burth and assuming a 10% absorption of
copper from milk 1t would be absorbed from the milk by the time the
baby was a few weeks old The newborn lamb contams an average of
4-5" mg of copper mn its ver an amount which on the same basts
would be obtamed from the milk within the first few weels of the
suckling period

¢ The Effect of Diet The prmapal dietary factors mﬂuencmg
copper storage and hence liver copper concentrations are the levels ax}x]
proportions of copper molybdenum and morganic sulfate which the
diet contuns There 1s evidence also for the eustence of other unknown
dretary factors affecting copper retention

Theyllver copper stogres I:)lf) the newborn are greatly reduced by sub



11  COPPER IN ANIMAL TISSUIS AND SFCRFTIONS 69

normal copper mtikes by the mother This has been demonstrated for
several species and 1s well Mlustrated by the daty of Bennetts and Beck
(12) These workers found the liver copper of five atiue Jimbs from
copper deficient ewcs to range from 4 to 8 ppm on the drv basis
whereas five normal Inmbs from healthy ewes grzing pastures adequate
m copper gave values ringing from 120 to 350 ppm  The hiver copper
levels of the newbomn cannot however be sigmficantly inereased by
rusing the copper mtake of the pregnant mother to levels well above
normal (Nor as 1s pomnted out Iater, can the copper content of milk
or eggs be rused by feeding extra copper to the normal hctating or
lwing ammal ) This fulure to ruse hiver copper lovels n the fetus 1s
apprently due to 2 lumited eapacity for placental transfer, because post
natal copper supplementation of dicts already well supplied with copper
usually produces ver greatly ncreased liver copper concentrations

160} /
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tent of the hiver of sheep with mcreas
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.
&

Change 1 coppet content of { ver mg
8

/

0 & 8 12 16 20
Total coppe intzke g jday

|

3

(Fig 5) These mcrcases can be so lugh that they revel 1 remarkable
storage capacity of the liver for copper On the other hand the reduc
tion 1 the copper content of the lner of the newborn resulting from
subnormal ntakes by the mother 1s paralleled by the effcets of copper
deficient diets on older ammals Low hver copper levels have been
found 1n rats and pigs suffenng from mulk anemia (122 143) n copper
deheient dogs (2) and in sheep and cattle graning copper deficient
pastures (12 39 100) as shown in Table 10

In 1945 Dick and Bull (47) first showed expenmentally that the
storage of copper 1n the Iners of sheep and cattle could be reduced
sigmficantly by an increase 1 the molybdenum intake Thas finding has
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been amply confirmed bv Dhck (4446) (Fig 6), by Cunmngham {37)
and others (42), but some workers were unable to confirm the origmai
results of Dick and Bull and varaus conflicting and anomalous observa
tins have been made which wdicate that the mhibitng effect of
malybdenum on copper storage 13 a comples process wvolving dietary
components other than copper and molybdenum (62, 84, 97, 133)
The outstanding nvestgations of Dich (44-46) have revealed cleary
that the level of morgame sulfate n the diet 1s of major sigmficance m
this respect at least m the sheep Only wn the presence of adeguate

o

Fic 6 Changes m Iner
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dietary infakes of wmorgame sulfate 1s the hmuting cffect of molybde
num on lier copper storage exerted In Dick s expermments st was found
that, for a given intake of molybdepum the mtation of copper storage
was proportional to the sulfate content of the diet (Fig 7) Much
further work 1s necessary hefore the eviet quanhtative relabonshups
among the copper molvbdenum and morgamic sulfate mtakes can be
evaluated but 1t scems very probable thit many of the appwently
confhcting reports on the effect of molybdenum on copper storage can
be explamed on the basis of different levels of morgnic sulfate o the
diets employed The whole problem of copper molybdenum worgame
sufate mterrelationships 1s discussed more fully m the sections dealing
with copper and molybdenum absorption and exeretion

d Dusease TDisease conditons other than those assoerited wath
copper deficiency and molybdenum excess, winch reduce the levels of
copper n the liver are rare or unknown Abnormally lugh hver copper
fevels, on the other hand are characteristic of a number of diseases both
of man and of farm ammals, apart from those due to excessive copper
mtahes In man examples of such diseases are Mediterranean memid
hemochromatosis Whlson Uzmans disease (hepitolenticular degenera
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tion) eurhosis and vellow atrophy of the Iner, tuberculosis caranoma
and severe chrome diseases accompanied by nemia (26) In sheep a
condition of hemolytic jaundice, or yellows” due to chrome copper
potsoning h1s been reported i which liver copper levels s high as 1000
ppm on the dry fat free basis occur  This problem s discussed in the
sechion on copper tovicity

Fic 7 The reltion of the
Tevel of sulfate mtike to the
cffect of molybdenum upon
Iiver copper storage in the
sheep (Dick 43)
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4 Copper 1n Lye Tissues

Unusually hagh concentrations of copper (and of zinc) occur in the eye
tissues especially the pigmented portions of a wide range of species
mcludmg sheep cattle rablits whales fish and frogs (133) Substan
tial species differences exist m the magmtude of these concentrations
but m all of them the different eye tissues can be pliced 1n roughly the
same descending order of copper concentration as follows s choroid
vitreous humor aqueous humor retinr (yminus pigment epithelium)
optic nerve cornea sclerr lens  Values as high as 103 ppm and
88 ppm of copper on the dry basis have been found for the ins and
choroid respectively of the eyes of fresh water trout and of 50 PpPm
and 135 ppm for these tissues i sheeps eyes The levels appear to
be somewhat lower m other mammals The copper has been shown to
be associated with the pigments (melamns) the tissues and to be
largely bound 1n nomome form to protem The function of these copper
accumulations 1 pigmented tissues 1s unknown but therr presence can
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not be explaned by the presence of free tyrosmase It seems reasonable
to suggest that the ugh concentrahons of copper, and other metals
(especially znc) m pigmented eye tissue are concerned wath the de
velopment or mamntenance of natural coloration but there 15 as yet, no
direct evidence for this This question 35 considered further m relation
to the zinc content of these tissues

5 Copper m Malk

The concentration of copper m milk 1s nfluenced by three mam
factors These arc (1) the species of ammal (2) the stage of lactation,
and (3) the level of copper mtake by the ammal There 15 also con
siderable mdividual varniation withun species even when the second and
third factors are comparable In mam of the early values for copper m
milk analytical errors and contarnation also undoubtedly contnbuted
to the great vanaton in values reported by different anvestigators but
the mnportance of stage of lactahon seems freguently to have been
overlooked

Rats mulk 15 very much nicher in copper than that of any other species
so far d Cox and Mueller (35) obtaned the extremely hgh
value of 7 mg copper per hter for pooled samples tahen from four
cifferent stages of lactahon compared with 06 mg for cows mik and
a quoted figure of 05 mg for human mik Most workers have found
human milk to be ncher 1 copper than cows, ewes, goats, or mares
mulk at similar stages of lactahon (4 7, 20) Sigmficant differences m
the copper content of the milk of these latter species have not been
estabhshed and 1t seems doubtful if they exist

Colostrum 15 sigmficantly ncher m copper than normal milk m all
spectes so far studied  An dverage concentraton of capper very close
to 05 mg /hg has been reported for cows colostrum (8¢) Also 1
the early stages of lactation the true milk of cows, ewes, mares and
women 1 sigmficantly hagher m capper than 1t 15 m the later stages of
lactation Bech (4) found the nulk of normal eves to fall progressivehy
from 020-064 mg copper per liter in early lactibon to 004-016 mg
seseral months later Sumlar falls were observed in the muk of some
cows but not 1n others Most of the values lay between 0 03 and 020 mg
copper per hiter Ttzerott (73) obtaned a very sumlar range of valuez
nameh 005-014 ppm (mean 007) for cows mll Beck (7) examme
the milk of 8 mares and found the copper content of the true mulk to fall
from a mean of 036 mg/l m the first week of lactabon to a mean of

017 mg /1 4 to 6 weeks Iiter
Bed\galso found the ik of women to fall steadily from 062-089 mg
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copper per liter 1n the first few weeks of Jactation to 0 15-0 17 mg copper
per liter 6 to 7 months later Lesne and co workers (82) showed that
m 4 out of 5 women studied the levels fell from 103-089 mg copper
per hter mn the first few weels to 060-026 mg at the end of lactation
They claimed also that there 1s 1 seasonal vamation 1n the copper
content of cow s 1nd goats milk related to the type of dict consumed
but there appears to be no support for this clum from elsewhere

The addition of copper to dicts alrendy ndequately supplied with this
element has no cffect on the copper content of milk (85) The position
15 sumlar i this respect to that of wron but m great contrast to that of
ane mangwese todime and cobalt Levels m the milk well above
normal e1n readily be achieved by dietary supplements of these Intter
elements s will be shown Under conditions of deficient copper mtake
on the other hand both cows and ewes produce miik subnormal
copper content  Bech (4) found the milk of cows nd ewes grazing
severely copper deficient pastures to fall s low s 001-002 mg copper
per iter In all cases the concentration of copper 1n the blood was higher
than that n the milk  This agun contrasts with the position with most
trace mnerals with the exception of won

Interest m the copper content of milk has stemmed from two sources—
its value as a dietary source of copper especially to the suckhing and
its signifie ince 1n relation to the development of ranaidity or “off flavors ™
Milk has been recogmzed as a poor source of copper m the diet since
the onginal demonstration of copper deficiency 1n young rats fed 1
diet of cow s milk plus punfied ron Mk 1 fact has formed the basis
of almost all diets used 1n the study of copper deficiency 1n laboratory
ammals This refers to milk tahen directly from the ammal and kept
free from metalhic contamination Treatment after milhing e g pasteur
1zing drying or holding in metal vessels can result in a vanable and
often substantial contamnation with copper gnng copper concentra
tons more than double that of the onginal milk (41) If the copper
content of cows milk exceeds about 15 ppm 2 rancid tallowy tiste
rapidly develops due to catalytic acceleration by the copper of the
normal process of fat omdation in the presence of ur Much lower
maxymum amounts of copper than these of the order of 02-05 ppm
however are compatible with good keeping quality (73) Mk 1s now
usually held and treated in ghss nd stanless steel containers so that
contammation with copper 1s much smaller than 1t was i the earher
davs of processing
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' Copper n Blood

The concentration of copper m the whole blood serum, and plasma
of a range of species has been determuned in health and disease In
recent years, also, a good deal has been learned of the forms 1 which
copper eusts m blood and sts distibubon among the varous blood
components

Y Forms of Copper w Blood

In 1938 Mann and Keshn (93) isolated a copper protem compound
from the red cells of cattle They named 1t hemocupren and showed 1t
to be a bluish pigment contaming 034% copper m the cupnc form with
a moleculir weight of 35000 and 2 copper atoms per molecule No
function has vet becn found for this compound  Whether hemocuprem
compnses the whole of the copper i red cells under all circumstances
1s not known Under certam conditions however, notably following the
admimstration of massive doses of copper to ammals red cell copper
has been shown to mncrease to remarkably Jugh levels (26) Such copper
could not be removed by repeated washungs with saline and 1t seums
hkelv that 1t was present as hemocuprein or some similr copper protemn
compound

In human blood plasma 90% or more of the copper eusts 1 the form
of a blue copper protem compound, named ceruloplasmn (69, 70)
This compound has been 1dentified as an « globuln with a molecular
weight of about 151 000 and contrmng 8§ atoms of copper The relahon
of ceruloplasmin to hemocupremn 1s not entirely clear but 1t has been
suggested, simee hemocuprein contauns 2 atoms of copper n a molecule
weighmg about 35000 that 1t contamns 4 umts of hemocuprem Cera
plismin, or some sumilar compound 1 which the copper 15 frmly bound
to protemn and does not react diectly wath diethyIdithiocarbamate com
pnses also a very high proportion of the plasma coppcr of normal rats
and dogs and more than half of the total plasma copper of prgs (143)
Information on 1ts possible oceurrence m the blood plasma of the larger
farm ammals 15 badly needed

The remamder of the plasma copper which m man the rat and the
dog normally constitutes only 1 very small proportion of the total eusts
m plasma m a form which reacts directly with diethyldithiocarbamate
This copper smce 1t 1s mamly nondialyzable, 15 probably Ioosely bound to
a protem such as albumm the metal binding 8 globulin (siderophilin)
or other protems (143} Cobn (31} has shown that siderophulin 15 capa
ble of umting reversibly with capper wathont affecting ats aron bmdxr;g
capacity and it 1s well known that albumiss re capable of loosely
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binding copper 1 vitro but whether siderophihn or one or more of the
other plsma protems act 1s transport protemns for copper remamns to
be determuned

It 1s perhaps appropnate 1t this pomnt to draw attention to the stnk
mg difference between serum aron 1nd scrum copper although both
occur 1 very sumilar concentrations  Serum copper consists very Irgely,
1t lewst 1n several species of the functionally active compound cerulo
phwsmin which Holmberg and Laurell (70) have shown to be 1 true
oudrse classificd s 1 lacease It 1s normally entirely bound to copper
and nonc 15 free like siderophulin to tthe up additional copper More
over after the oral or intravenous admimstration of 2 masstve amount
of this mctal the addibonnl copper 1s not present as ceruloplasmm but
as “direct rexcting  copper less firmly bound to protem It scems renson
able to suggest that at 15 this copper which 1t must be stressed agamn
normalls comprises only 1 small friction of the total plasma copper
which represents transport copper 1e copper n passive transit from
one site to another By contrast, serum 1ron consists cnhrel) of 1ron 1
passne transport wholly bound to a specific protemn the sole or
primary function of which 1s to transport iron  Only about one third of
this protem 1s normally bound to ron leaving 1 considerable reserve
capaaity
2 Dustribution of Copper in Blood

The copper m blood 15 normally distributed approxuimately equally
between cells and plasma Ths has been demonstrated for man (26
112} and for sheep and cattle (46 51) by direct copper determmations
on whole blood and on serum or plwsma from which the corpuscular
copper 1s obtamed by calculabon  These determmations invanably give
similar values under normal arcumstances with 1 tendency for plasma
ralues to be shghtly igher and red cell values shghtly Tower than those
of whole blood Using a Iughly accurate direct method Lahey and co
workers (79 143) hue found the copper content of the erythrocytes
to be significantly lower 1n men and women than that of the plasma
(Table 11) Tt was caleulated that the amount of copper in the werige
red cell (mean corpuscular copper) 1s about 65 %= 108 puug and that
the concentration of copper m the red cell 1s normally about 00000757

c copper content of Jeucocytes md platelets 1s considerably less or
about one quarter of that of erythrocytes It 1s ebvious from the very
much smaller proportion of these cells that fulure to separate the
leucoc)'lcs and platelets from the enythrocytes results in an insigmificant
error and that they hold an msigmficant proportion of the total blood
copper
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A distnbution of the type 1llustrated m Table 11 apphes only to healthy
humans under normal conditions and not necessanly to other species
and certunly not to all conditions i humans  This ts of some importince
m view of the tendency to use whole blood copper and plsma copper
determinations indiscnmmately 1n the study of copper deficiency nd
exeess m vanous spectes  Already there 1s evidence that plasma copper
1s much morc Inbile than corpusculir copper In human pregnancy,
for instance the copper content of the red cells remuns normal whereas
that of the serum nses markedly Also under conditions of copper
defictiency n igs the reduction in the copper content of the plasma 1s
very much greater than the reduction n the copper content of the
cells (143) Plasmn copper on present evidence would therefore appear
to be a more useful ind sensiive indicator of changes 1n the copper
status of wn ammal than whole blood copper

3 Normal Levcls of Copper i Blood

The normal range of concentration of copper 1n the blood of healthy
ammals 15 wide but very similar 1n all the lmgher mammals  The normnl
range, for man pigs rats dogs gunea pigs sheep catle and whales
may be set at about 50-180 g per 100 ml but a hugh proportion of the
values lies between 80 and 120 pg per 100 ml with an over all metn
not very far from 100 ug per 100 m! or 1 mg /1 (Table 12) A narrower
range and sigmficantly lower mean values for whole blood copper of the
order of half the levels just given for the higher mammals have been
found bv Beck (7) for marsupals (kangarcos and wallibies) birds
(domestic fowls duchs and turkeys) fish (salmon and hermng) and
frogs (Table 12)

Most of the vanation wathin species 1s due to differences between
individuals rather than to day to day fluctuations in the same mdividual
Thus 1 2 total of 128 norma) men and women 2 range of 68-161 ug per
100 ml of plasma copper was found by Cartwnght (26) but 1n the same
dwvidual the values for whole blood as well as plisma were found
to be fauly constant from day to day and from week to week. The
fluctuation was less than = 307 Heilmeyer and co workers (68) and
Vallee (140) obtained sumlar results but Nielsen (109) 1n a study of
5 normal women at mtenals of 2 to 3 days found appreciable vanation
from tme to time There appears however to be no oyche pattern
of vanation and changes 1n plasma copper duning the menstrual evcle
are witlun the physiological vanation of = 307 (35 36)

A small statistically unconvineing diwrnal vanation i both plasma
and cell copper has been demonstrated i men and women but no such
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vanation has yet been shown for other species, or by Vallee (140) mn
man Both Nielsen (109} and Lahey et al {79) found the lowest values
mn the early mommg  These values rose dunng the day and reached
thewr peak m the evemng  The smnllness of this diwrnal vanation, com
pared with that of serum won nd 1ts doubtful sigmficance, must be
stressed  No tendency for 1n increase 1n the plasma copper following
meals, nor for a decrease dunng fasing has been observed FPhysical
exertion m man, according to Hellmeyer also produces ne change but
m sheep violent evercise mduces a significant increase in whole blood
copper (46) Plasma copper 15, however, sigmficantly higher m human
females than m males (Table 11) There appeus to be no such sex
dfference 1n other species

4 Factors Influencing the Level of Copper in Blood

The most important factors mfluencing the concentration of copper
w blood apart from the species differences mentioned earher, are diet
and disease In humans pregnancy 1s a further factor of importance

a  Pregnancy In 1928 Krebs (77) discovered that serum copper 15
wmcreased in pregnancy m women Ths has since been confirmed by
many mnvestigators The concentration of copper n the red cells remains
at normal levels throughout pregnancy but the plasma copper ncreases
i early pregnancy and continues to nise to reach levels at full term 2 to 3
tunes those of nonpregnant subjects Normal values reappear during the
first few weeks post partum  Thus Neelsen (109), m a study of 31
pregnant women found the serum copper to nerease from the third
month of pregnancy and to reach an average level at dehvery of 263 ug
per 100 m!  compared with a normal nonpregnant level which 1s guen
by hum s 123 »g per 100 ml Blood taken from the umbihcal cord of
20 mfants gave the very much lower figure of 56 g per 100 ml Rottger
(112) found the serum copper of women to nse in preguancy from 100
t0 280 pg per 100 ml and the red cell copper to remain normal throngh
aut at 120 pg  The red cells of newborn infants were found to contan
sumlar levels of copper to those of the mother but the serum copper was
very much lower (54 pg per 100 ml), as m Nielsens study Fay and
co workers (57) obtamned essentially sumilir results to those of Nielsen
and Rottger Serum from the umbbcal vem of 14 newborn mfants
averiged 75 = 14 pg copper per 100 ml and the maternal serum copper
was 260 = 43 ug per 100 ml By the second weeh of Iife the values were
found to reach 1dult levels and to yemain at this level throughout chuld
hood

No fully satsfactory explanation of these changes has been put for
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ward, glthough 1t has becn suggested (1316) that the Ingh seram copper
levels of pregnancy act as 1 hemopoietic stmulus related to the phys:
ologscal anemia of pregnincy n women In the sheep which 1s the only
other species for which detaifed data on this point appenr to be avulable
there are 1o changes mn the copper content of whole blood characteristic
of pregnancy (5, 50) The blood of the newbom limb, however, ke
that of the newborn human, 15 sigmficantly lower n copper than that
of 1ts mother and there 15 a smlar rapid post partum mse to adult
levels (50}

b Dict Whole blood and plasmn copper levels can be steadily
reduced below normal by the feeding of dicts deficient m copper
Hypocupremia has been dumonstrated m rats pigs, and dogs suffermg
from experimental milk anemma (2 80, 123) mn prolonged anema of
children (81) 1nd mn sheep and cattle grazng on natural copper defi
cient pastures (12 48) Values as low as 10 and 20 pg copper per
100 mt of whole blood have been reported m sheep nd cattle under
such conditions and as low as 19 pg per 100 ml m evpenmentally
mnduced copper deficiency 1 pigs (80) In ths latter study with pigs
plasma and red cell copper were also determned with results as set out
m Table 13

On the other hand, the addition of moderate amounts of copper to
dhets already well supphed with this el t does not 1y result
m consistently hugher than normal blood copper levels This 1s m
contrast to the large increase m the hver copper levels which occurs
under these conditons Defimte hypercuprema results, however, from
tugher Jevels of copper mtake and from smgle massive doses or mjec
tions (19, 38 49) In the latter case the hypercupremia is only transitorv

The hibiting effect of molybdenum on bver copper storage 1s paral
leled, under certan concitons by its effect on blood copper levels
Hypocupremia has been reported m sheep and cattle grazing under
conditions of copper sufficiency, but with added molybdenum, by Cun
mingham (37) Marston (94), on the other hand, reports that i sheep
added molybdenum at the rate of 50 mg /d1), did not matenally wfle
ence the concentration of copper m the blood under conditions of
copper sufficiency and tended to mamntamn this concentration on copper
deficient graung Essentially ssmilar results to those of Marston \\ehre
reported for sheep and cattle by Green (62) Dick (44) has shown ¢ }6‘
concentration of copper i the blood of sheep to be raised by very hig
mtakes of molybdenum when the diet also contams morganic sulfat«]e
1t scems that molybdenum can exther rase or Jawer bloed copper h;l!i s
depending upon s level of mtake and the proportion of norgame sulfate
i the diet
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¢ Disease Dnseases assocated with hypocupremn other than those
of nutntional ongm, are very uncommon None has been reported
farm ammals and only two in man These are the nephrotic syndrome and
Wilson Uzmans disease both of which are accompaned by mereased
urinary excretion of copper The mean plasmn copper Jevel n 16 patients
with nephrosis was recently found to be 64 20 pg per 100 ml, com
pared with 116+ 14 pg per 100 ml n normal subjects (27) The
mean serum copper of 17 patients with Wilson Uzmans disease has been
reported s 60 % 154 g per 306 ml, compared with 108 = 98 for 12
normals (3) Tt 15 of great interest that in this mvestigtion marhedly
reduced levels of the serum copper protemn ceruloplasmin_ were observed
They constituted the most speafic biochemical “bnormahty found

Hypercupremin occurs much more frequently (26, 79 140) In man
an mcrease m plasma copper bas been observed m most acute and
chrome infections This mcrease nsuallv commences soon after the
onset of the infechion and returns to normal dunng convalescence
Hypercupremma also occurs 1n chromic and acute lenkerma Hodglans
disease, vanous types of anerma collagen disorders, hemochromatosts
and certain other disorders (Table 14) mcluding myocardial infarchion
(140) In hyperthvroidism the mcrease in plasma copper 1s accompamed
by 2 decrease i red cell copper The mechamsm underlymng these
changes 15 not yet understood although following experiments i rats
m which mflammation was produced by the mjection of turpentine 1nd
certain other agents a tentatve suggeshon has been put forward
that the wtestinal barriecr to copper 1s lowered leadmg to its rapid
absarption and passage to the hver where more ceruloplasmm s
formed (79)

IV Absorption and Excretion

1 Absorption

Nothing 15 known of the mechamsm of absorption of copper and the
factors mfluencing 1ts absorption are very mperfectly understood It 1s
strange that so hittle has been done on tins phase of copper metabobsm
m man 1 view of the rehbonship of this element to ron and the great
amount of work which has been done on 1ron absorption

Studies 1 dogs (117) wndicate that copper 15 absorbed m the upper
jejunal Joops but not at nll 1 the mddle and distal loops Tompse;tt
(138) states that absorption of copper probably occurs m man in the
upper part of the small intestine where the contents stll have 1 pml
nounced acid reacton He pomnts out that the reaction of the mteshmzl
contents must exert a very marked mfluence on copper absorption an
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that this i turn must depend upon a number of factors such as the
gastric acidity, the base (especially ealeum) content of the diet, and
the character of the mtestinal secretions

These suggestions do not seem to have been followed up 1n any very
thorough way but the eritical mvestigations of Dick (44-46) on the
assumlation and storage of copper in the sheep have convincingly re
vealed the profound mfluence of diet upon copper absorption and ex
cretion 1n this species  Additions of large amounts of caleum carbonate
and ferrous sulfide to the diet markedly reduce the assimulation of
copper by these ammals Neither elemental sulfur nor sodium thiosulfate
1s effective . this way It 1s argued that both the calcum carbonate
and the ferrous sulfide act by reducing the solubilty of copper—the
former by a lowering of ntestinal acidity, as suggested by Tompsett and
the latter by the formation of msoluble copper sulfide

More difficult to explamn but of more fundamental importance are
the effects of a relatively ngh dietary intake of molybdenum 1n hmiting
copper assimlation and storage This effect of molybdenum 1s only
exerted as indicated previously, i the presence of a sufficient quantity
of morgame sulfate mn the diet Salts of zine, mickel, and iron, within
the limits fed have no such effect on copper accumulation n the lver,
and hence by implicaton on copper absorption Similar findings in
regard to molybdenum 1n both sheep and cattle have been made by
Cunmngham (37) but a range of other elements including zinc, manga
nese tungsten vanidwm chromum rhenum, uramum, and tantalum,
when similarly fed to sheep had no such hmting effects In rats also
molybdenum has been shown to reduce copper absorption greatly (33)
Much more mformatton will be required before the full quanttative
relationships among copper molybdenum and morgamc sulfate ntikes
can be expressed or a satsfactory explanation given of how these dietary
constituents function Nevertheless the evidence already accumulated
provides a stnhing example of trace element mterrelationships of great
practical and fundamental importance 1n nutrihion

It 15 umportant to appreciate the fact that the studies of the influence
of molybdenum on copper metabohsm have utihzed the extent of copper
retention or storage m the hver as the main critenion upon which any
effect on absorption 1s judged Reduced copper retention could be the
over all result of two distinct processes—lowered absorption of mgeste;l
copper and icreased excretion of copper already absorbed and store
There 15 evidence that under conditions of high molybdenum and sulfate
mtake both these processes are affected 1e not only 1s the assimlation
and storage of mngested copper reduced but the rate of copper loss 15
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mcreased {45) Supplements of ealeum carbonate and ferrous sulfide
on the other hand appear mercly to reduce the proportion of the m
gested copper which 1s assimilated and retuned by the animal

It 15 further apparent from the wide vanations in the reaction of
indivadual ammals kept under dentical conditions and the merdence
of copper deficiency symptoms in sheep and eattle grazing certain
prstures “normal” in both copper and molybdenum  that there are still
unrecogmzed factors which influence copper absorption  The influence
of igh intakes of zinc on exther the absorption or utihzation of copper,
or on both has been demonstrated m rats The resulting anemin 1
these ammals cin be overcome by dictary additions of copper  This
question 1s considered more fully 1 the scction on 7ine toucity n
Chapter 7 Whether zine similarly affects copper metabolism 1n grizing
rumnants 1s not known but 1t 1s obvious that this and other elements
warrant further investigation in relation to copper deficiency conditions
1 these species

It 1s possible also that metabolic changes in plints ctuse copper to
enter combinations from which 1t cannot readily be released and as
sumlated by anmals At present very hittle 15 known of the chemical
forms 1 which copper occurs m plants and even less of the reltive
avalability of different known forms of copper in organic or morgame
combination A valuable and Iighly interesting beginming n the mn
vestigation of this aspect of the nutntional physiology of copper has been
made by Mills (106) Tlus worker showed that the greater part of
the copper 1n herbage essts 1n a bound form and that much of this cop
per 1s not extractable by organic sohents or by dilute aqueous solutions
of orgame chelating agents It was found further that seasonal vanations
m the solubility of herbage copper eust and that rather less water soluble
copper 1s present m pasturcs m which “swavback” in lambs occurs than
m normal herbage Mills his afso obtuned evidence that v stible water
soluble copper complex present mn herbage 1s more readily utilized by
the copper deficient rat than are cupnic 1ons  The nutnitional sigmficance
of these findings 1s unknown but they pomt clearly to the importance
of the chemical combinations 1n which copper can occur naturally and
to the need for further rescarch along the hnes mtated by Malls

The relative mability of sheep to assimilate copper as copper sulfide
has alrexds been menttoned Mamy vears earher 1t was shown that
anemic rats are also unablc to usc the copper of copper sulfide or copper
porphvnn (124)  The oude Indroude 1odde glutamate ghcero
phosphate evstan cuprous mercaptide aspartate citrate nuclemate and
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pyrophosphate on the other hand were found to be readily utilized as 2
source of copper by such ammals (124)

Several nvestigations with radioactive copper have been made of the
absorption, distribution m the blood and tissues, and excretion of this
element 1n man, rats gunea pigs dogs, rabbits, and cnttle (32 118)
These have revealed some species differences puticululy in the distribu
ton of the absorbed metil but they have all served to emphasize the
poor absorption of orilly admumstered copper In cattle 75% of the
radioactive copper wdmuustered 1n this way was excreted m the feces
m the first § days and bout 3% i the urime whereas 1n dogs 80% was
found 1n the feces in the first 3 days and only traces n the unme Studes
with stable copper hwe sumiluly demonstrated the very poor absorp
tion of dietary copper Only bout 5% of the copper in ordinary diets
over 1 wide range of copper mtahes appears normally to be absorbed
and retuned by the amm1l body An exception to this generalization
occurs m Wilson Uzmans disewse of man m which very much higher
absorption of copper has been observed

2 Excretion

Many balance experiments with stible copper, and the studies with
radioactive copper just cited hwe shown conclusively that the cluef
channel of excretion of copper n 11l species 1s the intestinal tract  Under
ordinary dietary conditions 90% or more of the ingested copper appears
m the feces Most of this consists of unabsorbed copper but active
excretion v11 the bile and possibly directly through the intestinal wall
has been demonstrated in mn  The bile fiuid 15 relatively rich i copper
and van Ravesteyn (111) observed 1ts content to nise temporanly above
the normal range after an intravenous njection of copper Within 1 few
weehs most of the injected copper 1ppeared in the feces The amportance
of the bile as 2 channel for the excretion of copper 1s mdicated further
by the finding that 1o patients wrth hver cirrhosis accompanted by bilrary
obstruction there 15 1n elevation m urmnary copper wheres patients with
chssical nutritional Laennec's cirrhosts without significant biliary obstruc
tion have normal or only shghtly elevated serum and urmary copper (3)

Oral 1dmumstration of copper sulfate does not result m any mcreise
m unnary copper in man 1nd intravenous njechon 1s followed by only
« shght trinsient nise (111) Furthermore copper balance studies 1n man
have revealed no ipparent correlttion between the amount of copper
mgested and the amount excreted mn the unne dally Considerable
mdrvidual varation 1n the amount of copper excreted duly mn the urne
has been reported but the amount 15 normally extremely small Porter
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(1091) was unable to detect any unnary copper i 5 out of 11 normal
wults In 2 of these subjects the total was less than 35 pg copper duly
and 1 4 1t ringed from 35 to 147 pg duuly Beck (7) found the urinary
copper excretion of 2 normal adult males to be 14 yg nd 22 pg dulv
It 15 obvious that the hidneys are not an important route for the excre
tion of copper 1 normlindmadunls

In Wilson Uzman's dhsease excessive unnary excretion of copper which
may reach 1500 pg /dny 15 2 constant feature of the condition Amino
1crd excretion 1s lso very high m this disease  Increasing the amimo nad
excretion by rusing the protemn mtake or by the admimstration of
cortisone has been shown by Bewn and hunkel (3) to result m 2
parallel merease i the unnany excretion of copper  These workers
suggest that the increased absorption of copper which charactenizes
Wilson Uzmnn s disense and the resulting accumulation of copper i the
tissues may gne nse to ner curhosis and renal tubuler dumage ctusing
mcreased exerction of a number of substances through the lowered renal
threshold  Although amno acid evcretion and copper excretion m the
urme show parallel increases there 1s no evidence that the excretion tikes
place 1n the form of copper amino acid complexes In nephrosts 1t ap
pears that the excess unnary copper which charactenzes this condition
occurs as a nondialyzable copper protesn complex at least partly n the
form of ceruloplasmn stself (27) This compound 1s markedly reduced
in the plisma of nephrotic patients and the amount of copper excreted n
their urine has been correlated with the amount of unnany protemn (27)

It 1s pertinent to mention at this point that exeessne unnary excretion
of ron and zinc as well 1s copper occurs n nephrosis accompanying
the protanuna The httle which 1s known about zinc i this connection
1s discussed 1n the section on zine esceretion n Chapter 7 The ron 1
the urne of wophrotic pitients s e copper nondilyzable and can
be correlated with the amount of unniry protemn present It 1s sug
gested that 1t occurs largely as trinsfonn since there ss a highly sigmf
cant reduction in the concentration of this compound 1n the plisma of
nephroties (27)  These findings emphasize the firmness of the protein
bindmg of these metnls 1n the body

Injected copper appers to be much less readily excreted than orally
admimstcred copper Thus Comar (32} found with cattle thit only
67 of a single dosc of mtruenoushy mjected radionctine copper was
aereted i the first 5 duws compired with 789 of a rather simtlar oral
dosc Moreovir the small umount of mjected copper which ws excreted
was distnbuted about equally between the unne and feces  Somewhat
simlir results were obtained by Schubert and Rexzer (118) with dogs
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These findings explam the long penod of therapeutic efficiency of m
Jected copper n cattle and sheep (32 67) It has been shown that
200 mg of copper, as the sulfate, mjected mtramuscularly, can protect
copper defictent dairy cows for at least 5 months and a single njectron
of 20 mg of copper mto copper defictent ewes during pregnancy has
been found effective 1n the prevention of atava 1n the lambs

When considening detary factors mfluencing copper storage, and agan
m the preceding section dealing with copper absorption mention was
made of the profound imfluence of molybdenum on copper retention
mn the presence of adequate chetary sulfate This question 15 discussed
further m Chapter 4 Dich (44-46) has adduced evadence that molybde
num under these condtbions hmits copper retention m the sheep both
by reducmg absorption of this element and by mcreasing 1ts excretion
Copper balance studies to provide durect support for this claim and to
throw some hght on the mechanism of the molybdenum plus sulfate
effect on excretion are needed n the sheep and 1n other species

Additional sources of loss of copper from the body occur mn women
between the menarche and menopause m the menstrual blood and m
all species as a result of reproduction and lactation None of these ap
pears to 1mpose as great a drun upon dietary or body copper as does
loss of won by these means upon evogenous and endogenous sources
of ths element (see Chapter 2) Copper loss through normal menstrual
flow 1s small It averages about 05 mg per period (83) or shghtly less
than 002 mg [(05 X 13)/365) per day This 1s one twenty fifth
of the average loss of wron per d1y through menstruaton whereas the
ntake of copper m the average diet 1s of the order of one sixth of that
of won The loss of copper n the milk at the height of lactation 1s very
much higher than this (of the order of 04 mg /day) but there 15 no
evidence that this imposes a serous stram on the mdvidual

V Manifestations of Deficiency and Functions of Copper

Copper 15 remarkable 1mong the trace elcments for the number nd
vanety of functions which 1t serves n the ammal body This 15 indicated
by the ringe of chmieal conditions which develop m dufferent species
and even within the same species as a result of 2 dietary defictency
of copper Anemin 15 general but depressed growth bone disorders
depigmentation of har fur or wool nd abnormal wool growth de
myelmtion of the spmal cord fibrosis of the myocardium 1nd gastro
ntestinal disturbances (drrhea) have ll been observed n copper
deficient ammals of one or more species and all have been shown to be
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prevented or alleviated by the admmstration of suitable amounts of
copper

The extent to which one or more of these symptoms 1s revealed
depends upon the species and the age of the ammal and the seventy
and duration of the copper deficieney  As the copper wailable to the
ammal becomes nsufficient for all the metabolic processes nvolving
copper s 2 result of inadequate intake and depletion of body reserves
certan of these processes ful i the competition for the madequate
supply In any one species there seems to be an ordered sequence of
distinct symptoms as first onc and then another metabohc process
becomes adversely affected by the lack of copper This sequence of
events 1s not the syme mn all species and 1n fact, certain of the mamfesta
nons of copper deficiency common m one specics have never been
recorded 1n others Moreover even within 1 species the stage of matunty
of the amimni and the rapridity with which the copper deficiency develops
can greatly mfluence the symptoms actually observed Thus in the
sheep the processcs of pigmentation and heratimization of the wool are
the first to be affected by a lowered copper status and 1t certun levels
of mtake no other functions appear to be mmpawed The particular
enzvme systems 1molved 1n these processes are clearly more sensitive
to lack of copper mn this species than for mstance m the pig  Further
m ¢tlves and piglets copper deficiency 1s only very rarely nccompaned
by atwaa and atava has never been conclusively demonstrated 1n rats
or dogs Both voung and adult rats have been reired and mantuned
on 1 copper defictent diet for several generations without any signs of
nenc lesions or any abnormahity of the bramn or spinal cord (60) Yet
this condition occurs readily in lambs from copper deficient ewes Ap
parently ovine fetal myehn tissue has a specinl copper requirement com
prred both wath that of other tissues or functions imolving, copper 1n
other specics at this stage of development wnd with myeln tissue 1n the
same specics 1t later gronth stages

Many more unexplamed differences in the mamfestitions of copper
deficiency eust which will become apparent as they are desenbed
the following sections Many sigmficant facts hve been learned about
them but little 15 vet known of the underhing mechanisms and pract
cally nothing of the prease way 1n which copper functions at the cellular
level More thorough and detailed studies of the enzyme svstems of the
diffcrent tissues inolved such as have been attempted 1n relation to

blood formation would seem to b the most frutful form of attack upon
this problem
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1 Copper 1n Relation to Blood Formation

Anemia 15 1 characteristic of copper deficiency m all species so far
studied These include rats rabbits chichens pigs dogs, sheep goats,
cattle and man It 15 not necessanly however 1 dommnant featurc
of the deficiency syndrome 1n all species under all conditions The extent
to which anema develops depends partly upon the specics but mamly
upon the seventy of the copper deficiency and the rate at which 1t
develops and the length of time over which 1t occurs It 15 mfluenced
also by the nge of the wnmal and the magnitude of 1ts body copper stores
when first restricted to the deficient diet At first the copper deficiency
1s expressed mn a slow depletion of the copper stores m the tissues
especially the hver This 1s followed by 1 steady fall mn the copper con
centration of the blood until the letel 15 below that necessary to muntam
normal hematopoiesis A blood copper concentration of 20 ug per
100 ml has been suggested as the mmmum Jevel at which normal
hematoporesis can tike place i the pig (80) and 10-12 xg per 100 m!
has been found to mit blood formation in the sheep (5 100) 1If such
low levels in the blood are maintamed for any length of time anema
mevitnbly develops and may progress rapidly to a fatal termination
Weanling rats pigs or dogs when placed on a virtually copper free milk
diet (with added wron), very quickly develop anema as the dommnant
symptom of copper defictency becruse of the rapid fall 1 blood copper
to hmting levels

Many attempts have been mnde to eluadate the manner in which
copper functions 1n erythropolesis  Smce copper 15 not 1 constituent of
the hemoglobm molecule (55) 1t must be concerned erther m the forma
tion and maturation of the red cells or i some aspect of hemoglobin
synthesis, such as the mncorporation of iron mnto the molecule or m
both processes Present evidence 1o be discussed below 1s not consistent
for all species but mdicates that copper plays an essential role both mn
the maturation of red cells and m the mobiization nd utthzation of
wron 1 hemoglobm formation

1 The Nature of the Anemia  The morphological charactenstics of
the penipheral blood m copper deficiency wmemua vary rather widely m
different species and with different observers In rats ( 130) rbbits
(131} and pigs (80) the anemia has heen desenbed as hypochromic
and microcytic indistingmishable from that of iron defictency (Table 15)
The bone murow m copper deficiency mn pigs has also been shown to
undergo 1 normoblastic hyperplisia as m won deficiency In Austraha
and New Zealnd the anemi1 accompanymg copper deficiency in cattle
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1 Copper in Relation to Blood Formation

Anemua 15 2 chractenstic of copper deficiency m all species so far
studied These include rats ribbits chichens pigs dogs, sheep goats,
cattle, and mwn It 15 not necessanly, however 1 dommant feature
of the defictency syndrome mn 1l species under all conditions The extent
to which anemia develops depends partly upon the spectes but maml
upon the seventy of the copper deficiency and the rate at which 1t
develops and the length of time over which 1t occurs It 1s nfluenced
also by the age of the ammal and the magnitude of 1ts body copper stores
when first restricted to the deficient diet At first the copper deficiency
1s evpressed m a slow depletion of the copper stores m the thissues
especially the Iner This 15 followed by 1 steady fall in the copper con
centration of the blood until the level 1s below that necessary to muntun
normal hemntopotesis A blood copper concentration of 20 pg per
100 ml has been suggested 1s the mmmum level at which normal
hematopoiesis can take place n the pig (80) and 10-12 pg per 100 m!
has been found to hmit blood formation n the sheep (5 100) If such
low levels m the blood are mamtamned for any length of tme anema
mevitably develops and may progress rapidly to a fatal termination
{Veanhng rats pigs or dogs, when placed on a virtually copper free milk
diet (with added 1ron) very quckly develop anerma as the dormnant
symptom of copper deficiency because of the rapid fall i blood copper
to lmmting levels

Many attempts have been made to elucidate the manner m which
copper functions n erythropotesis Sice copper 15 not 2 constituent of
the hemoglobin molecule (55) 1t must be concerned either 1 the forma
tron and maturation of the red cells or m some aspect of hemoglobm
synthesis such as the icorporation of won mto the molecule or m
both processes Present evidence. to be discussed below 15 not conststent
for all species but ndicates that copper pliys an essential role both 1
the maturation of red cells and m the mobilization and utlzation of
1ron 1n hemoglobin formtion

a The Nature of the Anemua  The morphological charictenstics of
the penipheral blood 1n copper deficiency anemia vary rather widely
chfferent species and with different observers In rats (130), rabbits
(131) and mgs (80) the nemia has been described s hypochromic
and microcyic mdistmguishable from that of won deficmency (Table 15)
The bone marrow m copper defictency m pigs has also been shown to
undergo 1 normoblistic hyperplasia 1s mn iron defictency  In Austraba
and New Zealind the anem1 accompanying copper deficency in cattle
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has been reported to be hypochromic and macrocytic (11 39) and 1n
sheep 1t has been found to be hypochromc and mcrocytic m the lambs
and macrocytic mn the ewes (11, 99) In dogs on the other hand, two
groups of workers have shown the anema of copper deficiency to be
normocytic and normochromic (2 90) In contrast to the classical
picture of on deficiency anemua, the anemia m this species 1s charac
terized by 2 reduction 1 the number of erythrocytes, with the mamnte
nance of relatively normal red cell indices The bone marrow shows no
evidence of a deficiency m hemoglobin but rather of a defective matura
tion of the erythrocyhic elements The distributton of cells of the eryth
rocytic series 15 shifted decidedly to the left, with a decrease m the
proportion of late normoblasts and n merease i the number of more
mmmature forms with larger nucler and more basophilic cytoplasm
Furthermore the quantity of cytoplasm and the hemoglobin content of
the late normoblasts are comparable with those of normal dogs and
greater than those of 1ron deficient dogs (2)

The smmularity of the hematological changes in won defi y and
copper deficiency m rats, rabbits, and pigs together with other bio
chemical evidence, has been interpreted as indicating that a common
mechanism (lack of available won) 1s involved 1n both conditions The
results of the studites with dogs just described, together with evidence
from a detailed study of the blood picture m copper deficient cows and
ewes suggest that copper plays a role in the maturation of erythrocytes
distinct from 1ts function 1n hemoglobin formation Support for such a
role for copper 1s given not only by earher work with dogs (90) but
also by the observation that some reticulocyte response occurs m milk
anema 1 rats fed copper alone (but not won alone) and that such
ammals respond to copper by an increase m the number of red cells
without an 1ncrease 1 hemoglobin concentration (132)

b Copper and Iron Metabolism Conclusne evidence that copper
functions m the utilization of 1ron emerged withm a few years of the
onginal demonstration of 1its necessity for blood formition Elvehjem
(52) concluded m 1935 that “In the ammal body 1t [copper] 1s not
concerned with the assimilation of won but with the transformation of
the mgested on mto hemoglobin” Schultze (120) five years Inter
stated “Much evidence mdicates that copper 1s not necessary for the
absorption and storage of 1ron mn tissues but that it facihtates or 15
essentinl for, the utilization of won by the blood forming organs and
for mobilization of won from the tissues Ths Jatter mterpretaton of
the role of copper i won met<bolism and the conception of the anemia
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of copper deficiency 1s m effect an 1ron deficiency anema nduced by
the lack of copper, h1s come to be somewhat unentieally accepted 1t
recenves support from many investigations of copper deficiency 1n sheep
and cattle 1n which extensive deposits of ron are found 1n the tissues
of copper deficient ammals but not from the studies of the morphologieal
charactenstics of the anemin m these species described carlier In regard
to the former, Marston (93) reports that n sheep the concentration of
rron n the liver rose steadily from the normal levels of 200-400 ppm
of dry tissue to more than 35000 p pm 1 ammals which had been con
fined to copper deficient grazing for 1 period of two vears The value of
these observations 1n copper deficient sheep and cattle would be greatly
enhanced by more thorough myestigations of 1ron metabolism including
plasma 1ron determinations

A wider conception of the rclation of copper to iron metabolism 1s
put forward by Gubler and co workers (63) on the basts of their detuled
and entical studies of copper deficiency 1 pigs  These workers produced
addittonal convineing evidence that mn this species copper facilitates
mobihzation of 1ron from the tissues and 1s concerned 1n the utihzation
of 1ron 1 hemoglobin synthesis  They have also shown that copper favors
the absorption of wron from the gastromtestinal tract and were able to
demonstrate an tmpared alnlity to absorb won tm copper deficient pigs
Thus finding 1s so at vanance with aceepted views based largely on work
with other species that 1t seems necessany to give the evidence on which
their conclusions are based This can be summanzed as follows (1) In
copper deficient pigs there was a reduction 1n tota] body 1ron (as inds
cated by the sum of Iner Lidnev spleen heart and blood won) to
levels comparable with those found in 1ron deficient 1mimals although
they were fed the same quantity of ron as the controls {b) Followng
the oral administration of radioactive won the total amount of such iron
m the tissues was sigmficantly less than in control ammals  (¢) Copper
deficient pigs responded to copper onh when wron was mcluded 1n the
diet  (d) There was a rapid and marhed ncrease i the plasma 1ron
level when wron was ginen wath or following copper administration to
pigs deficient in both ron and copper whereas there was no such
crease following 1ron one In further studies with rats (23) these
worhers prescnted evidence that the total body radioiron content of
copper defiaient ammals fed radioiron 1s lower than that of similar rats
gnen copper m the dict

The fact that eopper nfluences won metabolism at least 1n prgs and
rats 1 such dierse sites s the mucosal ¢!l the Iner and the bone
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marrow, suggests as Gubler (63) states that copper myy m
some basic manner, be concerned wherever and whenever ron moves >
Nothing 15 known of any such mechamsm at the present ime Knowl
edge 15 also lacking of the stage of erythrogenes:s at wlich copper everts
its achon It ys appwently not necessary for the synthesis of proto
porphynin since normal amounts of free protoporphyrin have been found
i the mature erythrocytes of copper deficrent pigs and gher than
normal amounts of free protoporphyrm 1n the red cells of copper def
cient sheep (34) It seems more likely to be concerned with the 1n
corporition of iron mto protoporphyrin to form heme and with the
resprration 1nd development of the mmmnture red cells through the
itervention of enzymes of the hematin type, especially as the develop
ment of the red cells 1 the closed mtersmusoidal capillanes takes plce
m a medium of low ovygen tenston (115) In this connection 1t 1s
pertinent to mention that an adequate mtake of copper has been shown
to be essential for the formation and mantenance of normnl evtochrome
oudase and catalase activity 1 certun tissues n the rit  The eyto
chrome owudase activity of hver, hewrt and bone marrow, and the
catlase actrvaity of erythrocytes hver, md lidney are reduced under
conditions of copper deficiency mn this species (121) On the other hand
Marston (96) could find no such decreise n the cytochrome oudaise
status of the tissues of copper deficient sheep and Lihey et al (80)
fuled to obscrve a significant decrease mn the catalase actvity of eryth
racytes lwer and hidney w copper deficient swine Clearly much
further study will be required before the exact role of copper m blood
formaton 1s revenled

2 Copper and Bone Development

Bone defects resuling m spontaneous fractures have been reported
n sheep and cattle grazing on copper deficient pastures in certun pats
of the world but not 1n others In parts of Flonda cattle are unable to
form bone properly without copper supplements with the result that
1 condition very sumilar to richets occurs mn young calves and osteo
porosis m older rmmnls (42) The abnormality 1 bene fermahon
1s evidenced by broken bones and enliwged jomts In Austral and
New Zealand the bones of calves and lambs tend to fracture easily
both 1 areas of sumple copper deficiency (9 12) and m areas where
the copper deficiency 1s comphicated by higher than normal cont:exm'“nd
tons of molybdenum m the pastures (37) Roentgenograplic an
histological examnations of the bones have not been carned m;:‘
but Cunmngham (37) states that the fractured bones showed a mr
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degree of osteoporosts were lmost normal i app
thickness and showed no macroscopie defeet which
thar bottleness  Dvas (42) reported that the bone
under conditions of normal phosphorus mtike wnd w
with changes wm blood calewum or phosphorus

Bon¢ changes hnve not becn xeported an coppe
ribluts but they e been obsenved n forls (10),
the himbs, with excessnels fleved hocks and crooled
reported dunng studies of copper deficieney m p
voung dogs made savercdds defiernt e copper 1 g
charictenzed by abnormalh thin cortices deficrent tr
epiphyses has been demonstrated (2) ractures and
bones occurred i mam of these dogs {Tig 8) Sex

bic & Three htarma dogs after three mouths on pu
icft as a pormal contro} dog, reanng the dut plus addec
rough hawr and dcforned legs of the copper-deficicnt do,.:
on the nght  {Batr et ol 2)

phoray wnd vitamm D Jeveds were found to be non
mimals and the bone lestons were not chiractoristic
emphasized that the bone disorder was @ spectlic o]
cuney and not a result of memn Iron defiaency
wmemn fated to produce sumlir bone dunges

Detaded hastologie if ind chemucal studies wnderts
s A N N
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bone showed the ash, caluum phosphorus and carbon dicade contents
to be normal and m fact practically identical 1n the control and copper
defictent dogs (2) The authors conclude that the bone disorder consists
of a diffuse ostcoporosss with no primary disturbance 1n the calcification
mechamsm and suggest that copper may be essental for normal osteo
blastic function 1n the same way as are other nutnents such 4s ascorbic
aad

3 Copper wn Relation to Demyelmation of the Nervous System

A nervous disorder charactenzed by mcoordination of gatt has been
recogmzed for many years mn lambs born of ewes grazmng certam re
stricted areis in many parts of the world (95 114) Varous local
descriptive names have been given fo the condition such as swaybach,
swingback, Gingmn nickets lamkrus renguera etc but they appear to
be pathologically 1dentical maladhes to which the general term “enzootic
ataxia  first proposed by Bennetts or, more properly, enzootic neonatal
ataxia could appropnately be applied Enzootic neonatal ataxia 18
overwhelmingly @ problem of lambs but 1t has been reported to occur
occasionilly m goat kads (119) and verv rarelv in calves (37) and
mglets (11)

The etiology of these maladies remamed obscure until Bennetts and
Chapman (14) showed that enzootic atama of Jambs 1 Western Aus
tralia was a mamifestation of copper deficiency which could be prevented
by the admumstration of copper supplements to the ewe durmg preg
nancy It was later shown to be associated with a low copper content
of the pastures (usually 24 ppm ) a subnormal copper status of the
blood and tissues of both ewes and therr affected lnmbs and other
evidences of copper deficiency notibly anemma and npawed wool
growth and qualty (12) Subsequent investigations hue demonstrated
unequivocally that the malady wherever it occurs 1s associated with a
disturbance of copper metabolism In Austraha and New Zealand where
considerable tracts of copper defictent country ewst it occurs as a result
of a simple dietary deficrency of copper or a dietary deficiency of copper
accentuated by above normal mntakes of moly bdenum from the pastures
Elsewhere the disease 15 not always so clearly related to copper def
aency In the swavbach areas of England for mstance complete
prophylaus 1s achieved by supplementing the diet of the ene with
copper sulfate during pregnancy Reduced blood and hver copper con
centrations 1 the ewe and affected Iambs are of frequent occurrence
but the copper content of the swayback pastures 15 normal or even high
(7-15 p pm ) and there 15 no stct correlition between the blood copper
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Jevel of 1 ewe dunng gestation and the appearance of swayback n her
Jamb All ewes bearmg ataic lambs hue been found to be hypocu
premic but not all hypocupremic ewes bear atavic lambs  In fact cases
have been obsernved m which the blood copper of the ewe may fall
dunng pregnancy to as low s 20 pg per 100 ml or less (one fifth
normal) and 1 healthy Tamb stll be delivered  Swaybnck must therefore
be regarded as 1 conchtioned” copper deficiency—a disturbance of cop
per utihzation by the 1mmal brought about by the presence m the pas
ture of some factors or factors unknown Ths factor on present evidence
1s not molybdenum since the molybdenum content of the affected”
prstures 15 usually “normal”

Two types of neonatal ataua have been recogmzed in Jumbs  the
comimon acute form m which the lambs are alfected when born and 2
delayed type” mn which climcal symptoms are not shown for 2 few
weehs or sometimes even months after birth  In both the symptoms re
those of a spastic paralysis which vary only in seventy Incoordinated
movements of the lund limbs 4 stff and stiggenng gait and an exag
gerated swaying of the hund quarters are shown as the disease develops
(Fig 9) Some Jambs are completely paralyzed or are atauc 2t birth
and soon die Under Austrahan conditions limbs more commonly 1p
pear normal at birth but develop the charactenstic atauie condition
within a few weeks most frequently between one and two months
of age This condition 1s progressive until locomotion for more than a
few steps becomes erther impossible or so difficult that in advanced
cases they survive only so long as they can keep up with their mothers
and secure milk or avoud fatal pulmonary infections \Mld cases also
occur m which the atavia 1s only revealed when the Inmbs are startled
or drmncn for some distance  These apparently recover 1f therr copper
status 1s improved  Appebite remauns ummpured 1nd movements of the
head and neck are not noticeably affected

Pathologically the disease 1s charactenized by a diffuse symmetrical
demvelination of the central nervous system varyng 1n extent from small
focr 1n the ccrebral white matter to gross demyelination of both hemus
pheres with hquefaction and caatation 1 extreme cases and always
with secondiry demyelmation of the motor tracts of the cord These
changes are wreversible ind have been shown to commence as early as
siv weeks before birth and to continue with varving seventy unti
delnery  From the Ingh madence of the disease n newborn lambs or
1 limbs witlun 1 few days or weels of barth 1t 1s apparent that the
lesions usually onginate 1 the fetus but thas 1s not imanably so because
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Jevel of 1 ewe dunng gestation and the appearance of swayback m her
Jamb Al ewes beanng atae lnmbs have been found to be hypocu
premic but not all hypocupreme ewes bear atavie lambs In fact cases
have been observed i which the blood copper of the ewe may fall
durmng pregnancy to as Jow s 20 pg per 100 ml or Jess (one fifth
normal) and 2 healthy Jamb still be delvered  Swayback must therefore
be regarded as 2 “conditioned” copper deficiency 1 disturbance of cop
per utilization by the immal brought about by the presence m the pas
turc of some factors or factors unknown This factor on present evidence
35 not molybdenum since the molvbdenum content of the “affected”
pastures 15 usually “normal”

Two tvpes of nconatal atwun have been recogmzed m Iimbs  the
common acute form 1 which the lambs are affected when born and 2
“delayed tvpe” 1n winch climeal symptoms are not shown for 1 few
weeks or sometimes even months after birth  In both the svmptoms re
those of a spastic paralysis which vary only 1n seventy  Incoordinated
movements of the lind limbs 1 stuff and staggenng gut and an exag
gerated swaying of the Innd quarters are shown as the discase develops
(Fig 9) Some lambs are completely paralyzed or are atwac at birth
and soon dic Under Austrahan conditions Iambs more commonly ap
pear normal at birth but develop the charictenstic atauc condition
within 1 few weeks most frequenth between one and two months
of age  Tlus condition 1s progressne until locomotion for more than
fcw steps becomes ether impossible or so difficult that 1n advanced
ciscs thay survine only so long as they can heep up with their mothers
md secure milk or moid fatal pulmonany infections \Mild cases also
occur 1 wlich the it as only revealed when the Jambs are startled
or driven for some distance These apparenthh recover if their copper
status 1s improved  Appetite rem uns ummpaired and movements of the
herd nd neck are not noticells ffected

Pathologically the diseise 1s charactenzed by a diffuse svmmetncal
dems elination of the central nervous system varving in extent from small
foct i the cercbral wlnte matter to gross demsyelmation of both herms
phercs wath hquefaction and cwitation 1n extreme cases and alwavs
with sccondary demyvelination of the motor tracts of the cord These
changes are irreversible and have been shown to commence as early as
siv wecks before bairth and to continue with sanng seventy until
ddineny Trom the Ingh iadence of the disease 1n newborn lambs or
m Tunbs withn a few davs or weeks of birth 1t 1s apparent that the
lesions usually ongmate m the fetus but thus 15 not mvanably so because



98 3 copper

atmaa very ocersionally appews ee] velve months
T 1 oung sh fal
ry pp y g P ar more

The relttion of these lesions of the centrl nervous system to copper

Frc 9 Lnzootc atavt n 1 bunb and ¢ calf showing the icoordmation
of the lumbs and typical swaymg of the hind quarters  (Photos kandly supphed
by Dr 1 J Cunningham)

defictency and therr restnction 1n the spmal cord to the motor paths
which senve the hind hmbs as well 1s the partcular susceptibibty to
copper deficiency of the nervous tissue of the fetal hmb compared with
that of all other species pose mingwng questions for which there are
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as yet no sitisfrctors nswers It 1s known that attun rarely, if ever
occurs unless the copper concentration m the blood of the ewe dunng
late pregnancy falls to about 50 pz per 100 ml and more usully at
falls to 20-30 xg per 100 ml but this merely indicates that the myelin
cells of parts of the nervous system m the lamb cannot muntun their
mtegnty 1nd normal functioning when supphed wath blood se low
capper It scems logical to suggest that oudation reduction processes
mvolving the copper protun osdases are ympared m these cells  This
must remun s pure speenlion however until metabolie defects n
volving these enzvimes huve been demonstrated  No such chinges hwe
so far been recorded It may be also that copper 1s less directly 1n
vohed There 15 some evidence that the lestons are associited with
vasculr and/or arculiton changes presumably as the result of func
tional disturbances (119) which are known to produce stmilar lesions
the central nervous system of human beings (74)

4 Copper m Relation to Pigmentation of Hmr and W ool

Some degree of achromotrichia has generillv been found to be as
socrited with copper deficieney 1n the rat rabbit eat dog goat shecp
and cattle but not so far m pigs  [he ssndrome of achromotnchia
alopeait and dermatosis tecording to Smith and Elhbs (129) 15 1 more
scnsitne ndex of copper deficsney in the rabbit than as anemin In
the sheep there 1s evidence that pigmentation of the wool 1s the first
of the many functions of copper to fail as copper deficsency develops in
this speeies (44)  Tack of mgment production 1n blick wooled sheep
and the charetanstic loss of enmp from the fibers to be discussed Inter
oceur at levels of coppar mtike sufficient to prevent any other chmeal
signs of copper deficieney The pigmentation process 1s so quickly sens
tine to changes i copper status of the wml that onee a condition of
copper defioney Ins been established an black wooled sheep 1t 15 pos
sible to produce 1 flceee wath alturmting bnds of promented and un
prigmented fibers according as copper 1s added to or withheld from the
dict (g 10) Copper depletion of the ammal sy however not essential
for the demonstrition of depigmentation 1n black wooled sheep  Fren
on farrhy high copper ntakes Dick has shown that by ramn, the molvb
denum and orgame sulfate mtakes sufficienth 1t 1s possible to block
the f\mchomn; of copper mn the priementation process within a matter
of two divs He suggests thit this effect may occur within hours of
gving the fint dose of mohbdinum and sulfate  Of interest 1 thys
connection was the obsenation that the color of the kemp or hair 1n
blick sheep (such 1s the har on the nose etc ) 1s not afected 1n the
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theme acid deficiency is about five fold that of normal ammals {71),
and the impaired pigmentation of Tats subsisting on essentially dnied
mlk diets can be restored to normal by 1n addition to the diet of either
copper or pantothemie aaid (127)  These findings suggest the possibility
that pantotheme aaid 1s required to allow copper to function in pigment
formation 1n the integument

5 Copper and Keratinization

In Addition to the pigmentation defects just descnbed marked changes
m the growth and physical appearance of har, fur, or wool have been
noted 1n copper deficient rats rabbits dogs cattle and sheep Under
conditions of copper deficiency alopecia and dermatosis develop readily
in rabbits (129) the hair of dogs has been reported to become rough
and dull {2) 2 harsh stanng coat has frequently been observed 1n
cattle (32 37) and marked changes occur m the wool of sheep It
has been reported also that the plumage of Leghom cockerels 1s greatly
bencfited by the addition of copper to their rations (141) Such evidences
of copper deficency e ¢specally stnlang 1n the Mcenno shecp n
which failure of the follicles to smpart the charactenstic enimp to the
wool fibers (Fig 11) together with the falure of pigmentation in
naturally dark wooled ammals represent the first discermible symptoms
of copper deficiency  The effect on the character of the swool 1s less
olnous in other breeds of sheep swhich carry wool wath a much less well
defined enmp

A reduction 1n both the quantity and quahty of wool produced by
sheep subsising on copper deficient herbage was recogmzed early 1n
the Austrahan ivcstigations (9 101)  Copper supplementation of such
sheep induces an ancrease n the weight of wool produced the rate of
wool growth beng related to the degree of copper defictenes 1mposed
(12 88} It o5 doulitful howeser of thus s a direct mnfuence of copper
on the capaaty of the follicle cells to proliferate It seems more likely
that the lowered wool werghts are an cvpression of an mnadequate supply
of substrate to the follicles consequent upon the somewhat reduced food
consumption of the copper deficent ammals  Thus finds some support
from the fact thit m the expenments of \Marston and Lee (93) the
extent of the depression of the growth rate of the ammals lile that of
the rate of wool growth was related to the decree of copper defiency
The detenorition 1n the subsequent process of heratimization however
significd by the fulure to impart cnmp 15 undoubtedly a specific effect
of copper deficieney

As the ammals resenes of copper are used up and befor_the con
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centraton of copper i the blood has fallen sufficiently low to hout
blood formation and cause anemia the cnmp m the wool becomes
progressively less distinct m the newly grown staple untl the fihers
emerge as an ~lmost straight, hairlike growth to which the popular
descniptive  terms stnngy or steely wool have been applied A
spectacular restoration of the crimp occurs when copper supplements

Fic 11  Wool from Menno sheep The simple on the left &5 from a
copper deficient animal and has the straight stnngy or steely appearwnce
with an absence of enmp charactenstic of this deficiency The sunple on the
night 1s from 4 stmlwr ammal recewving adequate copper and shows the typical
enmping of the fibers

are given The physical properties as well as the appearance of this
wool differ markedly from those of normal wool Its tensile strength
and affimity for dyes are reduced, 1ts elastic properties re abnormal
and 1t tends to become permanently set when stretched (96)

These drastic changes m the physical structure of the wool of copper
deficient sheep are without doubt primanly the result of an impawrment
of the chemical mechamsms mvolved mn the keratimzation process The
charictenstic physical properties of wool mecluding enmp e known
to be dependent upon the presence of disulfide groups which provide
the cross linkages or bonding of keratin and upon the parbcular abgn
ment or onentation of the long chain heratin fibrllae m the fiber Both of
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these appear to be adversely affected under conditions of copper defi
cienes There 1s 1 lowered efficiency of conversion of the free thiol
groups of the prekeratin fibrous protemn to the disulfide groups of keratin
proper  This hias been beautifully demonstrated by the appheation of
Instochemicl techmques expable of revealing free thiol groups  In this
way Marston (93 96) has shown that the transition zone n which
reduced (—SH) prekeratin custs at the hase of the wool fiber pror to
aits oudation to (—=5—S-) keratin 1s ncretsed 1s much s tenfold or
more m the fibers of the copper deficient sheep Tt would appear that
this ouidition proceeds so slowly under conditions of copper deficiency
that the fiber remuns plistic long cnough to provide opportunity for
the keritin to become disanentated before internal bonding or “fiang”
by oudation of —SH to —§—S— 15 complete  This process tikes 3 duvs
or morc to complete m the mtequment of the copper defictent sheep
comparcd with 1 normal period of only 8-12 hours (93)  These findings
mmdicate thit adequate concentrations of copper are required n the
follicle cells for the conversion of preheratin to keratin ind suggest that
copper functions through the «nzvime eatalvsis of the oudation of the
tlnol groups present Expenmental proof of a reduced concentration or
actinaty of copper contamng etalysts in the mtegument of copper
dcficrent sheep has however vt to be established

6 Coppcr and I'brosts of the Boune Myocardum

In puts of southwcstern Australis a discase of cattle known locally s
falling diseisc  and chirwctenzed by scisond madence ind sudden
death uwsadly without promomtory signs wis known for mans vears
Prchmimany amvestiations showed at to be stnctly enzootie and ap
pently not due to wn mfcetous agent or toue plant A senes of ox
penmants begun by Bennetts id s colleazues 1 1937 (15) led to
the conclusion that the dise 1se w s the tormimal mamifestation of sesere
coppar defiaency which could be completehs prevented by copper
theripy or trowment of the pustures with copper salts The copper
stitus of dult cows wlieh d died of fallin, diseasc and of the affected
pustures was aatriordinanhy Jow  The blood copper concentrations of
such anmmals were only bout 10 g per 100 ml and the hver copper
levdds frequently as low as 2 ppm on the dn basis The copper content
of the pastures on winch the dise 1se occurred usually lay between 1 and
3Ippm These figures mdicate the most severdy copper-deficent con
ditions ever recorded m the field 1 anv part of the world

Sudden deaths sl to those from falling disease have Ieen
reported to occur occasionallh 1 cattle i copper-deficient areas ehe
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particularly sensitne to prolonged Jow blood copper status It can be
supposed that enzyme systems imvolving copper and i puticular the
evtochrome system which has nlready been impheated 1 copper defi
ciency n the rat (121), are more readily cisturbed in the heart tissue
of the bovine than in that of other species There 15 15 yet no ex
penmental evidence to support this hypothests Cytochrome ¢ nd eyto
chrome oudase determmations n the heart, dinphragm and skeletal
muscles of n series of 1nimals maintamed for varying penods at different
levels of copper mtake would be of great value n throwing further
ight on this and other aspects of copper metabolism

7 Copper and “Scounng” (Diarthea) of Cattle

Diarrlien in eattle varving in seventy from a1 mild and transient conds
tion to 1n acute persistent and debilitating scouring (see Fig 13 p 133)
occurs under conditions of copper deficiency 1n some areas and rarely
or not at all n others In Holland severe diarthea was such 1 dominant
symptom of an enzootic discase of cattle occurnng 1 certan parts of
the country that the name “scounng discase” was earks apphed to it (21
128) 1In New Zealand an acute scounng condition of cattle 15 restricted
to pastures developed on reclammed peat lands so that “peat scours” has
become the popular name for the disease (33) In both cases the con
dition 1s assoaited with a low copper status of the blood and tissues of
affected ammals and can be prevented or cured by adequate copper
therapy b mouth by injection or through treatment of the pastures
Subnormal levels of copper m the sals and pastures of peat scours land
also occur but therc 1s no clear and consistent assoctation of the disease
in Holland with ibnormally low pasture or fodder copper levels More
over horses and sheep grazing under the same conditions do not scour
1s do cattle and no signs of darrhiea appear 1 rats pras or dogs muade
severch copper deficient an the laboratory  These facts suggest that
the scouring docs not occur as a mamfestation of a simple copper defi
cieney and pomnt to some complicating factor which exists in the herbage
of somc copper deficient e s and not in others and to which the bovine
gastromntestinal trict 1s especially susceptible

Cunningham (37) has presented evidence implicating molybdenum as
the frctor concerned m peat scours and clarms that the disease 1s
effect a mohbdcnosis conditioned by the low copper status of the
ammals  Excessiv¢ angestion of molbdenum 1s known to produce pro
fuse scourmng or “teart” disease 1 cattle which can be prevented or
rapidh cured by adequate ntakes of copper (55) Smaller amounts of
mohbdenum than those common m teart pastures have no such effect
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where namely m parts of eastern Austraha, New Zealand and Flonda
but they have not been a conspicuous feature of the defictency More
over the disease has never been observed 1n sheep or horses grazng
under the same conditions nor n pigs rats or dogs m which acute
copper deficiency has been experimentally induced The condition must
therefore be regarded as a mamfestation of very severe copper defictency
restricted to the bovine species Affected ammals however, and other
members of the herds in which the sudden deaths occur reveal other
more common signs of lack of copper, namely unthnftmess diarrhea,
and anerma A curous feature of the anema which may be erther
moderate or severe and 1s of the macrocytic hypochromic type 1s that
1t exists only during the spring months of the year when most of the
sudden deaths occur It disappears spontaneously each summer, 1 spite
of continued very low blood copper concentrations

Detailed pathological stuches have revealed the essential lesion to be
atrophy of the myocardium with replacement fibrosis and the sudden
deaths are beheved to be due to heart farlure as a result of the cardiac
lestons (15) The morbid process 1s 1 progressive one extending even
over a period of several years commencmg with the presence of oc
casional areas of small celled nfiltration and proceeding to the replace
ment of large and widely distributed areas of atrophred myocardm
with dense collagenous tissue The extent of the fibrosis 1s not particu
larly well correlated with the occurrence of the sudden deaths sce
they occur where the demonstrable lesions are relatively inconsprcuous
whereas other animals affected with extensive and long standing fibrosis
have not succumbed It 1s possible that the distribution of the lesions
may be of more sigmficance than their extent Possibly also the husto
logical picture does not give a true measure of the functional capacity of
the heart In man it 1s known that heart failure occurs not uncommonly
m the absence of serious myocardial lesions when the subjects are
severely anemic

The exact relationship of the myocardial atrophy and fibrosis to COPP‘;’;
deficiency has not yet been fully determined The lestons could res;l
from deficient oxygenation due to the anema or to madequate eircu af
tion or to both There 1s no evidence for the latter but a condlhonho
anemia certanly operates for some months prior to death On the 0:}‘2:
hand equally severe anemia due to copper deficzency 1n ovines m-t%east
species has apparently not resulted n similar heart lesions or 2 o
m smmilar sudden deaths It seems more probable therefore that] °
anema 1s sumply a contnbutory factor and that bovine heart muscle 1
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prticularly sensitive to prolonged Jow blood copper status It can be
supposed that enzyme systems mvolvng copper and 1n parhicular the
cytochrome system which has already been impheated i copper defi
cteney 1 the rat (121), are more rendily disturbed m the heart tissue
of the bovine than mn that of other species There 15 s yet no ex
perimental evidence to support this hypothesis  Cytochrome ¢ and cyto
clirome oudase determmations 1n the heart diphragm and skeletal
muscles of 1 series of ammals muntuned for varying penods at different
levels of copper intthe would be of great value i throwing further
Iight on this and other aspects of copper metabolism

7 Copper and Scounng™ (Diarrhea) of Cattle

Diarther in cattle s wving 1 seventy from a mild and transient conds
tion to an Acute persistent and debilitating scounng (see Fig 13 p 133)
occurs under condittons of copper deficiency mn some areas and rarely
or not at 1l 1n others In Hollind severe diarrhea was such a dommant
symptom of an enzootic discase of cattle occurnng 1n certain parts of
the country that the name “scouring disease was early appled to st (21
128) In New Zealand an acute scourmg condition of cattle 15 restricted
to pastures developed on reclaimed peat lands so that peat scours” has
become the popular name for the disease (39) In both cases the con
dition 15 associated with a low copper status of the blood and tissues of
affected ammals wnd can be prevented or cured by adequate copper
therapy by mouth by mjection or through treatment of the pastures
Subnormal levels of copper mn the soils and pastures of peat scours land
also occur but there 15 no clear and consistent association of the disese
m Holland with abnormally low pasture or fodder copper levels More
over horses and sheep grazing under the sime conditions do not scour
as do cattle and no signs of diarthea appear m rats pigs or dogs mde
scverely copper deficient 1n the laboratory These facts suggest that
the scourmg does not occur as a mamfestation of a simple copper defi
ciency and pomt to some complicating factor which exists i the herbage
of some copper deficient areas and not 1n others and to which the bovine
gastrointestmal tract 1s especrally susceptible

Cunningham (37) has presented evidence implicating molybdenum as
the factor concerned 1n peat scours and claums that the disease 1s m
effect a molybdenosis conditioned by the low copper status of the
ammals  Excessne ingestion of molybdenum 15 known to produce pro
fuse scourng or “teart” disease 1n cattle wiich ¢ be prevented or
rapudly cured by adequate intakes of copper (58) Smaller amounts of
molybdenum than those common 1n teart pastures have no such effect
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25 long as the copper intahe of the enttle 1s normal  Tvpieal peat scowrs
prstures contain only 1 moderte excess of molybdenum but they contam
wmsufficient copper to ntagonize or nullify the pathogene effects of ths
amount of molybdenum (37) On this basis the 1nerdence of scouring 1n
cattle 15 dependent upon the relatve wmounts of copper and molybde
num 1 the fodder and the condition will only eceur on copper deficient
pastures that contun amounts of molybdenum 1 excess of normal The
problem of scourmg m cattle wall therefore be considered further
Chapter 4 where the whale question of the reciprocal antagomsm be
tneen copper and molybdenum 15 discussed wnd where theories 1s to
the ways i which these elements function 1n relation to gastromtestinal
disturbances 1 the bovine are considered

It 1s appropriate however, to pomt out at thns stage that virang
amounts nd proportions of copper 'md molybdenum i the herbage
are of themsehes, msufficient to nccount for the presence or 1bsence
of scourmg m cattle under all field conditons Intermittent diwurher
m cattle has been reported by Bennetts and co workers (23 15) m the
falling disexse areis of Western Austraba under conditions of severc
copper deficiency but low levels of molybdenum Conversely Davs
(42) found that citle grazing certun pastures 1n Flordn which were
low 1n copper but had 2 moderate excess of molybdenum developed
anema achromotrichin morein nd osteoporosis Ml of which are
charctenistic of copper deficiency but he mnhes no mention of the
occurrence of diwrrher i these ammals The eustence of wdihanal
dietary factors mfluencing copper and molybdenum mettholism such s
has alrendy been postulited to account for the madence of swybik
m Jumbs an prts of Englind, appeus therefore 15 1 hkely possibihty
The profound 1mportince of morgime sulfite m this connection has
alrendy been pomted out. The possible sigmficance of hgh mtihes of
zine so deserves mention

Vi Copper Requirements

1 Man

The mimmum copper requirements of the human species are unknown
but they appenr to be lower per unit of body weight or of food consump
tion than those of pigs sheep goats or cattle Mimmum rawneral requires
ments of amumals are usunlly assessed from balance expernments OF
from the results of additions of graded increments of the element m
question to hnown deficient diets The latter approach has not been
possible n mn because of the absence of naturally occurnng copper
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deficiency nd the difficulty of achieving the deficiency state expen
mentally n this species  Copper balance expeniments m man hue
been carned out but they have given very vanable results This 1s not
very surpnising i view of the difficultics in completely woiding con
tammation with copper and the fluence of vanable body stores of
copper 1n short term studies as well s the technieal problems myolved
1 the estimation of the small amounts of copper concurned

Tompsctts (137) balince expenments with adult humans indieate 1
mmimum copper requrement 1s low as 06 mg duly The eshmate of
Chou and Adolph (29) 15 1 to 2 mg duly with much the sume require
ment for children -nd De (43) gnes n figure close to 2 mg copper
duhb for ndults Growing children huve been estmated to retun
006010 mg copper per hg body weight (126) indicating 2 mimtmum
requirement of 12-20 mg duly for an werage four to six year old
waghing 20 kg Wintrobe and others (143) fed diets adentienl with
those which mnduced severe copper deficiency i rapidly growing pigs
to two infants 5 days wnd 8 months of age respectively for 4 and 5
months without 1ny sign of copper defiency appeanng This suggests
that either human mfants hwe 1 much lower copper requirement than
weanhng pigs or these particular infants commenced the experiment
with exceptionalls ugh body stores of copper

2 Sheep and Cattle

Considerable uncertainty now eusts s to the mimmum copper re
quirements of sheep and cattle 1 view of recent evidence pomnting to
the custence of several dietary factors which can greatly influence
copper asstmlation and utiization  Some of these factors are as yet
unknown but the inlibiting effect of molvbdenum on copper absorption
and retention i these species and the vitrl sigmbficince of morganic
sulfate mn facilitating this inhibition indieate clearly that estimates of
copper requirements based solely on copper ntikes which therefore
do not take 1nto account these factors are of limuted value

Clearly also there must be a series of copper requirements dependent
upon the extent to which these vanious factors ire present or absent from
the diet A “true” or basic mimmum copper requirement cn be con
cerved as one i which all the dietary conditions affecting copper are
at an optimum Such 1 requirement cannot yet be gnen but Dick
(45) has provided evidence that an crossbred sheep 1t least 1t 1s much
lower than has generally been believed  He clums that such sheep can
under appropriatc conditions be 1 copper balance at copper intakes of
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1 mg /day or less, which on normal intakes means a diet containing
the dry basis, only about 1 ppm of copper (Fig 6) Calcula
from Dichs data indicate further that the normal wastage of coppt
these ammals 15 less than 3 mg /day and suggest that where more
this amount 15 required by sheep to maimtan their copper status, fa
are opertting which either impose 4 limitation on copper ssimile
and retention or mcrease the ammls requirement for this elcment
In contrast to these findings are those of Marston and hus collea,
(97, 100), i which such Limiting factors apparently operate Me
sheep grazing on the ughly calcareous soils of South Austraha w.
the pastures contain vhout 3 p pm of copper, rapidly develop sympt
of copper deficiency if supplied with additional cobalt to prevent d
before signs of copper deficiency appear A supplement of 5 mg coj
per day (equvalent to a total pasture copper of about 8 ppm )
found to be msufficient to ensure normal blood copper levels
heratimzation m all cases, although 1t was adequate to prevent o
symptoms of copper deficiency From the results of this and o
expertments by the same group of workers 1t would appear that
mmmum copper requrements of wool sheep under these partic
conditions are close to 10 mg /day or approumately 10 ppm of
diet It seems likely that these relatively high requrements are due
an unknown extent, to the hmting effects of a high consumpton
calerum carbonate from the environment and of molybdenum and
orgame sulfate from the herbage on copper 1ssumlation and utihzat
Conditions euist 1 Western Austraha which appear to impose cop
requirements between those found by Marston and impled from
resetrch of Dick  Pastures m thus part of the world contaiming 3-4 p p
of copper or less and molybdenum concentrations that are usw
beloe 15 ppm, widuce subnommeh blood and lves copper levels an
whole range of copper deficiency symptoms m sheep and cattle {
Pastures contaming 4-6 p pm of copper on the dry basis and stk
low m molybdenum provide sufficient copper for the full requireme
of cattle ind of British breed and crossbred sheep These types of she
are apparently more efficient m securing copper from herbage an(d
less susceptible to changes mn the wool than are Mennos I hfer
sheep are to avoid all symptoms of copper deficiency mncludmg defect
Leratmzation  mummum level of about 6 ppm of copper m
pastures appears to be necessary (6) On ths basis ‘he}’]’“mm“m cgg!
requirements of cattle and Brtish breed or crossbred s ccpbcom{)en‘
with completely satisfactory health and produchon can be gr
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about 4 ppm of the moisture free dict nd those of Menno sheep s
about 6 ppm It should be pomted out, however, that even the relatively
low levels of molybdenum present in these pastures may be hving some
effect on the requirement since Dick (45) has shown that molybdenum
mtakes as Jow as 05 mg /dvy can adversely nffect copper retention mn
sheep provided the sulfate ntake 1s high

These findings nd others aited earlier 1n the sections dealing wath the
conditions under which the vanous mamfestations of copper deficiency
occur emphnsize the complevty of the problem of copper requirements
n these species ind pomt to the necessity for much further experimenta
tion under closely controlled pen feeding conditions to enable this prob
lem to be fully clucidated

3 Other Mammals

From the hmited evrdence nvulable it appears that the mimmum
copper requirements of goats and foals are very similar to those of sheep
and cattle but the requirements of adult horses are appreciably lower
Complete freedom from any ewvidence of copper deficiency has been
reported 1n adult horses 1 all areas where copper defictency occurs 1n
sheep and cattle including those i which falling disease of cattle 1s
enzootic (15) but foals do not thrive <nd they develop the bone
abnormalities previously mentioned when grazed under these condi
tions (9 10) Since the pastures of these latter arens usually contain only
1-2 ppm of copper the mummum copper requirements of adult horses
can be placed at not more than 1-2 ppm of the raihon They may of
course be considerably less

The mimmum requirements of rats and pigs have not been est1blished
very cleaily m spite of the large amount of work wath these species and
the relative ease of mduecing copper deficiency with mulk diets In the
rat supplements of copper as low as 0005 mg per rat per day give a
distinct response on such diets but the optimum level 1s stated to be
between 001 and 005 mg/day (125) It was reported later (125)
that a supplement of 24 mg copper per pig per day 15 sufficient for
hemoglobin formation during the recovery of young pigs from anemma
produced on a whole mlk diet supplemented with iron and manganese
but 1t 15 not claimed that this 1s the mummum level compatible with
satisfactory growth and blood formation under these conditions From
the experiments of Teague and Carpenter (136) it appears that an
over all intake of 0035 mg copper per Ib body weight 1s nsufficient
for young growng pigs nd that an intake of 005-007 mg per Ib body
weight s close to the mmmum



4 Poultry

The mimimum copper requirements of poultry have never been ac
curately deterrned exther for grow th m chicks or for egg production 1n
laying hens despite the fact that this element within a year of ts
onginal demonstration as an essential element in the nutrition of rats
was shown to be necessary for growth and hemoglobin formation m
chichs (53) This no doubt 15 due to the absence of any practical
problem of copper deficiency m this spectes such as occurs 1n the case
of manganese It 1s clew however, that the copper requirements of
birds m contrast to their relatnely high requirements of manganese, are
of the same order as those of mammals Any practical chick or laymg
ration supphes imple copper for the needs of birds and very special diets
are necessry for the demonstration of copper deficiency

The demand of the laying hen for copper 1s not inconsiderable since
the average egg contans 003-006 mg of thrs element but a reduced
concentration n the egg sufficient to affect hatchability or the develop
ment of the chick embryo has not been reported Considerable v wbility
m the copper content of eggs occurs for reasons not yet fully under
stood Feeding copper supplements to hens recewing normal dets 1s
meffective 1 raising the amount of copper m the egg (54) Ths 1s
sumlar to the posttion with 1ron but contrasts greatly with the position
with 1odine and manganese 1nd several other trice metals where as
1s shown later very substantial mcreases i the concentrations 1n the
egg can be achieved by such means

VIt Copper in the Nutrition of Man

The value of dietry supplements of copper, with or without ron i
the treatment of anemuas of mfancy and of secondary anemtas of adults
has been extensrely studied with very varied results Iron alone has
frequently been found to be just as effective as won 1nd copper A few
cases have been reported m which copper therapy has been successfal
when wron therapy has failed and 1 number of workers hve found that
won and copper together give results i the treatment of numhonval
anemia of mfants superior to those of won alone Hutchinson {72)
reviewed most of the hterature on this subject up until 1938 and pre
sented some evidence of Ins own which appewred to demonstrate the
value of copper 1 addition to ron  Perhaps the most strikang demonsb}:z
twon of the vlue of capper s that of Usher and co workers (139) who
found 1-2 mg copper per day, plus wron to be markedly supenor tt; ron
alone m producing nd mamtaning hemoglobmn levels mn a prophylache
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experiment with 1 large group of infants  Many cases of chrome 1dio
pathic anema of adults refractors to won hue also been reported to
respond to copper therapy (107) The clum that copper therapy 1s
uscful 1n the treatment of human anemras hns not been free from ent
eism some of 1t exceedinghy trenchant  Wintrobe and co workers (143)
m fact cutegoneally deny that true copper deficiency has ever been
recorded in mwn  They studied 24 cases of hypochromic microeytic
anemit 1 nfants and 1n 1 number of repatrrated prisoners of war who
had suffered from starvation and in whom hypoferremin was present
without being ble to demonstrate hypocupremin in any one of them
These workers were also tmsuccessful m mducing 1ny sign of copper
deficiency 1n two nfants fed diets 1denticnl with those which were ighly
suceessful in producing such 1 deficiency m young swine

Such findings conflicting though they are make 1t obvious that copper
deficiency 1n man can oceur but that 1t must be exceedingly rare at any
age Thev reveal further that this element 15 of minor importance m
human nutntion compared with 1ron  Nevertheless the number of
cases of humin nutntional anemit m which copper therapy has been
found necessary for mwumum response 1s sufficiently large to warrant
the mclusion of some copper 1n tron preseriptions at lest for the anemmas
of mfaney and clildhood

Various estimates hne been made of the average daily takes of
copper from ordinary diets These vary over quite a wide range but
a tvpical adult diet reasonably satisfictory m other respects generally
supphes between 2 and 3 mg copper per head per day (83 137)
Shghtly lower intakes were found for certam Enghsh and Scottish
families consuming relatively poor quality diets (40) and substantially
higher intakes of 45 mg and of 58 mg for Indin adult males con
suming nice and wheat diets respectively (43) The magmtude of the
daily intake depends upon a number of factors of which the proportion
of particular copper rich or copper poor clisses of foods 1n the diet 1s
normally the most important Intikes of copper myy also be nfluenced
by localiy 1n view of the relation between the copper content of many
foods and the soi and elimatic conditions under which they are grown
Adventitious sources of copper from contact of food and drinking water
with copper pipes processing vessels and cooking utensils and from
treatment with copper fungicides can increase mtakes sigmficantly

Excluding the nfluence of adventitious additions of copper which
are becoming less important under modern conditions and as public
health regulations are made more stringent nd the considerable vana
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biity m the copper content of pticular foods due to vanetal and en
vironmental influences, the various classes of foods which comprise the
mam 1tems n most modern dietaries differ sigmficantly and fauly con
sxstently in averige copper content The results of determinations of
the copper contents of the edible portions of a wide vaniety of Amenican
(86) and Englsh (105) foods have been compiled and very many
others have been published 1t 1s apparent from these analyses that the
richest sources of copper are the organ meats (Iver, kadney, heart
and bram) crustaceans and shell fish (especially oysters), nuts, dned
legumes, dned vine and stone frnts and cocoa The copper content of
these foods ranges from about 20-30 ppm to as high as 400 ppm
The poorest sources of copper are milk, butter cheese white sugar
honey, lard, ind margarine, which rarely contam more than 05 ppm
closely followed by the nonleafy vegetables most fresh fruits and the
refined cereal products including white flour and bread, polished nce
and corn flour These materals have copper contents up to about 2ppm
Between these two groups hes a mrscellaneous group of foods of mter
mediate copper content This mcludes wholemeal flour 1nd brend nd
other whole cereals, the green leafy vegetables, eggs muscle meats,
fish and poultry The similanty between this classificition of foods as
sources of copper and that made earher for foods as sources of won
should be noted With the exception of the crusticea nd shellfish which
are exceptionally nch m copper those classes of foods which are hugh
1 1ron are also high 1n copper and those which are low mn 1on re also
generally low m copper

The mfluence of locahty on copper mtakes from humn dwetanes is
of particular nterest i relation to those arets where copper deficiency mn
grazing stock 1s enzoohe The guestion has frequently been ashed 1f
human populations hving 1w these areas may not also suffer from sub
normal intikes of copper Smce copper deficiency i ammnls, expressed
in the simplest terms, results from subnormal concentrations of copper
in the herbage m consequence of subnormnl total or wvailable con
centrations of copper w the sc s winch the herbage grows it

would be expected that, on ¥ ' plants grow fo;
human consumption such as < frunts and »+ _ ; .
similarly be below normal n at There » A
ths 1s usually so  The nature ot of plants to

soils depends primanly upon 3 the degrr v‘
Invan- « ur, there 1s a it
m tl There 15 b :
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at all and the development of certun speaific symptoms of deficiency
Tlns question 1s considered further 1n Chapter 13 Seeds fruits and
tubers however appear to be less sensitve 1n their copper contents to
changes in the copper status of the sorl than are the vegetatne parts of
the plnt so that cereal grans and fruits and nonlenfy vegetables would
not normally be reduced i copper content to the same extent 1s would
the Jeafy vegetables when both are grown on deficient soils  In one
study (61) wheat brurley, and oats were cach grown on different soils
ringing m copper content from 4 ppm, which ¢ be regirded as
mildh copper deficient to the exceptionally hugh figure of 51 ppm  The
copper 1 the grun vaned from 56 to 167 ppm but bore no significant
refation to the copper content of the soil

It scems therefore that any commumty hving m . copper deficient
area wluch 15 solels or largely dependent for ats food supply on the
products of that aren 15 Iikely to have a lower daily intake of copper
than 1 commumts with sumilar food habits lving m another locahty
where the soils are ugher 1n copper status It must be remembered
that not only would the foods of plnt ongin tend to be lower 1n copper
content m the deficient area but also the foods of ammal ongin melud
g particularly such organ meats as hiver and ludney which are among
the nchest sources of copper known It cannot be assumed however
that such 2 diet would supply msufficient copper for human require
ments  Certanly no convincing evidence of malnutntion or maluse mn
humans specifically atimbutable to Iack of copper m a pirticular area
has been presented so far as 1s known Moreover modem technical
developments make 1t very unlihely that any such conditon will anse
w the future The first of these developments 1s the relttive ease with
which copper deficiency m both plants and ammals can now be recog
mzed and overcome by means of treatment with copper salts which not
only ruses productity and elimmates symptoms of disease but increases
4t the same time the concentrations of copper mn the plnt and ammal
tissues and hence m the human foods The second important modern
development 1s the decreasing dependence of communities particulr
areas upon the food products of that area due to the ever widening
source of supply The food of man comes not from one but from a
multiphaity of soil types This question was discussed in Chapter 2
(won) and 15 considered again n Chapter 9 (1odine) and m Chapter 13
(so1l plant ammal mterrclationships)
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Vil Copper Toxicity
1 General

The touc nature of copper salts 1 Jarge doses has been known for
centunes but the senous effects i some species, of relatively small doses
over long penods has only become recogmized 1n recent years The pos
sibihities of :cute and chrome copper poisoning 1 ammals assumes
particular amportance mn the hght of the mncreasing use of copper
compounds m agneultural and vetenmary practice and m the prophylac
tic treatment of the various copper deficiency diseases of sheep and
cattle m certun areas Chrome copper porsonmng m sheep to be dis
cussed later, occurs also under natural conditions m Austraha (1, 25)
It s in fact, largely through studies of this disensc and means of prevent
mg 1t, that the recent substantl 1dvances mn our understanding of the
factors mfuencing copper nssmulation and retention have been ac
comphshed (44-46)

Continued ingestion of copper 1 excess of the nutriional requirement
leads 1 all ammals, to 1ts passtve accumulation within the tissues
especially the Iner which has a remarhable ability to take up and retain
large amounts of ingested copper Up to certamn lesels, which vary
greatly with the species and the indivadual the very lugh concentrations
of copper 1 the liver appear normally to 1mpose no physiological hard
ship on the animal Above these levels for reasons not fully understood
there may occur a catastrophic Iiberation of a high proportion of the
copper nto the blood stream with resultint extensive hemolysis wnd
jaundice followed wsually by death British breeds of sheep and thew
crosses are more prone to the hemolytic crisis of chrome copper posson
ing than Mermos (1 97) but sheep generally acecumulate copper more
readily than do other species mcluding cattle under strmilar conditions
of igh copper ntake (38) Hemolytic jwundice however has been
reported 1n cattle that have been dosed for 2 penod with large amounts
of copper (76) Accumulations of copper occur m rats and rabbits when
subjected to chrome overdosage with this element but hemolytic jyon
dice does not appenr ta be 1 feature of chrome copper poisoning 1n these
spectes (19 64) :

In rats copper does not begm to excrt touc effects untl at y
100 tmes the normal imtake from ordmaty diets has been reche
judging by the results of expertments with this species lasting 3“;)03
weeks (19) In these expenments rats muntuned good gron th an on
consumption and appeared normal 1 every respect on diets conhmx]tg
500 ppm of copper equnalent to an mtake of tbout 5 mg /day an sp

cast
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of sigmificant mereases mn blood and spleen copper concentrations and
1 14 fold mcrease m Iner copper At ligher intakes of copper there 1s
manably 2 marked depression of growth and food consumption with
raprd Joss of weight and death i sume amimals Bovines have also been
shown to exlnint 1 hugh remstance to repeated doses of copper sulfate
No 1ll effects have been observed from feeding adult cows 12-2 g
copper sulfate duly for 5 to 18 weeks (56) or from feeding 08-5 g
duly for 9 months or longer to growing calves and adult cows (38)
These intikes are from 4 to 10 tumes the normal and indicate the con
siderible maurgin of safety wlich ewsts between prophylictic or thera
peatic levels of copper wnd those likely to produce tovic effects in this
SPL‘C)L‘S

2 Chrome Copper Porsonmg in Sheep

In the sheep the posthon 1s quite different Heavy losses of sheep
from chronie copper posoning with hemolytic 1eterus and hemoglobinu
na as charactenstic cimeal signs have been reported from vanous parts
of the world as 1 result of ingestion of evcessive amounts of copper
from the foliage 1n vinevards and orchards sprayed with copper fung
ades (17) or from snlt lichs contumng copper sulfate for the control
of parasiic worms (17) Ocecasionil outbreiks have occurred also 1n
copper deficient areas through chance overdosage with copper These
mav however all be classed 15 1cadental or artifieinlly mduced oc
currences  Of much greater interest 1s the occurrence of chrome copper
posoning 1n sheep under natural grazing conditions m parts of eastern
Austraia (1 95) There appears to be no malnutnition associated wath
the condition and Bull (25) has charactenzed the disease i the follow
g terms “  a more or less sudden hemoglobimemia and hemoglobnu
ma usually associated with the occurrence of icterus which ncreases
rapidly  The hemolytic cnisis 1s assocrated with necrosis of the hver
hidney dysfunction and so called uremitv  The copper concentration
1n the huer 1s usually highcr than 1000 ppm on 2 dry fat free basis
The presence of hemoglobinura 1n the shecp 1s highly presumptive of
chrome copper porsomng If this 1s associited with central necrosis of
the liver lobules with a premonitory rise mn blood copper which may
be ten fold magnitude and with a Ingh copper content of the hver
then a diagnosis of chrome copper poisoning ¢ be made  The enitical
factor mn the precipitation of the hemolytic ensis has been postulated as
a Tugh concentration of mobile or active copper (25) Copper becomes
tovce to the cell when 1t 15 iberated 1 sufficient concentration from 1ts
combmation with orgame molecules within the cell The toxic con
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copper poisoning  Subsequent msestigations have not supported ths
claim and there 1s no real evidence that mngestion of copper withm
reasonable himits can produce ny such condition 1 man
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CHAPTER 1
MOLYBDENUM
| Historical Background

Recent cvidence suggests that molybdenum might now be added to
the growing st of trace minerals essentitl i the nutrition of the hugher
forms of ammal hfe (42 41) Some vears erher this element had been
demonstrated 1 mmute amounts i 2 wide ringe of plant and mmal
tissues (47) but as with so mny of the tracc elements no special sigmfi
cance was 4t first attached to 1ts presence The first evidence of 1
biologcal role for molybdenum came 1 1930 when expenments with the
nitrogen fang soil orgaimsm Azotobacter showed 1t to be an essentinl
constituent of the media uscd for the growth of this orgamsm (10)
It was Iater shown that molybdenum 1s required by all nitrogen fiung
orgamsms, mcluding the Jegume symbiont Rluzobwm sp s well as by
Aspergillus mger (45) and by the higher plants (2) In certan ireas
some plants notably the Brassicas and tomatoes have been shown to
exhilnt molybdenum deficiency symptoms as a direct result of Jack of
avatlable molybdenum 1 the soils and to respond remarkably to treat
ment of the soil with small dressings of molybdate In other areas
equally striking responses to molybdenum have been demonstrated with
legumes but judging from the effects of applicition of mitrate it appears
that these responses are not due to a direct effect of the soil deficiency
of molybdenum on the plants themselves but «re secondary to an m
creased muitrogen supply through the action of the molvbdenum on the
nitrogen fixing rhuzobia (1)

In animals attention was first directed to the metabolic sigmficince of
molybdenum by its association with a disese of grazing cattle known
as “teart” occurnng on certain soil types m several of the counties of
England The drastic diarthea or “scouning which charactenzed this
disease was shown 1n 1938 to be due to the ingestion by the, cattle of
excessine amounts of molybdenum from the herbage of the affected
areas (27) The resemblance of the symptoms of teart to those exhtbited
by cattle 1n certamn copper deficient areas in Holland (12) led to the
successful use of copper i the treatment of this disease (27) The use
of molybdenum 1 the treatment of chronic copper poisoning of sheep
n Austraha arose independently as 2 result of erher observations of

123
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unusually high concentrations of molybdenum 1n certam tssues of cattle
suffering from enzootic hematuna vesicahs or “red water” (22) From
these latter mvestigattons and those of peat scours of cattle m New
Zealand, came a realization of the profound effect of molybdenum on
copper mettbolism 1n the rummant and of the dependence of this effect
upon the morgante sulfate content of the diet Certamn of these findings
have already been considered m relation to copper deficiencies and
excesses 1n grazing sheep and cattle They are discussed further i the
approprte sections of this chapter

Interest 1 the biological sigmficance of molybdenum recenved a
further shmulus from recent demonstrations that this element 1s an
mtegral part of the prosthetic group of the two flavoprotem enzymes,
xanthine owdase (42, 44) and nitrate reductase (38) The discovery
that <anthine owudase 15 2 molybdoflavoprotem arose from studies of
dietary factors nfluencing the concentration of this enzyme m the hver
of rats Laver residues, soy flour and certn other natural matepals were
found to mcrease the tissue level of xanthime ovidase 1n rats fed synthetic
diets  Fractionation of these matenals led to the 1dentification of the
xanthme owidase factor as molybdenum (42 44) Ths was the first
mdication of an essential role for molybdenum 1n ammals

The discovery that mitrate reductase 15 a molybdoflavoproten arose
trom stadies with Neurospora and Aspergillus  Cell free extracts of
these orgamsms grown mn molybdenum defictent media revealed 3
strikaing decrease m mirate reductase activity which could be mc“g‘;)
by graded appheations of molybdenum to the nutnent medium ¢
Examination of the mitrate reductase resulted m the 1dentfication o
molybdenum as the metal constituent of the enzyme whose speaific
activity increased with its molybdenum content Ths finding boks “};
with an exher observation that the concentration of proten and o
soluble nitrogenous conshituents falls markedly, wnd that of mh-at}el I:;:
markedly 1 the tissues of molybdenum deficient plants (37) W ether
molybdenum serves any functons i plants and mieroorganisms Dh
than mn the reduction of mtrate 15 not definitely known although ¢ er;
1s already an indication of this from the finding that Neumé‘}’”';“t:’;r
Aspergillus need this element m thewr growth meda when mf
ammonia as well as mitrate represents the source of mtrogen
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Il Molybdenum i Animal Tissues and Fluids

1 Distribution Throughout the Body

Vertebrate tissues are normally very low in molybdenum  From the
rehtnvely few values malable the normal concentrations appear to be
simlar to those of mangmese and very much lower than those of
copper There 1s some evidence that invertebrate tissues on the other
hand contun appreciably hgher levels of molybdenum (8) Mammahan
muscle tissue usually contuns 005-010 ppm  molybdenum on the
dn basis with ssmilar or shightly ligher concentrations 1n other tissues
with the exception of the Iver where values between I and 3 ppm
are common

The concentraions m1y be rused to very much lugher levels especinl
It 1n the bones Iner and shin by oral admimstration of molybdenum
the values bemng dependent on the level of intake and the nature of the
molvbdenum compound fed (16 26) and 1n the sheep on the morganic
sulfate mtake (17) Thus Dwis (16) found the molybdenum content
of the bones of rats to ncrease from 02 ppm to 9-12 ppm and of
the Iners to increase from 1-2 ppm to an average of 11-12 ppm on
the dn basis when the molvbdenum content of their diet was raised
from below 1 ppm to 30 ppm  Very much higher concentrations
than these (over 100 ppm of fresh tissue) were found in the bones
hver hdnev and spleen of guinea pigs fed lughly touc or lethal doses
of calerum molybdate or of molybdenum tnoude (26)

That the effect of lagh molybdenum mtakes on the levels of molybde
num 1 the tissues of sheep 1s dependent upon the level of dietary mtake
of morganic sulfate has been demonstrated by Dick (17) In Table 16
are shown the amounts of molybdenum i the vanous tissues and the
total molybdenum i the bodies of crossbred sheep at two levels of
molbdenum and two levels of sulfate take From the figures 1n this
table 1t 1s seen that the amounts of molybdenum present m the tissues
are smaller when the sulfate mntake 1s Ingher both at the fow and the
Iugh molybdenum imntake levels This 1s due to the marked mfluence
of sulfate on unnary molybdenum excretion to be described Inter
Calculations made by this worker showed that from one half to three
quarters of the tot1l molybdenum mn the body s situated 1n the skeleton
The next largest amounts 1n these ammals occurred m the shin wool
and muscles
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2 Molybdenum n the Liver

The figures cited for the rit guinea prg and sheep mdicate that molyb
denum does not readily accumulate 1n excessively high concentrations
m the hver (or elsewhere 1n the body) as can oceur with 1ron and
copper at high intakes of these elements This 15 believed to be due to

TABIE 16
Tue INFLUENCE oF Dietany Mot.ynoeNun anp INorcanic SuisaTe INTAE
ON THE MoLYBDENUNT CONTENT OF tHE TISSUES OF Steee {17)

Molybdenum content (mg)

0 3mg /day Mo intake 20 8mg /day Mo mtake
09g /day 63g /day 09g /day 63g /day
suifate sulfate sulfate sulfate
intake mtake mtahe mtake
Liver 158 048 379 193
Kidney 017 002 117 132
Spleen 052 002 057 014
Heart 018 001 094 o4
Lung 065 009 396 042
Muscle 584 008 286 192
Bran 001 001 009 001
Skin 662 150 589 344
Wool 152 099 269 114
Small intestine 026 003 088 079
Cecum 024 001 164 058
Colon 063 004 421 062
Skeleton 610 130 1840 160
Total body Mo (mg ) 929 168 20977 284

the relatively rapid and efficient excretion of molybdenum A number
of studies has revealed the transient nature of molybdenum storage m
the tissues nd the rapidity with which the concentrations retumn to
normal levels following the cessation of molybdenum admmstration .

In sheep and cattle on low molybdenum dets the average conce(;! ;;r
tion of molybdenum m the hver 15 of the same order as that foun o
rats namely 2-4 ppm (15 22) Simlar molybdenum levels ccmuz'l "
the Iver of newborn lambs, indicating that there 1s normally no stor: g‘ ]
of ths element m the fetal hver dunng pregnancy Reidy Plﬂcf}?ese
transfer can occur however because concentrations 3 to 10 hml:zs o
normal levels have been found 1n the livers of newborn Iam dS o
ewes receving a ligh molybdenum diet (15) Adult sheepda:(mo
may also retain m their hvers molybdenum levels of this orde
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ppm) 2s long as they are beng supplied with hugh or moderately
Hagh mtakes of this element but the extent of the retention 15 only partly
dependent upon the level of molybdenum intake It 1s ughly dependent
also upon the 1mounts nd the proportions reltive to the molybdenum
of the copper and the morgame sulfate mtakes  Under any known con
ditions however Iner molybdenum concentrations are not excessive and
1t 15 apprent that this organ has a very limited eapraity for molybdenum
storage  Esen where the diet was lugh m molybdenum and low m
sulfate only about 2% of the tota] body molvbdenum of sheep was found
m the Iner (17)

The lmmiting effect of copper on molybdenum storage 1s shown by the
findings of Cunmngham (15) ‘This worker drenched one group of
voung cattle grazing low copper low molybdenum herbage with sodium
molyhdate 1t the rate of 150 mg Mo 3 tumes 2 week and 1 second group
on the samc grazing with the same amount of molybdenum plus 100 mg
Cu 3 times a week After some months the former group tveraged 26
ppm of mohbdenum (dry bass) i thar hivers compared wath only
7 ppm 1 the group recenimng both copper nd molybdenum md
5 ppm m untreated controls The sulfate int1kes of these animals
are not known

Direct evidence of the effect of different mtakes of morgame sulfate
on Iner molybdenum levels has been obtamed by Dick (17) m his
studies of the profound influence of this dietary constituent on molybde
num excretion 1nd retention i the sheep The results of one experiment
we 1llustrated 1in Table 16 In another study this worker found the mean
Iver mohbdenum concentrations of 5 sheep on 2 lncerne chaff et
supplving 103 mg Mo per day and 44 g norgame sulfite per day to
be 57 ppm whereas the mean liver molybdenum of 5 similar sheep on
an oaten chaff diet supplying the same amount of molybdenum but only
02 g inorganic sulfate per day was 224 ppm  In further expenments
to be desenbed later a single dose of sulfate was found to reduce the
amount of molybdenum already stored as a result of its potent effect
on unnary excretion of this element

3 Molybdenum m Blood

Very few values for the molybdenum content of blood eust other
than for sheep and cattle In these species the concentrition 1s exceed
ingly low when the dict 1s low in molybdenum and ligh i sulfate but
can nse to very lugh levdds under high molybdenum low sulfate conds
tons  Beck (7) found shecp grizng green prstures normnl 1n copper
and low 1 molybdenum to werage 1 pg Ao per 100 m! of blood
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Under dry feed conditions where the diet contamed a proportion of
low-sulfate cereal hay the molybdenum level 1 the blood of these sheep
rose to a mean of 6 pg per 100 ml  Cunmngham (15) gives a value of
6 pg Mo per 100 ml for both sheep and cattle grazing pastures normal
m copper and low m molybdenum content Molybdate drenches given
to such ammals, equivalent to a dietarv intake of 30 ppm of molybde
num rased the level to 60-80 pg per 100 ml 1n young cattle and to
240-340 pg per 100 ml in breeding ewes In England duly doses of
molybdate or dressings of the pasture sufficient to rase sts molybdenum
content to 40 ppm creased the blood molybdenum levels of sheep
and cattle to 15 high as 200 tumes the levels found mn untreated wnmmals
grazing pastures normal 1n molybdenum content (30)

The expeniments of Dick (19 20) with pen fed sheep given a range
of diets supplemented with varymg amounts of molybdenum revealed
striking differences 1 blood molybdenum levels which were ghly cor
related with differences 1n the inorganie sulfate mtakes Thus sheep fed
chaffed lucerne hay hugh 1n sulfate and supplemented with copper and
molybdenum to give over all mtakes of approuumately 10 mg /day of each
of these elements averaged 16 g Mo per 100 ml of blood whereas
sumlar sheep recewving chaffed oaten hay low m sulfate but sumlarly sup
plemented averaged no less than 675 pg Mo per 100 ml The effect of
sulfate which was confirmed by tests with pure salts, 1s not confined
to hgh molybdenum diets although it 15 most marked under these
conditions smce even when the molybdenum mtake was only 03-05
mg /day the concentration 1 the blood of the sheep on the low sulfate
hay was much higher than 1t was m the sheep on the hgh sulfate hay
The actual 1alues recorded 1n these evperiments are giyen m Table 17

TABLE 17
Broop MoviBpeNuM Levers or Sueerd (19)
Intake (mg /day) Blood molybdenum
e
Diet Copper Molybdenum (g per 100m!)
Chaffed lucerne os .
hay (high sulfate 70
ay (bigh sulfate) i os 03
98 105 162
Chaffed oaten s
hay (low sulfate) 25 03 b
100 03 0
100 103 67

a Mean values of groups of 5



II  IN ANINMAL TISSUES AND FLUIDS 129

Astomshmngly fugh values for the blood of rbbits following 1 single
drench of 100 mg of molybdenum tnoude (Mo0O3) have been recorded
{26) Within 5 6 hours of the admimstration of this dose the concentra
tion of molybdenum had nisen from 2 pretreatment level of 130-200 pg
per 100 ml to as lagh as 1850-1970 ug per 100 ml No information 1s
given as to the nature of the basal diet, so that 1t 1s not known whether
the above pre treatment values can be considered normal” for this
spectes

4 Molybdenum n Midk

Datn on the molybdenum content of milh 2re so few that the effects
of stage of lnctation and of yvarations 1 mtakes of molybdenum or other
dictary factors on the hctating ammal are unknown There 15 a sug
gestion however of an mteresting and unusual species difference  Drea
(21) detected this element m cows milk by 1 spectrographic method
but was unable to do so i goats milk This observation led to a chermeal
mestigation of a small senes of symples of milk from these two species
(46) Cow s mulk was found to werige 475 pg Mo per liter (range
40-56) and goats mlk 135 pg /1 (range 11-16) It would be of some
interest to re-examine the posiion under a range of dietary conditions

The discovery that xanthine oudase 1s a molybdoflavoprotein 1s likely
to simulate renewed nterest m the molybdenum of milk because mlk
1s a relatively nich source of this enzyme Ewidence that molybdenum 1s
a component of the xanthine oxidase molecule was m fact obtamed
by mjecting sodium molybdate labeled with Mo® mto 1 cow and 1solat
mg the ranthme oxidase w the milk collected one to several days later
(49) Highly punfied preparations of xanthine oxidase can be obtuned
farly readily from mulk (6) but the proportion of the total molybdenum
normally present i this form 1s unknown

Il Absorption and Excretion

In contrast ta iron and copper molybdenum 1s readily and apparently
rapudly - absorbed from the intestinal tract This apples especinlly to
hexavalent water soluble forms of molybdenum such s sodm or am
monwum molybdate which have been used 1n most expenmental studies
and to the molybdenum of herbage a lugh proportion of which mn high
molybdenum pastures at Jcast 15 water soluble  With rabbits and gumea
pigs there 15 evidence that even such msoluble compounds s molybde
num tnoude and caleim molybdate are also readilv and rapdly ab
sorbed when these compounds are fed in large doses but this 1s not true
for molybdemte (MoS ) fed similarly (26) It 1s not yet known whether
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molybdenum 1s absorbed throughout all regions of the gastromtestinal
tract or whether, as with ron and copper there 1s 2 particular absorp
tve regron  Lattle 1s known, also of the factors which mfluence molyb
denum absorption The Iimiting effect of copper and of morgame sulfate
on molybdenum retention 1s due not to reduced absorption, but to mn
creased excretion of this element Sulfate as will be shown 1s extremelj
potent in this respect 1n the sheep

Most of the available evidence indicates that molybdenum 1s excreted
mainly n the urme Studies with guinea pigs and rabbits admmstered
various forms of stable molybdenum over a wide range of doses support
this statement  Support 1s 50 given by 1n mvestigation 1n which radio
active Mo®™, as labeled sodium molybdate, was administered to a steer
When given by mouth about 34% of this molybdenum appeared m the
feces durmg 14 days and 45% i the urnine Following intravenous njec
tion about 11% of the dose appeared n the feces and 37% m the urme
after 6 davs (13) From studies with sheep 1t 15 apparent that the total
amount of molybdenum which appears m the urine 1s markedly mn
fluenced by the inorgame sulfate intake of the ammal (21) So powerful
15 this factor that investigations of molybdenum retention nd excretion
n this spectes and probably also mn the bovine are largely valueless
unless the sulfate status of the diet 1s taken into account

The effect of sulfate 1s illustrated by the following facts taken from
Dick s mvestigations  In one expertment m which sheep were fed 2 diet
of oaten chaff (< 003% sulfate) plus 10 mg molybdenum per day
633% was recovered mn the total excreta during a persod of 4 weehs
of which only 3-46% appeared m the urne When such sheep were
ted a diet of lucerne chaff (0 3% sulfate) plus the same amount of molyb
denum the recovery 1n the total excreta was 96 4%, of which 50-5398%
appeared 1 the unme The actual outputs 1n the feces were very stmilar
on cach diet (21) Subsequently the diet of such ammals was twice
changed from the low sulfate oaten chaff plus molybdenum diet to the
Ingh sulfate lucerne chaff plus molybdenum diet The bleod molybde
num concentrations fell markedly following each change and the output
1n the unne rose from 03 to 159 mg /day on the first change and from
03 to 132 mg on the sccond change to the hugh sulfate diet The
datly output of molybdenum n the feces by contrast rose only from
63 to 81 mg and from 50 to 79 mg On each occaston the nse m
urmary molybdenum was accompamed by an mcrease tn unnary velume
but as 1s shown m the next paragraph the increased urmnary exeretion
of molybdenum 15 not a passive result of the greater solume of urne
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Proof that these stnking differences m both the extent and the route
of molybdenum excretion are due to differences i the morgame sulfate
contents of the diets and not to other dietary differences was clegantly
shown by fractionation of extracts of the lucerne chaff and by supple
menting the oaten chaff diet with pure salts {21) A single oral dose
of 11 g of potassium sulfate induced n immediate fall m blood molybde
num accompamed by a rapid nse m urnary molybdenum exeretion
(Fig 12) The total amount of molybdenum lost by the sheep within
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Fic 12 The effect on blood and unne molybd of 11 ¢ p

sulfate mven by mouth at the time indicated by the arrow to 2 sheep on 1
daet of chaffed oaten hay and a molybdennm intake of 10 mg /d1y  (Dick 21)

18 hours of such a dose was actually greater than could be gceounted for
by the fall in blood molybdenum The effect of the rarsed sulfate ntihe
on exeretton was evidently sufficient to induce a loss of stored molybde
num from the tissues Sodium sulfate produced sumilar effects without
any dwrests whereas potassium chlonde had no effect on unnary excre
tion of molybdenum but produced a nse i unnary volume similar to
that obtained with potassium sulfate

These important findings do not necessanly apply to all mammals
Ewvidence on this pont must awat further expenmentation with other
species It s obvious howeser that in the sheep molybdenum 1s poorly
excreted mostly in the feces on low sulfate diets and that 1t 1s readily
excreted mostly n the unne on high sulfate diets The quantitatnne
relationslups betwcen the two clements have not yet been worked out
nor has the mechanism of action of sulfate in promoting unnan, excre
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tion of molyhdenum yet been elucidated The action of sulfate 1n facth
tating the luniting effect of molybdenum on copper retention previously
discussed, 15 equally obscure These effects may be manifestations of
the same basic mechimisim but clear evidence for this has not, so far,
been obtamed

IV Molybdenum Toxicrty

The touc effects of the trace elements concern us only 1n so far as
they relate to an understanding of their nutritional physiology Studses
of the effects of excessive mgestion of molybdenum under both naturally
occurnng nd evpenimental condittons have been particularly frutful
m this respect and have led also to a very much better understanding
of the metabolism of copper and of the conditions under which copper
deficiency or excess m ammals can occur It seems advisable therefore
to consider the conditions associated with molybdenum tovieity pror
to any further discussion of copper molybdenum mterrelationships

1 Rumunants

Certun pastures n very restricted areas m England have been known
for over 100 years to cause the disease teart which 15 charactenized by
severe scounng (diarrhea) and loss of condiion m cattle confined to
these pastures Similar effects have been reported m cattle confined to
particulu grazings i Calfornia (11) and m New Zealand where the
disease which was described in Chapter 3 15 known as peat scours
All cattle are susceptible to teart but milking cows and young stock
suffer most Sheep are also affected but very much less obviously and
horses do not suffer from the disease at all In cattle the scourmng vanes
from a mild form 1 some areas to such a severe and debilitating con
dition that the ammals may eventually suffer permanent mnjury or death
Within a few days or even 24 hours of bemg turned on to some tea:
pastures cattle will begin to scour profusely lose condition rapidly, an
develop harsh stanng discolored coats (Fig 13) They usually recover
rapidly on transfer to non teart pastures ;

Prehmmnary mvestgation of the problem enabled the exclusion 0s
various possible causes including infechion parasites and 1'>011}S°“0‘cx
plants and suggested that the malady resulted from esther 1 de c:gré ))
or an excess of some mmeral element i the affected herbage (kz
Spectrographic exammation of solls and herbage disclosed one sh:lmig
fact—the molybdenum contents of the teart samples were 1:mm) i
ligher than those of the non teart samples ( 27) More thoroug
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vestigation by chemical means demonstrated that the teart soils contuned
0002-0010% molybdenum mn the surfice horizon and that they were
neutral or alkahine 1 reaction and often calearcous It was shown also
that the teart pastures contuned 206-100 ppm of molybdenum 1n the
dny matter comprred with some 3-5 ppm i nearby healthy pastures

Fic 13 Cow suffering from “peat scours (Photo by courtesy of Dr
1 J Cunmngham)

(33) These highly suggestive findings were supported by tests with
added molybdenum either fed direct to the cattle as sodium or am
monium molybdate or applied to healthy pastures to bring therr molyb
denum content up to the levels of teart herbage (27 30) These treat
ments were ughly successful in rapudly inducing the typical scounmg
of naturally occurning teart and in rusing the molybdenum concentra
tions of the blood and tssues of the treated cattle to the very hugh
levels charactenstic of the natural condition (30) Teart was thus un
equinocally established as a strmghtforward molybdenosis consequent
upon excessive ingestion of molybdenum from the affected herbage
Attempts to mitigate the seventy of the maldy by cultural procedures
had begun when a report from Brouwer and co workers i Holland
appeared 1n which a rither similar type of scounng occurred which was
associated with a copper deficiency and responded to relatively massine
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copper therapy (12) Subsequent evidence has disclosed that the sconr
mng disease 1 Holland 1s not caused by high mtakes of molybdenum
and that teart 1s not associated with subnormal intakes of copper Treat
ment of teart with copper sulfate was nevertheless tried and found to
be hughly effectve Esther feeding copper sulfate at the rate of 2 g /day
to cows md 1 g /day to young stock, or intravenous mjection of very
much smaller quantities, quickly controlled the scounng m cattle whether
they were grazing teart pastures or were fed ordinary diets with molyh
denum added i otherwise toxic amounts

The mechansm of the scourng effect of molybdenum and 1ts control
by copper 1s not yet understood It apparently concerns only the al
mentarv tract but there 1s no appreciable mflammation or local damage
of the mtestines even mn badly affected ammals In peat scours the onset
of scourmng 15 delayed until the normal stores of copper 1n the hver have
been depleted 1nd 1s quickly overcome by supplymg additonal copper
etther parenterally or per os In teart the scounng 15 equally quichly
prevented by copper admumstered in these ways but its onset or mainte
nance 1s not necessarily associated with 2 lowered copper status in the
animal nor 1ts trextment with copper with any marked or significant
depression of the molybdenum concentrations 1n the blood and tissues
(30) It 15 apparent therefore, that copper does not act sunply by
reducing moly bdenum absorption through the formtion of some msol
ble copper molybdenum complex m the bowel In any case this would
seem to be unlihely 1n view of the remarkable effectr eness of relatsvely
small amounts of myected copper m controlling the scourmg although
it has been suggested that such mjected copper could reach the lumen
of the mtestine It seems therefore, that the scouring anses from an
obscure local effect of the molybdenum on the mntestine and that copper
exerts 1ts effect 1n some equally obscure manner at ths site Molybde
num copper nterrelations are considered more fully below .

Dick (17} has drawn attention to the possible axgmﬁcance of the
sulfate radsele 1 the treatment of teart with copper sulfate He poms
out that althaugh drenchmg with a number of metals other than cop{)}:?r
was shown by Ferguson and co workers ( 27) to have no effect on ¢ ﬂz
scourmg the chloride was used m every wmstance Copper ~lone ':ble
gwen as the sulfzte In a prehmnary expenmment Dick {17) )‘IV':; na
to show that molybdenum mduced scouring could be controlle e
single calf wathm 4 days by daly drenching with 2 g copper 5‘:“ of
and within 6 days by daly drenching with i equivalent :zlmm:‘ iy
sulfate as potasstum sulfate These interestuig observahons need €0
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mg and extending but they suggest that the effect of copper sulfate mn
overcoming molybdenum scours 1n cattle my be due at least in part
to the sulfate part of the molecule

At very high mtikes of molybdenum such as occur on typical teart
pastures the seventy of the scouring wnd loss of weight obscures other
effects of this clement In some areis moderately lugh molybdenum
tikes have been shown to be accompamed 1n some wmals by a dis
turbanee of phosphorus metabolism gwving nise to lameness jomt ab
normliies osteoporosis nd high serum phosphatase levels 1t has been
reported also that cows under such conditions concerve with difficulty
and young mnle bovines exlubit 4 complete lck of sexual mterest or
hbrdo (48) The testes of these ammals reveal marked dimage to inter
stitt1l cells and germinal epathellum wath hittle or no spermatogenesis
(48) Whether such effects occur m other species suffering from molyb
denum tovicity 1s not known

2 Other Species

Ammal species vary greatly both m their tolerince to hugh intakes of
moh bdenum and 1 the touce symptoms displvyed Cattle are the lest
tolerant, followed by sheep Horses and pigs are the most tolerant with
rats rabhits and gumea pigs apparently occupymg an intermedinte
posiion The mimmum dietary levels of molybdenum capable of induc
g any 1ll effects cannot be given for any of these species on the basis
of present evidence because of the number of influencing factors some
known some unknown Tolerwnce to molybdenum 1s affected by the
chemical form m which the molybdenum 15 dmmstered (26) the
copper status and copper mntake of the amumal the morganic sulfate
content of the diet (in sheep) the level of mtike of other metals
weludimg zine and lead (293 the wntele of metluomne wnd posubly of
wvitammn B, and the nature of the diet m other s yet unknown
respects {3)

The tigh tolerance of horses 1s illustrated by therr failure to show any
symptoms of toxieity on teart pastures and that of pigs by the report
of Davis (16) that levels of molvbdenum as high 5 1000 ppm were
fed to thesc ammals for a penod of 90 days wathout any ~pparent 11l
efects The nature of the diet m respect to copper content or other
constituents hikely to affect molybdenum 1s not ginen but 1t 1s unhikely
to huve been unusualh hugh or low  Whether the great tolerance of
these species 1s assomated with 4 particularly low absorption of molybde
num has not been determined In contrast to the results with pigs an
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mntake of 1000 ppm Mo, as sodium molybdate, mduced gross touc
symptoms n weanling rabbits recesving a basal ration contarung 27
ppm Moand 164 ppm Cu, whereas levels of 140 p pm and 500 ppm
Mo bad no discermble effect (3) The effects of varous levels of molyb
denum on weanling rats are very vanable depending upon the basal diet
fed and 1 particular upon 1ts copper content Thus the addition of as
httle as 80 ppm to 2 diet contanng only 2 ppm of copper wmhibited
growth and mduced a high mortality mn weanhng rats which could be
completely overcome by raising therr mtake of copper with copper sulfate
to the equivalent of 35 ppm (14) On the other hand 400 ppm of
molybdenum as sodum molybdate produced only a sirght depression of
growth m sweanling rats given a basal milh diet contuning 63 ppm
of copper and had no sigmificant effect upon such ammals on another
type of diet contaiming 14 ppm of copper (29) In another evpen
ment with young rats the addition of sodium molybdate to the det 1
amounts equivalent to 5000 ppm Mo resulted 1 the death of all the
ammals within a few days, whereas mtakes of 1000 ppm and 500 ppm
merely inhibited growth (40) The basal det 1n this case contamed the
remarkably high copper content of 77 ppm

On this ligh copper diet the addition of 4 further 200 ppm of copper
afforded Almost complete protection agamst the towc effects of an mtake
of 400 ppm of molybdenum (40) The addition of other mumnerals,
meluding 1ron, zine and cobalt, was without any such effect, but dned
whole bver at 1 level of 5% of the diet gave a very ngh degree of protec
tion although 1ts copper content was msufBicient to account for ﬂl:S
therapeutic effect  The role of copper m preventing or overcommng the
touc effects of molybdenum has been established beyond doubt by m:;:);
workers (3 14, 28 29 40Y, and recently 1t s been demonstrated thal
methionine 15 equally or more effective than copper ot than mt;ﬂ;or\:ﬂ:
and copper together (28) (Table 18) The methionme was f& la i
level of 06% pr methiomne the molybdenum was added at a eve]
of 008% (500 p pm ) Mo as sodium molybdate and the copper it q l:}::t
of 003% Cu as copper sulfate It 1s emphasized by these wor Ifrs .
the effect of the methionine resulted from an mterrelationship eh‘:m
molybdenum and methiomne and not from an over all m'xprmemenmm
the dhet (28) The mode of action of methionme m this cunn;c‘hat
remans to be determmed It may be as the authors have suggeste: © on
there 15 a direct compleving of the mmeral by the amino acd, Oi ‘me u)r,
function 1s a complexng agent after 1ts conversion to homoq;uends ol
cysteme by amalogy with the effectiveness of sulfhydnl comp
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vitarmn By» 1 overcomng molybdenum towueity m Lactobacillus lewch
mannu (151)
TABLL 18
Inmsimion oF Growrn v Rats ny Morysornun ano 1rs Connecrion ny
Drrrany MetnioNINE anp Corien (28)

\ean weight

chnge? Feed

Dicte (g) efficiency
1 Basal 171 278
2 Basil+\\o 114 376
3 Basal 4+ Mo + Methionme 156 302
4 Bual+ Mo+ Cu 134 307
5 Basal 4+ Ao + Metluomne + Cu 162 290

@ The bas1l dict was mneralized whole milk powder with supplements as follows
Mo 00S% fed as sodum molybdate 1 06% oL h Cu 003%
copper fed as copper sulfate

b Expenimental penod 6 weeks All values are mean for 6 rats (3 males and 3
females) The Jeast difference between 2 means required for sigmficance { t  test)
12=21g 5%=17g

Of great nterest 1 connection with the tovc effects of molybdenum
are the different svmptoms displayed by different species In ruminants
the outstanding feature of molybdenosis 15 diarrhea accompamed by
loss of weight anema and loss of coat color No sign of diarrhe hns
been observed n rats rabbits or guinea pigs recewving dietary intihes
of this element sufficient to mduce marked whibibion of growth or
even death withm a few days Nether his any ndication of anemia
been reported 1n rats or gumea pigs under such conditons In fact n
these species retardation or failure of growth or loss of body weight
accompanied by anarexa appear ta be the only wdications of melyb
denum toviaity  In young rabbits on the other hand the touie syndrome
1s charactenzed by anoresta loss of weight alopecir dermatosis and
severe anemia without diarrhea or achromotrichir  In some rabbuts a
deformty of the front legs also develops These symptoms 1re ndis
tingwishable apart from the absence of achromotrichia from those that
anse i rabbats as a result of copper deficrency and the leg abnormality
bears a certam resemblance to the crooked front legs produced 1n this
species by manganese deficiency

An understanding of the underlving reasons for these species dif
ferences and also of the iochemical mechamsms mvolved 1n the pro
found mmeral and other nutnent mterrelationships that the study of
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molybdenum toxieity has disclosed must 2w ut further experimentation—
expenimentation which includes studies of the levels of molybdenum and
other elements within the tissues and of the actvities of the enzyme
systems of the tissues under 2 range of dietary regimes

V Molybdenum Copper Interrelations

A reciprocal antagomsm between molybdenum and copper, 1n which
the level of dietary moly bdenum affects copper metabolism nd the level
of dietary or mjected copper affects molybdenum metabolism has been
demonstrated 1n sheep, cattle, rats, ind rabbits It 1s Likely that such an
antagomsm applies also 1 other species although this has not been
mvestigated so far as 18 known The nteraction between the two ele
ments has been referred to earlier, m relation to the absorption, retention
and exeretion of copper and molybdenum and to the occurrence and
treatment of chromc copper poisomng and molybdenosts 1n sheep wnd
cattle respectvely, but no over all picture of the posihon as at present
understood has yet been presented This 15 attempted briefly below

The effectiveness of both oral and mjected copper 1 controling the
pathological effects of excessive ngestion of molybdenum has been
clearly estabhshed over a wide range of environmental conditions nd
under certan conditions not yet fully defined copper so admmstered
exeraises a hmting wfluence on molybdenum deposiion m the Iser
The mechamsm of this intagomstic effect 15 unknown 1nd the relabon
ship cannot yet be expressed m quanttatnve terms That there 15 a
quantitative relationship can be shown by comparing the condittons
under which the bwo diseases teart and peat scours, eccur and are con
trolled In tenrt pastures lugh levels of molybdenum rapidly cause scour
ing 1n cattle despite a normal copper content Massive oral dosage w:tl:
copper 1 required to counteract this amount of molybdenum In pe;l
scours pastures a moderate excess of molybdenum causes scounng only
if the pasture copper is below normal and only when the ammal ll)s
depleted of copper by the low mtake mnd by the imtng effect of m?lvh
denum on copper storage At this mtahe of molybdenum control o ttz
scounng 15 achieved by ramsing the copper content of the pastures
normal levels—levels at which severe scounng quickly develops m
cattle on teart pastures These field findings have been supportedszg’
sufficient evidence from experiments with stall fed ammals {15
to warrant the conclusion that the raho of dietary copper and molsbde
num ts a factor of prime importance m determimng the touieity ofm ’\Y;‘v
particular Jevel of molybdenum mtake It does not however mply
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that other dictary factors myy not exert 1 modifying nfluence on this
ratio In fact this seems lughly probable m view of the known fact that
certam pastures with normal copper concentrations judged by standards
estiblished elsewhere 1nduce copper deficiency symptoms such as sway
back i sheep The factor or factors 1n these pastures responsible for
this impurment of copper absorption and utibzation m1y equally modify
the effect of copper 1 ntagonizing moly bdenum

The hmting effect of molybdenum upon the retention of copper m
sheep nnd eattle 1s established as unequivoeally under the appropriate
conditions «s the opposite effect of copper on molybdenum toxicity
although the mechamsm of its action m this regard 1s just s obscure
This hmting effect 1s apparently an evceedingly complex process m
which dietary factors other than copper known and unknown are power
fully mmvohed The demonstration that molybdenum influences copper
metabolism 1n this way only i the presence of adequate intakes of
organie sulfate (19 20) was 2 Ing step forward and there 15 no doubt
that many of the apparently conflicting results reported can be expluned
on the basis of different levels of morgame sulfate 1n the diets employed
It 15 however not the whole story The nature of the effect of molyb
denum on copper metabolism 15 also nfluenced greatly by the level of
molybdenum mtake and by the copper status of the ammal In the
presence of adequate dietary sulfate molybdenum cn both deplete
the copper concentration of the tissues 1nd blood 1n sheep 1nd muntun
or increase these concentrations depending upon the mntake  Moreover
it can precipitate severe symptoms of copper deficiency while muntain
mg the concentrations of copper 1 the blood and tissues at normal or
near normal levels Thus Marston (34) reported the results of two ex
pertments 1n which Ingh doses of molybdenum (50 and 100 mg Mo per
day 15 molybdate) were admimmistered to sheep Where the sheep were
grazed on pastures normal in copper content the molybdenum treat
ment resulted m decreased copper concentrations in the lner Where
the sheep were grazed on the copper deficient pastures of the calcareous
hittoral of South Australia the effects of the ligh doses of molybdenum
were stnikingly different By companson with controls recemang no
added molybdenum there wns 1 significint decrease i the rate of deple
tion of copper from the Iner the muntenince of sigmficwntly hugher
concentrations of copper n the blood and the preeipitation of the
symptoms of copper deficiency “sooner and in most flagrant form ™

The s 1lue of these important obsenations has been greatly increased
by the studies of Dick (18) with pen fed sheep gnen copper sufficient
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diets to which varymg mmounts of morganie sulfate wnd molybdenum
were added These showed very convinemgly that the mfiuence of
molybdenum on blood wnd hver copper concentrations depends upon
the magmtude of both molybdenum and sulfate mtakes At Iugh levels
of molybdenum (60-90 mg Mo per day) the concentration of copper
m the blood 1s greatly mncreased and hver copper values do not fall
so long as the diet contans sufficient morgame sulfate The amount by
which the level of copper m the blood nses was found to be dependent
upon the molybdenum nt1he withmn the range 15-90 mg /day when the
sulfate intake 15 constant and upon the sulfate intake when the molyb
denum level 15 constant within the same range It was found further
that the sheep receiving the lagh molybdenum Iigh sulfate dets quickly
developed typical copper deficiency lestons m their wool despite the
high blood and hissue copper concentrations

It bas been postulated that the coeustence of symptoms of copper
deficiency with normal concentrations of copper m the blood nd tissues
1e the physiological copper deficrency which occurs at high mtihes
of molybdenum and sulfate results erther from the molybdenum fixng
the copper m a form which 1s not wvailble for physiological functions
or from the molybdenum antagomzing the copper contuning enzymes
(18, 34) It can be postulated further that the rise mn blood copper
concentrations which occurs under these condihions results from the
mobibzation of copper reserves n 1n attempt to overcome the “physt
ological copper defictency just deseribed The fact that hver copper
values do not fall when sheep are subjected to these high mo)s bdenum,
high morganic sulfate conditons but do fall at lower molybdenum
intakes, suggests that the normal mechanisms of copper excretton 3s
well as utihzaton e wmterfered with 2t the higher levels of molybde
num but not 1t the lower (18) The valdity of thesc hypotheses cin
only be determined nd the elucidation of the whole problem of molyb
denum copper nterrelationships achieved by a great deal more €t
permentation which includes a ringe of closely controlled copper ’lmt)e
Lbdenum and morganic sulfate intikes by the ammal and very compie
and detaled studies of the distribution of copper and moly bdenum 1
1ts hissues, flds and excretions at ech of these mtakes

Vi Molybdenum and Xanthine Oxidase

The 1dentification 1 1953 of xanthine oxaidase as a molybdofinve
protemn (42 44) imphes that molybdenum 15 an essential element ;ﬂ
the diet of ammals at least to the extent that \anthine ondase 15 0
cerned with essential metabolic processes Ten years earhier Terest
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Ehelyem and Hart (46), prompted by previous findings that thos
clement 15 widely distributed m plant and ammal tissues and 1s required
by vanous forms of plnt lfe for normal growth and deselopment
attempted to determme whether 1t 15 an essentinl nutnient for tmmals
They fed groups of weanhng rats for 1 period of six weeks on 1 diet
of goats mlk mmerthzed wath on copper and manganese with and
without added molybdenum  Comparable growth was shown by litter
mates on this diet whether the molybdenum was added or nat  As the
rats consumed some 40 ml of milk duly contaming 05 pg Mo 1t was
concluded that 1f the young rat requires molybdenum for growth its
requirement must be less than 05 ug /day  Thus represents approumately
001 ppm of the dry dict No tssue xanthine ouidase asstys were of
course made m this study

About this time 1t wns shown that nboflwvin {5) and proten (35)
deficiencies decrensed the concentration of Inver xanthine oxuidase 1n the
rat, Subsequent imeshgations by Westerfeld and Richert (50) estab
hshed that santhine oudase was present i small amounts in the lung
spleen kidney and shin and 1n large amounts m the lhver and small
ntestine that Iner and intestinal \anthine ovudase was markedly de
pleted by a low protein punfied diet that the amount remaming was
adequate to mantmn a normal excretion of unic acid and allanton
and that the levels achieved with a punfied diet contaming adequate
protemn and nboflavin were only 75% or so of the values obtamed with
diets contaiming natural foodstuffs such as liver or mull 1t was postulated
that these foodstuffs contamned some factor designited the xanthine
oundase factor or AOF responsible for this effect (51) and that this
factor was probably related to the umdentified component of the prosthe
tic group of xanthine and aldehyde oudases (6) Two groups of workers
then tackled the problem of the 1solation and 1dentification of the xan
thine oudase factor by a senes of fractionation procedures apphed to
liver residues (42) and sov flour (44) It was shown 1n each case that
the active component m these matenals responsible for muntaming the
xanthine oudase content of the tissues was molybdenum The response
of intestinal xanthine ovidase 1n the rat to mereasing amounts of molvb
denum 1o the punfied diets used 15 shown n Fig 14

This finding was immediately followed by the demonstration that
molybdenum 1s a nondalyzable component of xanthine oudase tself
(31 39) and that this enzyme contamns two molecules of flavin adenine
dinucleotide and one atom of molybdenum per molecule and has
molecular weight of about 230 000 (31) Subsequently 1t was shown that
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xanthine oxidise contams wron as well s molybdenum, that wron flavin
and molybdenum occur 1 a ratio of 8§21 and that the mmmum
molecular weight of the enzyme 1s approximately 320 000 (43)

It should be emphasized that in none of the expenments so far
reported has the depletion of hver or intestinal xanthine oudase been
accompamed by any detectable disability m the expenmental rats nor
has the addition of molybdenum to the xanthme oudase depleting diets

Fic 14 The response of mtes
tinal xanthme owudase i the rat
to mereasing amounts of mohb
denum m the diet (Westerfeld
and Richert 53)

Intestne XO ¢mm Q7 O mn /2R3 mg

: - M
o 20 4 60 8 100 10 140
g molybdenum/kg diet

resulted 1n any improvement 1n therr grow th or metabohsm Until such
effects are produced molybdenum cannot be sud to have been z::r
equivocally estabhished as an essential dietary stem 1n this or ;m¥ :m -
spectes It 1s entirely possible for stance that unic acid can 6}. o el
by a mechamsm which does nat mvolve xanthine oxidase  On the ueeds
hand 1t may be that the amount of xanthine ouidase m the rat far ev}c‘lmm
the amount required to fulfil its normal function and that sign. o
functional defects will anse when the amounts of the enzymedﬂrg 1sent
further reduced by the development of still more molybdenum dél C()O’
drets De Renzo and co worhers (42) found that diets conta(x‘nmg“er;
ppm molybdenum supplyng 02-03 pg Mo per rat pex"rh]:)lm e
sufficient to produce a “saturation level of xanthine ovadased > agout
a maxmum daly requrement of molybdenum of this or e}r‘ .
one half of that shown earler to be sufficient for the gm\lvi on?amed
rats (46) The basal diets of \Westesfeld and Richert also co
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about 20 g Mo per hg or 002 ppm It scems that diets appreciably
lower than this 1n molybdenum are neeessary and that they must be fed
for sufficiently long penods to deplete the ammals molybdenum stores
prrticulaly those m the bones before 1 clewr clum ean be mde that
this clement 1s a diotary essential

These findings with rats ruse 1 number of mteresting questions <on
cerming the effects of very low molybdenum diets on grazing sheep and
cattle 1nd s to whether some pastures may be so low in molybdenum
that they impose some physiological disability on the grazing ammal
The sigmficance of pastures of low molybdenum content 1 favoning the
accumulation of copper in the Iver and other tissues of sheep and there
fore 1n the occurrence of chrome copper poisomng 1n these ammnls was
discussed 1n the section on copper toxicity n Chapter 3 The only other
conditon which so far s 1s known can even remotely be rclated to
molybdenum insufficiency 1s that of the occurrence of a high madence
of \anthme renal c1leul in sheep grazing on the Moutere Hulls  pastures
i New Zealand (25) The soils of these hills have subsequently been
shown to be very low n molybdenum compared with neighbonng soils
where a symlar lugh mcidence of xanthine caleul had not been observed
(32) but pasture analyses for molybdenum have not been obtamed which
would enable molybdenum deficiency to be impleated as a cusal
factor m this conditon Nor have the tissues of affected animals yet
been evamined for molybdenum Moreover there 1s evidence that the
ncidence of such calcul 1n sheep grazing these pastures decreised well
before molybdenum treatment of soils and pastures was appled to
mprove plant productvity (4) It 15 obvious that 1 great deal more
study will be necessary before this condition i sheep can be considered
2 manifestation of molybdenum deficiency

VIl Distribution of Molybdenum in Foods

No comprehensive mnvestigations of the rations of molybd
m human foods or estimates of molybdenum takes from average
human dietanies appear to have been carned out Ter Meulen (47)
reported beans and peas to be rcatnely nch in molybdenum (3-9
ppm ) with whole cereal grans next in order as a group contaming
02-06 ppm and vanous fruits and segetables contammg “only min
ute traces  Subsequent mvestigation has confirmed the relitive richness
of legumes and of cercal grans and has shown that the molvbde
num 1 the latter 15 concentrated to some extent m the germ and
posstbly the bran (9) In 1 more extensive recent study Westerfeld and
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Richert (52) found legumes, cereal grams, and some green leafy vege
tables to be good sources of molybdenum and frutts bernes and mest
root or stem vegetables to be relatwvely poor sources Luver, hudney
and spleen were the only animal tissues exammed which were considered
good” sources of molybdepum The vanation among different samples
of the same classes of foods was so great however, that classification
this way 1s of doubtful value Thus the range of values reported for the
total molybdenum concentrations found by these workers was 0254 69
ppm for the legummous seeds 012-114 ppm for the cereal grams,
and 014 and 054 ppm for two samples of omons Westerfeld and
Ruchert also assayed these and various other foods for available mohb
denum by determing the mtestinal \anthine oadase response to their
mcorporation nto an otherwise punfied molybdenum deficient diet.
Comparison of these assay results with the total molvbdenum deternined
chemically showed that 50-100% of the dietary molvbdenum was wail
able” for this hiological response
The molybdenum concentration 1n plants vanes with the species and

with the soil type Crucifers are relatively rich in this element and e
subject to a molybdenum deficiency disease on certam soils {(eg “whip
tal m caulflowers) m which the leaves may contan murhedly sub
normal concentrations of molybdenum (41) Sigmficant differences
among pasture spectes 1n molybdenum content have been demonstrated
even when these are grown on the same soil type (23) but the molb
denum status of the soul and 1ts pH are the man determmants of the
concentration of this element m plants Molybdenum 15 not readly
absorbed by plants from acid sous, and hming of such soils or the addt

tion of small quintities of molybdate or both, are very effective means
of raismg the molybdenum content of pasture plants The mzpamncz‘
of sail condutions 15 evidenced by the fact that molybdenum contents ©

pasture spectes have been reported varymg from less than 01 ppm m
some areas to over 25 ppm on the alkalme teart sos which oceur
restricted areas m England and elsewhere
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The first senious scientific work on any of these wasting drseses
began 1n New Zealwnd at the end of the 19th century It was soon estab
Lished that bush sickness was not due to erther an mfectious or & towe
agent and a mineral deficiency or excess was postulated to explamn the
condttion A long series of mvestigations by Aston and co workers then
led to the claim that bush sickness was due to a deficiency of won (15)
This claum w s based upon the occurrence of anemia 1n affected anmals
the low 1ron content of “bush sich” soils and pastures compared with
those of healthy arews and, most compelling of all the effectneness
the cure or prevention of the disease, of dosmg stoch with crude iron
s1lts or ores

Within 1 few yeus the won defictency theory of Aston had become
generally accepted and appeared to be supported by the finding that
sumilar condibons 1n sheep and cattle, m several different parts of the
world, responded similarly to treatment with erude 1ron compounds (45)
In fact long after this theory had been disprosed occasional reports
appeared suggesting that certun debihtating miladies of grazing sheep
md cattle were mamfestatrons of a deBiciency of won mn the sods nd
pastures of the ffected areas The virtual impossibility of xron deﬁmen:‘
ever ansing 1n grazing stock has been discussed previously { Chapter 2)
and need not be repeated here

Subsequent work m New Zealand demonstrating msignificant af
ferences 1n 1ron content between certamn bush siek and health) pastures
(127) and little correlahion between the curative effect of varous won
compounds and thetr 1ron content (67), threw some doubt on the (;rz!‘l
deficiency theory but mdisputable evidence agunst it was provide \
Filmer and Underwood (51, 54 148) mn their myeshgrbons of 1 “asugs
disease of sheep nd cattle (enzoohic marismus) mn certun Jocaliz
areas in Western Austraha These workers became suspicious of the ex
tremely high doses of won compounds required to cure this cox]ldlm:‘
and Ike the New Zealand workers just mentioned observed hitle co
relition between the size of an effectne dose and the amount a‘;{f l:‘g;
supphed They found further that the hvers and spleens of ec\ns
ammals contaned excessive stores of won and that whole lver ‘on
curative mn doses which supplhed msignificant amounts of wron An};’m
free extract of one of the curahive compounds (limomte Fe 0.11t s
was then prepared which was just 1s potent 1§ whole lxmomtfe ootic
clear that 1ron deficiency was no longer tentble as the enuse ot @ -
marasmus and that this disease was probably due to a deﬁcxer:;:t 7
the herbage of some trace element which occurred 1s 1 ct:{nlﬂf::d '1nd
the won compounds used In sewrch of this element Underv
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Filmer (151) divided an aron frec estriet of hmomte mto chemrenl
frictions and found the poteney to reside m the zine group of ele
ments which included zine manganese mchel and cobalt  Following
some muslexding tests with mche! suggested by the relatively lge
amount of this element m this fraction varous combinations of the four
elements of the zine group were tested on affected anmals which
showed clearly that the potency of the iron compound Iy 1n the cobalt
which 1t contuned Normal growth and henlth of sheep and cattle on
the ffected pastures were sustuned by the admimstration of minute
oral supplements of cobalt chlonde 1lone  Subsequently 1t was shown
that the soils and pastures of the affected arens contuned much lower
concentrations of cobalt than those of healthy areas and that the Iners
of affected amimnls contuned subnormal levels of this element (152)

Winle the New Zealand and Western Australian investigations were
procecding studies of coast disese of sheep occurring on the ealeireous
sandy dunes of South Australia were bemng carried out  The possibulity
that this disease was due to an 1bsolute deficiency of 1 mineral element
or to 1 deficieney nduced by the lngh consumption of caleim carbonate
from the emuronment was early recogmzed Supplements of phos
phorus and of copper were completely neffective 1nd the particular iron
compounds 1n the madequate doses used produced only a transitory
mmproyement in the condition of coasty” sheep (109) A mineral mixture
supplymng small amounts of won copper boron manganese cobalt
mchel zime arseme bromme fluonne and alummum on the other
hand duced growth and reproduction m ewes on coasty country
comparable with that of ewes mamtamed on sound pastures (109)
The fact that coast disease 1s accompanted by 1 progressive wnem and
the earlier finding of Waltner and Waltner (156) that cobalt stimulates
hematopoiesis 1n rats led to the suggestion that cobalt might be the
particulir element responsible for the beneficiil cffects of the mieril
muitture  Prchminary expeniments by Limes (97) and Marston (100)
showed that the admmmstration of 1 mg of cobalt per diy by mouth
resulted 1n a dramatic 1mprovement m the appetite body growth nd
hemoglobin levels of consty sheep Tlus important finding was made
several months prior to the simlir finding of Underwood and ilmer
(151)  Subscquent expeniments by VMarston and co workers (109)
showed that treatment of coast diseise with cobalt 1lone gave faghly
vanable results nd that the progressive deyclopment of anenn could not
be prevented by these mens  Further supplementation with copper w 1s
found to be complctely successful nd 1t was concluded that this disease
15 the result of 2 dual deficiency of cobalt and copper (109)
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The first sertous scientific work on any of these wasting diseases
began m New Zealand 1t the end of the 19th century It was soon estab
hished that bush sickness was not due to erther an infectious or a towe
agent and 2 mineral deficiency or excess was postulated to explam the
condition A long series of mvestigations by Aston and co workers then
led to the clum that bush sickness was due to 2 deficiency of won (15)
This clum was based upon the occurrence of anema 1n 2ffected ammals
the low 1on content of bush sich soils and pastures compared with
those of healthy arets and, most compelling of all the effectiveness m
the cure or prevention of the diserse of dosing stock with crude won
salts or ores

Withm a few years the won deficrency theory of Aston had become
generally accepted and appeared to be supported by the finding that
similar conditions 1 sheep and cattle, n several different parts of the
world responded sumilarly to trertment with crude ron compounds (43)
In fact, long after this theory had been disproved oceasonal reports
appeared suggestng that certam debilitating maladies of grazing sheep
ind cattle were mamfestations of a deficiency of 1ron mn the soils and
pastures of the affected areas The vartual impossibihty of won deﬁcneng‘
ever ansmg 1n grazng stock has been discussed previousl (Chapter 2)
and need not be repeated here

Subsequent work in New Zealand demonstrating msignificant dif
ferences 1 1ron content between certan bush sich and healthy pastures
(127} and httle correlation between the curatne effect of vanous won
compounds and their 1ron content (67), threw some doubt on the mén
deficiency theory but mdisputable evidence rgainst it was provided ;
Filmer and Undenvood (51, 54 148) n their imestigations of 1 “05“23
disease of sheep wnd cattle (enzootic marasmus) n certan localiz
areas m Western Australia These worhers became suspicious of the ex
tremely high doses of won compounds requred to cure this condition
and Iike the New Zealand workers just mentioned, abserved little cor
relation between the size of an effectne dose and the wnount of 1::3
supplied They found further that the Iivers wnd spleens of affect ”
ammals contamed excesstve stores of won and that whole Iner \;ﬂ
curative m doses which supplied msigmificant 1mounts of ron An};fo)
free extract of one of the curatne compounds (hmomte, Fe 03“ a5
was then prepared which w1s just as potent s whole hmnmt: oootic
clear that 1ron deficiency was no longer tenble as the cause of ¢ .
marismus and that this disease was probably due to 1 dcﬁcxenc)t .
the herbage of some trace element which occurred s 1 conhmx;l:nand
the mron compounds used In search of ths element Underwo
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Frlmer (151} dnided an 1on free extract of hmomte mto chemienl
frictions and found the potency to reside m the 7ine group” of cle
ments whnch ncluded 7ine manganese mchel and colnlt  Followmng
some musleading tests with mehel suggested by the relatively lrge
amount of tlus element 1n this friction + wous combmations of the four
elements of the zinc group were tested on affected ammals which
showed clearly that the potency of the iron compound Tny 1n the cobalt
which 1t contuned Normal growth and health of sheep and ecattle on
the affected pastures were sustuned by the admimstribion of minute
or1l supplements of cobalt chloride ~lone  Subsequently 1t was shown
that the sols and pastures of the nffected areas contuned much lower
concentrations of cobalt than those of healthy areas and that the hvers
of affected ammnls contuned subnormal levels of this element (152)

Wihile the New Zealind and Western Australitn investigations were
proceeding studtes of coast disease of sheep occurring on the calewreous
sindy duncs of South Austraha were beng carned out  The possibihity
that this disease was due to an absolute deficiency of 2 mmeral element
or to a deficiency induced by the high consumption of caleium carbonate
from the emvironment was earhy recogmzed Supplements of phos
phorus and of copper were completely meffective ind the particular ron
compounds 1n the madeq doses used produced only a transitory
improyement in the condition of coasty sheep (109) A mmeral mixture
supplying small amounts of won copper boron manganese cobalt
mchel ztne arseme bromme fluorme and alummum on the other
hand induced growth and reproduction m ewes on coasty country
comparable with that of ewes mamtamed on sound pastures (109)
The fact that coast disease 1s rccompanted by a progressive anemt and
the earlier finding of Waltner and Waltner (156) that cobalt stimulates
Tiematoporesis m rats led to the suggestion that cobalt might be the
particular element responsible for the benefienil effects of the mineral
mixture  Prehmunary experiments by Lines (97) and Marston (100)
showed that the admimstration of 1 mg of cobalt per d1y by mouth
resulted m a dramatic 1mprovement in the appetite body growth nd
hemoglobmn lcvels of costy shecp This wnportint finding was made
several months prior to the similir finding of Underwood and Filmer
(151)  Subsequent expenments by Marston and co workers (109)
showed that treatment of coast disewse with cobalt lone giwve highly
vanable results and that the progressive development of anemi could not
be prevented by these means  Further supplementation with copper w s
found to be completcly successful wd at was concluded that this dise 1se
15 the result of a dual deficacncy of cobalt and copper (109)
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Immeditely following the publication of the Austrahan results with
cabalt cobalt supplements were found to be equally effective 1n the
cure and prevention of bush sickness 1n New Zealand (12), salt sick
n Flondr (117), pming 1n vArious parts of Englind and Scotland (40)
and nikurwbs m Kenya (7) alt of which had been earlier shown to
respond to massive doses of iron compounds Withm 4 few years a
number of rather similar conditions i sheep and cattle grizng certam
very locilized areas in many parts of the world, mcluding Canada the
Umited States Irelind Norwty Sweden, Denmark and Estonia had
abo been shown to be due to 1 defictency of cobalt 1n the soils and
herbage and to respond to cobnlt therapy References to these are given
m reviews by Owen (121) and Marston (102) It seems highly hhely
that there are other areas in the world where cobalt deficiency m grazing
rummants eusts lthough this may not necessanly be m the cute form
described below

2 Mamfestations of Cobalt Deficiency

A strdung feature of cobalt deficiency w both sheep and cattle s the
absence of any symptoms wiich can be regarded s spectfic for this
element The appearance of 1 severely cobalt deficient ammal 15 one of
extreme emaciatton and Dstlessness indistinguishable from that of 1
starved ammnl (Fig 15), except that the wvisible mucous membranes
e blanched and the skan 15 usuilly pale and fragile The emacmt\mfl
or wasting, of the musculature (marismus) results from the falure o
appette wlich 1s an early and conspicuous symptom of the condxhor:!
and the paleness of the mucous membranes and skun from the )jrmfam}x1
anemia which usually develops progressively with the sevenity of the
cobalt deficiency

The mtensity of the symptoms shown, and the rate t wihich ﬂt]lz
develop, depend primanly upon the concentration of cﬂb:}!]lt mm:ﬂ
herbage consumed and upon the age and previous history of the nn:nore
Young growing Inmbs and calves exlubit the deficiency syndr?im: e
quickly wd severely than adults under the same conditions and 3 son
areas and some seasons only young stock are affected ‘The se o
(chmatc) condittons and botimeal nature of the pastures mi\)l'1 .
affect the madence and seventy of cobalt deficiency, esgecnfn‘ls);"a‘l

marginil or mapently deficient weas (90) The nature of t 0‘ se e
factors which affect the cobalt status of pastures presumably ‘dmr):tiod
vanable uptake of cobalt by plnts from the soil 15 httle “s':eseusua“)
except through therr influence on botanical composibon Gras
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ciny lower concentrations of cobalt than legumes or  herbs”
under the same conditions (90 143)

It 15 not surpnsng, n view of the factors influcncing colnlt ded
st outhned thit the syndrome vares from the aewte el fat
ditton descibed erher through 1 senies of less acute stages to

fic 15 Above a hesfer showmg, sivere cobalt defiaency Below the
ammal several weeks after treatment with cobalt  (Photo by Dr ] F Fy

i dcfined and often transient state of unthnftiness which e
be diagnosed with certunty s cobalt deficiency by the rapid
whuch follows dosing of the ammnls with cobult When sheep o
e turned on to typical coblt dehiaunt terrain or are stall
cobult ddficient herbage  there 1 however 2 chiractenstie re
At first they grow or thene normadly - Tlus penod may Tast for
months depending upon thar age and proviows lustors There
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followed by extreme mappetence, weakness, ripid wasting or loss of
condition accompamied by 1 progressively severe anema culmimiting
m death (54, 109) It should be pomnted out that these are extreme
consequences resulting from acute deficiency and that mulder forms
especrlly m adult stock charictenzed by unthriftiness suppression or
dimmnution of lactation and the bith of weik lambs or calves which
rarelh sunive more than a few weehks, 1re common m many affected
are1s (51, 109)

The body of severely affected ammals presents on autopsy 1 picture
of extreme emactation with often a total absence of body fat The
Iner 1s fatty, the spleen hemosiderszed, and there 1s 2 hypoplasia or
aplisi of erythrogenic tissue 1n the bone marrow The red cell count
and the hemoglobm concentrations are 1lways low mn affected ammals
m the field The levels may be only 30% of normal, or even lower,
according to the degree of deficiency There 1s some disagreement on
the nature of this aneruar  Filmer (51) found 1t to be normocytic and
hypochromic 1n Jambs wnd mucrocytic and hypochromic 1 calves, with
ansocytosss and marked poikilocy tosis but without esther poly chromasia
or punctate basophilia Smuth et al (138) report a normocytic and
normochrorme anemtr 1n lambs wherews Marston (102) reports the
condition 1 sheep as a profound macrocytic tnemia with marhed
pokilocy tosss and polychromasin’ Detuled studies of the morphological
chiracteristics of the blood 1n cobalt defictency do not =ppear to have
been undertaken elsewhere There 15 general agreement however that
1t 1s not the anema which 1s responsible for the general symptoms of
cobalt deficiency Sheep fed cobalt deficrent rations i pens occasionally
die of mamtion before becommng severely nemic Inappetence and
marasmus vanably precede any considerable degree of anema and
the first discermble response to cobnlt feeding 1s an lmost immediate
and rapid 1mprovement n appetite and body werght followed by 3
delayed lthough often equally dramibc improvement 1n the b]oou
picture  Some workers have actually reported a small temporary ffc
m hemoglobin and 1n red ccll numbers comadental with 1 dmm; llt
improvement m 1ppetite wnd appernce mmmediately following cotn
trertment (16, 51)

3 Cobalt Requirements
s
The quantity of cobalt necessary to fulfil the nutrition 1l reﬁnrim&l;r
of rummants 15 extremely small—certamly less than one tenth o ot
requurement for coppcr and apparently very sinilar to therr ;e?tmcr:ntcﬂt
for 10dine  Normnl pastares wnd fodders vary greatly m coba
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but mostly lie within the ringe 01-03 ppm on the dry bass Deficient
pastures generally contun only 003-005 ppm but values as low s
001 ppm hae been recordcd  Fom estensue studies of New Zealwnd
prstures (10 112) at appears that 2 cobnlt concentration of 007 ppm
m the dry matter can be considered as the mmmum compatible with
satisfactory growth and health of sheep and eattle The position 15
very stmilar i Western Australian pstures aceording to Underwood and
Hanvey (152) The somewhat lugher mmmum level of 0L ppm 15
suggested by Stewart (140) on the basis of Scottish experience

Sheep grizing deficient pastures contuning 002-004 ppm of cobalt
were quite exrly shown to respond to duly treatment with cobalt salts
supplving s little 15 005 mg Co duly but optimum growth and health
was only obtamed with 2 duly supplement of 01 mg (55) A more
precise assessment of the mimmum requirements of sheep has simce
been made by Marston and Lee (102) These workers found that
supplement of 005 mg cobalt duly admumstered by mouth thrice
weekly was just sufficient to provide the requirements for 1 perod
of three vears of sheep grazing herbage contummng 002-003 ppm
of cobalt. This mdicates that a total mngestion of 007-003 mg Co per
day will completely fulfill the requirements of the sheep and that 2 dict
contumng about 008 ppm 1n the drv matter will therefore suffice for
this species It wall be noted that this figure lies between the mimma
set by the New Zealand and Scottish workers The mmmum cobnlt
requirement of bovines 15 not so precisely known but field evidence
mdicates that tlus must be very similar 1n terms of cobalt concentration
m the fodder to that of shecp Duly supplements of 03-10 mg cobalt
h1ve been found adequate for the muntenwnce of normal growth and
health of cattle grazing typical cobalt deficient pastures (55)

4 Prevention and Treatment of Cobalt Defiuency

Cobalt defictency m ruminants ¢in be prevented or overcome either
by direct wdmimistrition of cobalt to the nmmAal by injections of vitwmn
B, or mn most areas by trcatment of the sorls or pistures with cobalt
contumng fertihzers Treatment wath vitamin B, to be discusse 1 later
seems hardly hikely to bocome of ¢reat practical sigmihicince in the control
of coblt deficiency for rcasons of cost and incomventence The provision
of adequite supphies of cobalt erther directly or through the pastures
so that the animals can produce thar own requrements of vitimmn B,
15 thercfore the most economuc and widely practised form of control

v Drrect Admunstration of Cobalt Tl m the mvestigations of
cobalt deficieney 1t was found thit to be fully effectne antmals must
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be dosed frequently with cobalt salts For the best results dosing at
not more than neekly mntervals 1s necessary Correspondingly larger doses
gnen at fortmghtly wmtervals are helpful but do not prevent the onset
of defictency symptoms (102) Drenclung monthly mtersals with
much larger doses of cobalt than the monthly equnalent of the dady
dose wall prevent obvious signs of deficiency an sheep on typical cobalt
defieent pastures but at wall not produce opumum resalts (52) Lee
(91) states that cobalt deficiency 15 completely controlled 1 sheep by
drenclung once each weeh with 7 mg cobalt whereas the offical Mew
Zerhind recommend wtion 15 that cobalt dases for deficient sheep slonld
contun the equiy lent of 2 mg cobalt and be given twice each week

This necessity for frequent and regular dosing with cobalt contrasts
greatly with the posiion with other trace elements such s won nd
copper These clements are readsly stored 1n the hssues especsally
the liver, during penods of abundant snt1ke d these stores we normally
wwulable to the body to help tide over penods of madequate mtthe
The sitwation 1s quite different with cobalt The ammnl body his a
very hmited cipraity to store this element, which 1s quickly and almost
completely elimunated trom the body Moreove, hissue cobalt does not
rewdilv pass to the "hmentary fract where 1ts action 15 exested Frequent
dosing by mouth 15 therefore essentril to mamtun the requued con
centrations of cobalt wathin the trict particularl m the rumen stself

To be completely effective cobidt must not only be adwmumstered
frequently but 1t must so be given by mouth Injection mto the blood
stream 15 useless (Fig 16) even though mjections hinve been shown to
mcrease, and if repeated, muntam, the concentrition of cobalt m th;
hier ind blaod ten fold (21 104 135 1267) The meffecteness 0{
mjected cobalt a5 due to the fact that it does nat reach the site o
rction 1e the rumen or the rumen wwd the reticulum and the omsum
Some muprovement 1 the condition of difivent anunls ks b(;’cn 01;
served where very Jarge amounts e mjected (84 126a) butzt 15 an
possibly be esphuned bv small wmounts entering the rumen 1n ¢ dw Sﬂt :c
or throngh the rumen wall It has been shown tht mjected rt Kt”c }:en
cobalt does not appear 1 the ramen reticulum or omsum echl) "m N
very Jarge amounts are mjected and even then onhy m extremely Sm -
quantihes {38) Direct plhcument of cobult salts mnto the nbom')su0 "o
the duodenum by means of <bomasal nd dnodenl fstulas és( ?115)
effectine s cobalt gnven by mouth but 15 certamnly of some bend! >
In thus cse defintte evidence was abtuned thit cobait adm)ml:tc‘z’l-:mcrl
these ways reaches the ramen The concentrations of cobalt m ; Lc!l:num
hiquor of sheep recenng cobalt directly 1nto the 1bomasum or duo
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were three or more times greater than in the rumen of Inmbs recenving
no cobalt (125) With the abomnsal plcements this can possibly be
expluned on the basis of oral diffusion but with the duodenal placements
the more hkely possibibties are those mentioned n relition to large
mtravenous njections namely entrance vi1 the salua or through the
rumen w il
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b Treatment of Pastures  The necessty for frequent drenching of
mdiidual ammals with cobalt salts led to the mvestigation of other
lss tedious and more cconomical means of control The provision of
cobalt contaiming salt Ticks or supplements has some advantages and 1s
practised 1n some arcis but 1t 15 not always easy to cnsure 1 reguhr
and adequate supply of cobalt to 1l antmals by tlis method The most
economic and most widcly practised means of ensuring contmuous nd
ndt:quate supplies of cobalt 1n mny deficient arens 1s through trextment
or “topdressing” of the pastures with fertilizers with which 2 proportion
of cobalt salts or orcs has been mived { cobaltized” fertiizers) In this
wa the coneentration of cobalt mn the pastures can be rused to normal
levels for evtended pentods without affecting the growth of the plnts
Ashttle a5 4-5 0z of cobalt sulfate per acre apphed annually or biennial
Iy on many defictent pastures (11 129) and 1 single topdressing with 20
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oz of cobalt sulfite, has muntaned pasture levels of cobalt and the
bealth of grazing stock at 2 normal level for « penod of 6 years 1n some
parts of New Zealand and for 3 years i others (4) Aenal topdressing
with solutions of cobalt sulfate at this level has proved fully effectie
m controilng cobalt deficiency on rugged hill grazings not accessible
to furm machimery (4) The effectivencss of these treatments depends
primanly upon the soil types but also upon the species of plants which
vary m their ¢apreity to bsorb cobalt from the soil On the caleareous
sand dunes of South Australin treatment of the sod or herbage with
cobnlt 15 much less effective owing to the relatively Jow uptake of the
added cobalt from sols of this type

¢ Treatment with Liver Liver Extracts and Vitamin B,,  Very carly
mn the expenmental study of cobalt defiency the effect of treatment of
affected imimals with lner was tried Both fresh and dnied Iiver, n the
Inrge doses of 200 g and 40 g /day respectively were found to be aghly
curative when fed to lambs or enlves (51) although it was later shown
that these doses supplied msuffictent cobalt to wccount for their beneficial
effects (55) Luver ash 1n equnalent 1mounts was found to be meffec
tne Ths finding which was subsequently confirmed m New Zealwmd
(53) led Filmer and Underwood (55) to suggest prophetically that

the potency of hiver m1y be due to the presence of 1 stored factor
and that cobalt my function through the production of this factor withm
the body ”

These results with liver could not be repeited by Marston and Lee
(105) waith sheep on cobalt deficient pastures and Becher and Sm)tlh
(19) were also unsuccessful with oral doses of Inver preparitions
mmstered to cobalt defictent Tambs 1 pens WWhether s tasngreement
can be resolved m terms of the amounts or composition of the hver fed
15 not known, but enidence that antipernicious nemin extracts of hner
are curatne of cobalt deficiency when smjected wis obtuned by these
latter workers {19) They separated a potent liver extract into 24 ;mll
tons by the countercurrent distribution techmque and found a 1%1
correlation between the vitamin By, actvaty of these fractions and (:
appetite, weight and hemoglobin responses m cobalt deficrent 1\:“:
(139) This led to 1 re evaluation of the curaty e effects of pure “m‘ e
B> which earher studies had shown to be meffective m the doses hor
used (21 104) When Smth et al (139) mjected doses of 150 ?g °
more of vitrmin Bys twice weekly mto affected lnmbs comp]etelv] “\:n
able responses were obtuned This ymportant finding s w il be 5207 6
was subsequently confirmed and extended m several Inboratonies (2

105)
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The recogmtion m 1948 that vitamin By 15 4 cobalt contuning com
plex (1371) stimulated immedite ntercst m 2 possible relationship
between this compound wnd cobalt deficiency m rummants It had
already been shown that relitively lrge amounts of vitamm By are
normally present in the rumen contents (61 68 731) and the rte of ats
synthesis there nd in the lower levels of the gastromntestinal tract was
found to be greath reduced 1n the cobalt deficient amimal (1 61 68
731) However, the first attempts to overcome cobalt deficiency 1 sheep
with vitamin B;  admimstered either parenterally or per os were unsuc
cessful s was mdicnted previously  The doses used in these prehmmary
mvestigations (1 ug of vitumin By or ats equnalent per day to Tnmbs
(21) and 15 pg per week to sheep (104) were bised upon the amounts
used successfully i the treatment of human permcious anemin patients
It 1s now known that the metabolic demands of the ruminant for this
vitwmn are venn much greater than those of man and probably of other
nonrummant species

The mimmum requirement of injected vitamm By- to prevent ll signs
of defictency and promote full growth and health in ruminants consum
g severely cobalt deficient fodder has not yet been determined pre
asely but in lambs 1t appers to be very close to 100 g /vweek (6 89)
Marston and co workers (105 108) used arbitrary doses of either 300
pg /week or 50 pg dav wlich is pricticalls 1dentical with that used
ongnally by Smuth koch and Turk (139) At this level of injection
immediate and rapd remussion of the symptoms of cobalt defictency 1s
obtuned m shecp (Mg 17) In fact both the blood dyserasia and the
general condition and appetite responded shightly more ripudly to treat
ment with this quantity of vitamin B, than to dosing with 1 mg Co per
day  Anderson and Andrews (2) found that unthnfty lumbs grazing 1
cobalt deficient pasture responded at lewst equilly well to vitamin By
mjected at the much smaller dose of 100 pg /week 1s they did to cobalt
dosed orally at the rate of 7 mg 1 week (Fig 18) A single missne
mjection of 1000 ug vitamm B, produced only 1 brief response m
such Jambs 1n contrast to the position i humans where single mjcctions
of this order secure rumission of permcious anemn for periods ringing
from 4 to 12 months (155) Somec response to oril vitumn B, at the
very hugh dosc levels of 1000 ug week was obtuncd by Andrews and
Anderson (6) but this response was appreciibly less than the responses
to mjected vitarn B, or oral cobalt (Fig 18) Vitwmn B,, (h
drorocobalamin) 15 as effectne as vitumn By atself i curing cobalt
defieicncy mn Jambs when mjected at the rate of 100-125 pg /week (89)
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5 Mode of Action of Cobalt

Abundant evidence 1s now w ulble from which 1t ean be concluded
that rumm ints have only an mdirect need for cobalt and that this ele
ment functions pimanly 1f not wholly through 1ts action 1n promoting
the growth of thosc microorgumsms in the rumen whose function or
one of whose functions 1s to synthesize the considerable needs of the
host anmmal for vitimin By Only when therr nutnient medium  the
rumen hquor contams a1 sufficint concentration of cobalt can these
orgamsms prohferate n sufficient numbers to provide the body needs
for this vitamin and prevent the development of the charictenistic syn
drome of cobalt deficieney  Cobalt deficiency 1n ruminants 1s therefore
m effect 1 vitamin B, deficiency

The evidence 1n support of this conclusion some of which has already
been presented can be summanzed as follows (1) Ruminants are the
onl species 1 which cobalt deficiency has been  demonstrated
(b) Cobalt must be ingested 1f 1t 15 to be fully effective (Fig 16) or
1t must be placed further 1long the vimentary tract i sufficient quant
ties and m such a position that 1t ¢ pass to the rumen reticulum and
omasum 1 appreciable wmounts (125) (¢) High concentrations of
cobalt per se can eust in the blood and tissues following mjection
without preventing symptoms of cobalt deficiency (d) The tota]
amounts and concentritions of cobalt in the rumen contents and in
the microbial fraction of the rumen contents are very much lower m
the cobalt deficient than n the normal amimal (125 146) (e) There
15 a marhed diminution in the numbers of bictena m the rumen and
significant changes i the types of orgamsm present m the cobalt defi
aient ammal (61) These bictenal changes are not the result of lowered
feed intake as such and can be restored to normil by cobalt feeding
but not by cobalt smjection  (£) The rumen contents of normal ammols
are a rnich source of vitamin B, but the concentrition of this vitamin
1s very greatly reduced in cobalt deficiency (61 68 73a 126) (g) The
blood and the Iiver of cobalt deficient sheep contam very much lower
levels of vitamm B, than the blood and liver of norm1l sheep or of sheep
gnven adequate cobalt but whose feed mtihe 1s imited to that of cobalt
deficient ammals (74) (Table 19) The unnary and fecil excretion of
vitamin B, s 1lso very much lower i cobalt deficient than n coblt fed
sheep (44) (h) Cobalt dcficient lambs and sheep respond dramatically
and completely to mjection of vitammn B, or witwmmn B, » 1n doses
(100-300 pg /weck) which arc very Jirge in companson with thosc that

we effcetive 1n human pormeious anemin - At these dose levels there are
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mdications that the responses 1 appetite, weight gans and hemoglobin
are shehtly more rapid than with oral cobalt

These findings lewe no doubt that the symptoms of cobalt deficency
m ruminants anse s A result of 1 shortage of vitumin B, but they do
not prove that vitvmin By atself 1 the only cobnlt contuming compound
of mmportance to the ruminant They also leave many questions still to
be answered such s the rddation of vitymm By to appetite and the
reason for the relitney high rcquirements of the rummant for this
vitimm - Furthermore  although the conclusion that cobalt functions
merely to stmulite the prohferttion of those microorginisms wathin the
rumen that produce vitwmin B, 1s a logienl deduction from existing
facts 1t has not yet been supported by any direct microbiological en
dence m which particular types or species of orgamsms have been 1m
plicaited m vitamin By synthesis and shown to be reduced m number
m the cobalt deficient 1mimnl or to mcrense with cobalt mgestion  How
ever the cobilt deficiency state 15 not nccompamed by amy over all
mpairment of digestibility (19) wlich suggests that those orgamsms
m the rumen responsible for cnrbohydrate breakdown are not reduced
m number or effectneness Obviously a more thorough mvestigition
of the microbrological spects of the whole problem of cobalt deficiency
15 badly needed

The possibihty that cobalt 1s concerned 1 the ruminant with the
formation of cobalt contuning compounds other than wvitumm B, 1s
suggested by some recent findings whose sigmficance 15 difficult to
evaluate at present It has been established that only a small proportion
of the vitamm B, actraity (by B coli and L leichmannu assty) of the
rumen contents of calves and sheep 1s due to vitamuin By atself (cyano
cobalimin)  As much as 90% of this activity may be due to other com
pounds whose evact chemical nature remams to be determned but
wluch are mactinve 1n the ammal whereas the vitamm B, actiy 1ty of the
liwers of cattle and sheep 1s due almost entirely to vitumn By atself
(58 126) The nature nd potency of these compounds m relation
to vitamin B, are discussed m a later section  For the present 1t cn be
stated that true vitamm B; can be nssayed by means of the protozoon
Ochromonas mahlemensis These findings led Ford Kon and Porter
58 126) to put forward the hypothesis for wlnch there 1s yet no clear
Proof that cobalt has 2 double role 1 the rumnant This 1s for the
production of vitamm B, which 1s clearly essential for the normnl
metabohsm of the 1mmal and for the formation of the other vitamm
By ke compounds wlich have no B, activity within the tissues of the
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indications that the responses i appetite weight guns and hemoglobin
are shghtly more rapid than wath oral cobalt

These findings lewe no doubt that the symptoms of cobalt defictency
m ruminants anse s 1 result of 4 shortage of vitamin By but they do
not prove that vitumn By atself 1s the only cobalt contuming compound
of importance to the ruminint They also leave many questions stll to
be answered such as the relition of vitamm By to appetite and the
reason for the relitnely Ingh requirements of the rummant for this
vitamin  Turthcrmore  although the conclusion that cobnlt functions
merch to stinulate the proliferntion of those microorgamsms within the
rumen that produce sitamin By s a logrenl deduction from euisting
facts 1t has not vet been supported by my dircet microbiological evi
dence m wineh parbicular types or species of orgimsms have been 1m
pheited m vitamin Bys synthesis and shown to be reduced in number
n the cobnlt deficient 1mmnl or to increase with cobalt ingestion  How
ever the cobalt deficiency state 15 not 1ccompamed by any over nll
mpairment of digestibality (19) wlich suggests that those orgamsms
n the rumen rcsponsible for carbohydrate breahdown are not reduced
m number or effectiveness Obviously a more thorough investigation
of the microbiological aspects of the whole problem of cobalt deficiency
15 badly needed

The possibility that cobalt 1s concerned 1n the rummnant with the
formation of cobalt contuning compounds other than vitwmin By 1s
suggested by some recent findings whose sigmficance 15 difficult to
evaluate at present It has been estabhished that only a small proportion
of the vitammn B, actvity (by B cols and L leschmannu assiy) of the
rumen contents of calves and sheep 1s duc to vitamimn By atself (cyano
cobalarmn)  As much as 90% of this activity may be due to other com
pounds whose exact chemical nature remains to be determined but
which are nactive in the animal whereas the vitamin B, actity of the
huers of cattle and sheep 15 due almost entirely to vitamin By atself
(58 126) The nature and potency of these compounds in reion
fo vitamin B, are discussed an a later section For the present it can be
stated that true vitammn B, can be asstyed by means of the protozoon
Ochr hl These findings led Ford hon and Porter
58 126) to put forward the hypothesis for which there 1s yet no clear
proof that cobalt has a double role in the ruminwnt  This 15 for the
production of vitamin By wlich 1s clearly essentinl for the normal
metabolism of the ammal and for the formation of the other vitamuin
B, Il compounds which have no B; actinaty within the tissues of the
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of vitwmn By although the precise mechamsm myolved 1s equally
obscure but the relation of vitwmin By to the mappetence which 1s
such 2 domnant feature of cobalt deficiency 1n these spectes and which
responds so dramatically to exther oral cobalt or parenteral vitamin By,
15 not understood at all  The most likels explinttion would seem to
lie 1 some derangement of the fermentation process consequent upon
the depression in numbcrs and changes in types of microorganisms
present i the cobalt deficient rumen Tlis could kad to the formation
or to the nccumulation of abnormal brerhdown products due to 1 re
duced rate of passage of such products along the alimentary tract (141)

6 Cobalt and Phalans Staggers

“Phalns staggers 1s the populr name given to a disease of sheep
and cattle which occurs when these anmmals are restricted to certun
grazings consishing  predommantly of the percnmal grass  Phalans
tuberosa  In most ares where this grass 1s prevalent the malady 1s un
known The disease affcets ammnls of ny age wnd 15 charctenzed
chmeally by marked incoordmation of gut (stiggers) generalized
museular tremors and rapid brenthing and pounding of the heart which
are pirticularhy apparent when the ammnls are driven or disturbed
Chromeally ffected anmmals repeatedly fall and experience great diff
culty mnsing T requently the fetlochs remun knuckled over the animal
cranls away on its knees becomes progressively weaker and finally dres
but the seventty of the symptoms varies greatly 1 different individunls
Very mildly affected animals apparently completely recover on transfer to
“sound” pastures but where the symptoms are as just descnbed no known
treatment will effect recovers Pathologically the disease 1s charactenzed
by degenerative changes (demyelnation) in nerve fibers of the spinal
cord and of the medulln oblongatr wnd by hemosiderosis of the
hadneys (110a)

Phalns staggers was first described by McDonnld (110a) who was
led to suggest from a consideration of the nature of the condition and
its restricted occurrence that at anses s a result of 2 soil deficiency
which affects the metabolsm of Phalans so that 1t produces ether an
abnormal towic substance or excessive amounts of some normal poten
tally toue substance Support for this hypothesis came from later ex
penments by this worker in which topdressing of Phalins pastures with
a mineral muxture consisting of salts of zine cobrlt boron manganese
copper and molybdenum were found to prevent the incidence of the
diserse (1101) Tt was shown further that staggers developed in sheep
restricted to similar pasturcs topdressed singly with boron copper or
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host 1mmal but may be necessary for normal microbal function mn the
rumen

A sabsfictory explaniion of the relitwvely ligh requirement of the
ruminant for vitamn Bye must also wart further experimentation In thus
connection 1t 15 intereshing to note that the average vitamm Bj» con
centration of the hver of healthy adult ruminants 15 approumately twice
that of simular nonrummnnt spectes (136) The mtermediary metabolism
of rumuants 15 knowsn to differ markedly from that of nonrumnants
particularly in respect to the mens by which they dense their energy
requirements The mam sources of energy to rummants e the lower
fatty actds (acetic propnome, and butync) obtaned by fermentation
of carbohydrates 1n the rumen It can be postulated that the metabolism
of lnrge quantities of these substnces xmposes an especially high vitamm
By2 requirement but for the present, this must remun as an attractne
hypothesis only It should be apprecited also that although the curatne
requirements of vitamun B m the rumimant are large by companson
with those needed for the remission of pemicious anemr m mu they
are not so large when viewed 1 relation to the quantities available to
the normal ammal These are difficult to eshmate because achvities
rangmg from 50-60 pg witamn Bys per 100 g of dry rumen contents
by cluck ssay (68) to over 1000 xg per 100 g by E coh wd L lech
mannu assay (73a, 126) have been reported As was pomted out eather
the latter mclude a hugh proportion (up to 80-90%) of cobalt contamng
vitamin By Iihe substances, other than vitamin By itself which appear
to serve no useful purpose to the mimal Furthermore even the true
vitamin Bys concentrition of the rumen mgesta of normal sheep can vary
greatly under different dietary conditions (73a) If the average contetr;
of the dry ingesta of the sheep s rumen be taken as 800 g (8 hte:s XX r
dry matter) and 100 pg per 100 g of vitamm By_ 15 used 5 3 nurmﬂt
concentration 1t can be calculated that the total true vitamn B, preser
1n the normal rumen 1s about 800 g On this basts ijections of ¥ ;
#g /week do not seem undaly large wnd the fact that the orl d]osese;)
1000 g /weeh guen by Andrews and Anderson (B) were e “m‘h)e
meffective suggests that vitammn By» 15 very poorly absorbed 1 B
rummant This suggestion 35 supported by one study with v:t'\xmmln
contaming rdioactive cobalt (123) and by A recent report ndies )_;,
that less than 5% of the true wvitamin Bje produced m the rumen :
absorbed from the rumen of sheep (39) The reasons for this poo
absorption are not yet known

ItIE not dxHicu]t);o relate by analogy with human permoous ;m’::!-::
the profound anema of cobalt deficiency n suminants to the shortag
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at Ieast an sheep  Where staggers does not develop in ammals grazing
Phalns pastures at 1s presumed that the soils are eapable of muntun
g sufficient concentrations of cobalt m the Phalans or in the other
components of the grazing to meet the extry requirements of this element
imposed by the stress of the arcumstwnces  Whatever the mechimsm
ultimately shown to explun the medence and control of Phalns stag
gers however tls discase rem uns as 1 remarkable example of soil plant
ammal mterreJatonstup

Il Cobalt in the Nutrition of Man and other Nonrumrnants
1 Nonrummants other than Man

Horses remun perfectly healthy when restricted to the grazings which
nduce svmptoms of cobalt deficency n sheep and cattle md all
attempts to produce a state of cobalt deficiency n small laboratory
ammals have famled Rats have been shown to grow as well on sem
svathetic dets supplyving s Iittle 15 06 pg (150) or 03 pg cobalt per
dav (753) as when these dicts were supplemented with additional cobalt
and three generations of these ammals have been raised successfully on
diets which provided between 015 g nd 035.g cobalt daily accord
ing to the amount of diet consumed These rats revealed no obvious
dufferences in growth and appearance from controls recerving additional
cobalt (101) Rabbits have been mantained on diets supplying as httle
as 01 pg cobalt per dvy (144)

Since the concentrations of cobalt 1n these diets are much lower than
those which will induce the cobalt deficient state i rummnants 1t can be
deduced that their requirements for this element are extriordnanly
low They must however have some need for dietary cobalt when con
suming all plant rations because the igher plants contun httle or no
setarmn By and tlus vitammn 1s necess iy for the mmtls normt! meet
bolic processes The mummum cobalt requirement under these con
ditons would therefore be the amount necded by the mtestinal flor
to enable them to synthesize sufficient supphes of vitummn By» for the
host ammal  In herbworous speeies such s the rabbit guineapig wd
horse this situation applies at a1l times but m omnnores such as the
rat and pig it apphes only when the ration contuns nsufficient pre
formed vitamin B; The dicts used 1 the cxpenments with rits de
senbed above would ecrtainly supply ppreciable quantities of vitimin
B, and even 1n the expenments with ribbits the position would be com
pheated by thar latat of coprophagy  Whether nonruminant species
require cobalt other than s 4 constituent of vitumn By 15 unknown



166 5 coBarr

manginese but not where zinc cobalt or molybdenum was appled
(1102) The etology of Phalans staggers became much clearer when
following a chance observation that a supplement of cobalt fully pro
tected sheep from this demyelmating malady (102) Lee and huchel
(92) obtamed unequivocal evidence of 1ts association with merprent
cobalt deficiency and of its complete prevention by regular oral dosing
of sheep grazing affected pastures with cobalt salts In 10 ewes which
were dosed each weeh with 7 mg cobalt there was no madence of
staggers whereas 11 of 15 untreated ewes grazmg with them were
affected 6 of them fatally This important finding was subsequently
confirmed with larger numbers of sheep (92)

Two alternative hypotheses have been advanced to explam the protec
tive action of cobalt in Phalans staggers (92) The first 1s that an m
creased cobalt concentration 1 the rumen contents favors the prolfera
tion of particular microorganssms which have the capacity to destroy
the neurotouic principle m Phalans before 1t 1s absorbed from the ab
mentary tract The second hypothesis 1s more nterestmng smce 1t i
volves an analogy with a probable function of vitammn B, m human
pernicious anemia In this condiion vitammn Bie not only corrects the
blood dyscrasta but also arrests the progress of the neurologrcal defect
(subacute combined degeneration of the cord) wluch 1s an almost
vanable symptom of pernicious anerma and which seemingly occurs as
a result of the accumulation of unidentified myeln destroying, neurotoc
substances ansing from the same gastric defect wlhich prevents the
absorption of witarn B;  Since ths neurclogical defect m man s
overcome by vitamm B, 1t 15 argued that this vitamm funchons 3s 2;
detouicating agent preventing the accumulation of harmful amounts 0
the neurotowic substance In Phalanis staggers it 1s postulated that the
neurotosic principle mgested from the Phalaris which has not yet been
wsolated or 1dentfied similarly accumulates m sufficient concentnhgm
to mduce the demyelination responsible for the staggers syndrome unlez
coudttions of suboptimal cobalt and hence suboptimal vitamin By sta “f
of the ammals The provision of additional cobalt or the mgesuon}‘l’
sufficient cobalt from the ordmary diet, 1t 1s suggested prevents !’:
disease by ensuring the production within the rumen of sufficient vxf:mm
By» to meet the normal metabolic requirements of this vitumn
additon to detoucate the neurotowic substance o

At this euly stage in the mvestigation of the problem there 1s lowde
cient evidence to support fully exther of these hypotheses or to pri

de of action of cobalt m
any more acceptable explanation of the mo ot eobalt
Phalans staggers but there 1s no doubt of the protective action
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In the absence of any mdication of 2 function for cobalt 1n mn
except 1 the form of vitymmn By~ the problem of cobalt n the nutntion
of this species 1s one of the sources and supphies of this vitumin rather
than of cobalt atself  All ordinary diets supply much more total cobalt
than cn be accounted for as vitarun By The 5 pg of vitymin By per
day which has heen found adequate for the treatment of permcious
anemi1 when gien orilly with narmal gastrie juice contuns onlv about
02 pg of cobalt An wernge adult dict of good quality supphes 5-8
pg cobalt duly (69) the actunl intahe depending upon the nature of
the diet consumed Human foods varny considerably m cobalt content
both within and between the different chisses of foodstuffs (77) A
compilition by Young (161) gnes the cobalt content of plant matenals
consumed by man s varymg from 12 ppm of the edible portion of
spmach to 0005 ppm of the edible portion of chernes From the
relitneh few yvalues 1 ulable it appears that the green leafy vegetables
espeenilly spinach are the nichest and also the most vanable source of
this clement nd the cereal gruns and the dairy products are the poorest
source Typical values tahen from the datr of Hurwitz and Beeson (77)
are spmach 04-05 ppm cobalt on the drv basis cabbage and lettuce
02 ppm cowpeas (sced) 01 ppm and corn (maize) 00l ppm
The concentration of cobalt in the dry matter of cow s mulk 15 lower still
probably very close to 00040006 ppm It can however 1s 1s shown
later be greath mcreased by supplementmg the diet of the cow with
cobalt  There 1s no doubt also that the cobalt content of vegetibles
especially the leafy vegetables could be grewly mcreased by cobnlt
fertlizaton  There appears to be no justification for such treitment on
any known soils because there 1s no evidence either of a need for 1
greater mtake of cobalt thin that normallv obtamed from ordinary
human dietanes or of a shmulition of plant growth from the added
cobalt In fact cobalt does not apper to be an essentiil element for
the growth of plants

IV Cobalt Content of Animal Tissues and Fluids
U General Distribution

Reliable data for the normal range of concentration of cobalt 1n body
fissues and fluids are avulable for relatnely fow species but they are
sufficient to ndicate that this clement 15 widely distnbuted throughout
the body extremely low concentrations  There have been numerous
observations of the distribution of radionctie cobilt m the tissues of
mice rits rablits pigs sheep nd cattle following oral or pirenteral
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Indications that the diets of simple stom iched anmnls m1y not ahvays
contun sufficient cobalt to enable therr mtestinal orgamsms to synthesize
'ldequal'c supphes of vitamn B, for optimum grow th have been obtaned
from several experiments with pigs (46) Additions of small amounts of
cobilt (approumately 2 mg/hg feed) ns cobalt chlonde or cobalt
catbonite to 1ll plant rations (corn soybean oil meal) were shown by
Dinusson wnd co workers (46) to increase the rate of gun and the eff
ciency of feed use of growing fattemng pigs to 2 very small but sigmf
cant (P < 005) eitent In some espennments these workers obtamed
similar ymprovements over the bisal ration by the addstion of vitamin
Bi2 or meat scraps but ¢ response from cobalt supplements was observed
with these rations even when they included 5% of meit scraps (46)
These suggestive findings are of sufficient mterest and importance to
warrant further mvestigntion of the value of cobalt supplements for
growmg pigs under ngidly controlled conditions m which the dietary
mtakes of both cobalt and vitamn Bys are entically assessed

2 Man

In the hummn spectes interest n cobalt 1 distmet from vitunn By
has been focused very largely on ats value as a nonspecific erythroporetic
stimulant 1o the treatment of various types of anemin  This function of
cobalt, to be discussed Iter 1n relation to cobalt poly cythema has found
some apphcation 1n human medicme An earlier suggestion that this
element mght play some part m the normal treitment of the secondar)f
anemias of man becuse of ts i arnble presence as 4 contamnant O
1ron salts and compounds (149) has recenved httle support ( 18)3 g“‘
Kato (83) reports an accelerated formation of red cells and hemoglo :':
m antants sufferng from nutritional anerm when won treatmentc“ad
supplemented with reltively large (50 mg) doses of cobnlt SOM
results mn post hemorrhagic nemuas and anemnis due to mfechion P
tumors from sumlar doses of cobalt have been clamed (160) and sxg“‘m
cant erythropozetic responses have been obtamed by treatmg the mllemde
assoctated with chronte reral diserse with oral doses of cobalt ch egﬂhr
at the rate of 20 mg /day provided thit the treatment 15 contmu o
at least a month (62) These Itter results 1re of some pncnc’(l’f e
portnce because no therapy, other than transfustons or reducton
uremi1 was previously hnown for this condition *
ently been reported by

ged cobalt thesapy 10
nst the 10

® Thyrord hyperplasia and hvpofunction have very rec
knss ef al (89a) as serous touc manestations of prolen;
children and adults suffermg from anemia  These authors wamn agar
cnminate use of cobnlt especially m mfaats and children
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There 18 some evidence of a simlar plicental transfer of cobalt m the
sheep

Coblt v 1lucs for human tissues obtuncd by modern reliable methods
of nlysis are exceedingly scanty  Heyrovshy (73) reports the follow
ng concentrations m two human cadwers expressed as ppm of cobilt
m the fresh tissues lner 0084 and 0148 kidney 0113 and 0084
myocardium 0018 wnd 0015 brun 0021 and 0014 and lung 0009
and 0011 Conversion of these figures to the dry basis reveals that the
concentritions do mot differ greatly from those recorded for similar
tissues m other speaies

2 Colalt in the Liver

There 35 an extensine hterature on the cobalt content of the hver
particulirhy for sheep and eattle because liver cobalt determinations
have been found extremely valuable but not mfallible mids 1n diagnosing
coblt deficieney 1n the field The concentration of coblt in the hiver
of these species vanies very hittle with the age of the ammal but 1t 1s
markedh influenced by the level of coblt intake 1n the diet This s
evident from the figures for liver appearing 1n Table 20 and 1s supported
by a considerble body of evidence from 1 wide range of environments
Thus Underwood nd Hinvey (152) found the mean concentration of
cobilt 1n the hners of 1 group of sheep suffering from cobalt deficiency
tobe 006 ppm on the dry basis compired with 028 ppm for healthy
sheep and Marston and co workers (107) reported a mean of 009 ppm
cobalt for the lners of costy sheep compared wath 034 ppm for
similar group of healthy coblt treated wumals  Very stmilar values to
these have been obtuned for normal cattle (63 113) and for cobalt
deficient cattle (113) From an extensive study of bush sich ammals an
New Zealand McNaught (113) suggests thit 004006 ppm  or less
m the dry matter of the hvers of sheep and cattle mdicate cobalt defi
cenicy and that 008012 ppm or more mdicate 1 satisfactory coblt
status This worker showed further that unlike ron nd copper coblt
does not normally accumulite mn the fetal lner The cobalt concentra
tion i the liver of the newborn Inmb and cilf 1s however reduced
below normal when the mother has been on a cobalt deficient diet nd
can be rmsed above normal by prepartum cobalt feeding In both sheep
and exttle under conditions of steady 1dequate cobalt intake 1t appears
that the cobalt concentration m the hver niscs very shghtly from birth
to weamng nd 15 normally somewhat Iugher i the mature than n the
ncwborn ammal

The lner 15 frcquently referred to as the storige orgn of the bods for
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dosing with racdhoactive cobalt (26 37 130) All of these have shown
that the retuned cobalt 15 tien up mn trices by all tissues with the
highest concentrations occurnng 1n the Iiver and hadneys and to a lesser
extent m the pancreas Values obtuned by conventional chomeal
methods similwly show that the hughest concentrtions of cobalt general
Iy occur 1n all species exunmed 1 the hver, kidney and pamereas
Oceasion] lugh concentrabions have been reported also n the heart,
spleen shin and cartilage The muscles are among the lovest of the
tissues mn cobalt concentritton but because of thur Iarge mass they
rival the hver as a site of totl storage Nothing 15 known of the forms m
which cobalt eusts, or 1s bound m the tissues other than 4s a part
of vitamin B> 1In the rumnmt there 1s no doubt that 4 very hugh pro
portion of the cobalt i some tissues nottbly the lner must normally
evist in the form of vitimin By This pomt 1s constdered further m the
following sechon

The actuil concentrattons of cobalt m the hssues are greatly de
pendent upon the level of cobalt mtike by the ammal The are
reduced below normal by subnorml mtakes (14) mnd can be mcrms_cd
beyond normal levels by cobalt supplementition of ordmary diets {157)
The effect of subnormal mtihes of cobalt on the cobalt content of the
tissues of young sheep 1s tlustrated 1 Tible 20 Ward and co workers
(157) reported concentritions of coblt wm the tissues of normal newborn

TABLE 20
Conart ConNTENTE oF TirE Trssies oF CobaLt DEFcienT axp Heavrio
CopAaLT Theatep Sueer (14)

Gall

Canditton Liver  Spleen Rudnyys Heart  Pancreas Bladder Hlood

1
Cobalt deficient 002 003 003 ool 002 002 00
Healthy
cobnlt trented ot
for 5 months 015 009 025 006 011 003

@ Measured ;n ppm Co on the dry basis
except for the

lof 10pp™m
plement of

calves ringing from 010 to 022 ppm on the dry basis

shin and hur swhich contaned the exceptionatly hugh lere
Newborn calses trom cows which had recerved a detary sup) b
cobalt for 21-120 days pmor to cahumg were found to cont‘\}‘: Iner
stantinlly hagher levels of cobalt n thewr tssues eSPccqnn)l . findmgs
and kudncys where the inereases were of the order of 507 T te;e bovm%
indicate that cobalt rendily passes the placentad bammer 10 the
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the ene On the other hand there 15 15 yet no evidence that the ap
pwenth Jlower utwmn By potency of milk from ewes on unsupple
mented normal rations imposcs any limitation upon the growth or well
bemg of the suckling lamb

V Cobalt Absorption and Excretion

Numerous studies with stable and with radioactive cobalt earried out
with 2 wide ringe of ammal spcares hwe shown that this clement 1s
very poorh retuned by the tissues and whether admimistered orally or
pwenteriliy 1s almost completely ehmmated from the bodv withm 2
few dus The pathw iys of everction are the feces the bile and the
unne but the proportion of the adminmistered cobalt ehminated by these
routes vanes with the method of rdmimstration A high proportion of
orlly adminstered cobalt usually appears m the feces Fecal cobalt
consists very Inrgely of the unibsorbed fraction of the dose plus 1 small
but sigmficnt wmount wlich s been bsorbed and excreted mnto the
mtestine via the bile Absorbed or injected cobalt by contrast 1s
excreted very rgely an the unne wath 4 small fraction elmmated in
the bile to form part of the fecal cobalt Cobalt 15 apparently not ex
creted into the mtestine vin the pancreatic juice (116) as mght perhaps
be eipected from the relatively high ration of this el t con
sistenth found mn the pancreas

Such a pattern of cobnlt absorption and excretion has been demon
strated in rats (65) rabbuts (137) gumei pigs (110) cows (38) sheep
(13 102) and man (87) Thus Greenberg et al (65) mjected 1 100 pg
dose of radioictine cobalt 1nto rats with biliary fistulre and found an
average of 63 5% of thts dose to be elimmted by way of the urine 5% 1n
the feces and 35% m the bile wathin 72 hours  After oral admimstration
of a smular dose of radionctive cobalt excretion took phee at the sime
rate and by the same pathways but 40% appe wed mn the feces 2% 1n the
bile and 185% 1 the unne Comir wnd co worhers (38) mjected 174
#g of radioactive cobalt mto the jugular vem of a rumen fistuli cow
and recovered about 657 of tlus dose 1n the unne about 7¢ m the feces
and 67 i the blood within several hours Very small amounts were
detected 1 the salna but none 1n the rumen When these workers
mtroduced the same amount of radicactive cobalt dirceth mto the
Timen 827 was found to be stll 1n the rumen after 11 hours  After 7
dft\s this had decreascd to 17 of the onginal dose by wiich time over

2« Was recounted for 1n the feces and only very small amounts i the
unne Ashew wnd Joslind (13) drenched shecp with 1 sigle 4 me dosc
of cobalt g cobalt chlonde and followed the course and rate of exere-
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Arclubald (9) 02-11 (mewm 06) pg/1 The average cobalt content of
cow's colostrum s almost 10 times higher namely 5 g/l (98)

Whether under conditions of coblt deficiency, the cancentration of
cobnlt 1 mulk 15 reduced below normal, as occurs with copper under
conditions of copper deficiency has not yet been determmed but the
concentration 1 colostrum ¢ readily be rused sbove normal by pre
partum cobnlt supplementation ot the cow (157) and m mill durmg
full lactation by supplementing normal ritions with hiberal amounts of
cobalt Archubald (9), usmg a double reversal method with 4 cows
found thnt 1 supplement of 120 mg of cobalt s cobaltous acetate daly
for 4 months ncreased the cobalt content of the mulk four fold, that s
from a mean of 06 to a mean of 24 ag /1 1t 15 apparent that m con
trast to the positon wath won and copper, the mammary ghnd readdhy
permts cobalt to pass sts bamers nd that such treatment represents an
easy practical mems of raismng the cobalt inthe of suckhing calves i
cobalt deficient areas

The question of the proportion of the cobalt m mulh which normally
cccurs s vituma Byy cannat be answered with any confidence because
the values reported for the concentration of this vitwmn by dhfferent
mvestigators vary greatly nd cobalt and vitumin By, assyys have, so far
as 15 known not been made on the same samples However severdl
groups of workers have obtamed values for cow s mik averaging betwecn
6 and 8 pg of vitunm By per lter (8 36 71) On the basis of 4%
cobalt 1 vitumin By this represents 1 concentration of 024032 &g
cobalt per hter or bout half the total cobalt found to by present H;
normal cows nulk m other mvestigations Supplementing the normn!
ratton of cows with additanal cobalt 15 meffectn e m rasing the vitamin
B, actuty of the mulk (71) although as mentioned earher such fslgk
plementtion 1s ughly effective 1 rusing the total cobalt content o ;ct
mik  Dretary supplements of cobalt to rations already r;amzmnn‘;);ee .
least the minumum requureraents of this element hue by con'ms} e
shown to produce stgmificant mcreases m the vitwnm B, actwvify of € |
milk (70 115) The effect 15 especnlly marked mn the colostrum 2!
durmg the first few days of Jactation for the

The wignificance of these findings w the sheep wd the rewsor; Ouons
absence of wy such response to cobrlt supplements to porma r;l .
m the durny cow cw only be estiblished by further expenmen aﬁest
under controlled condstions but the results obtuned so far suggt "
thit the mummum atthes of cobalt established s necessiry iofr mm:“
hedth gowth and reproduction m the sheep are lmd"‘lmt? o:n:;;\ of
mum vitwmin B, synthests and transfer from the blood to the
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the ene On the other hand there 15 15 yet no cvidence that the ap
parently lower vitumn Bya potency of milk from ewes on unsupple
mented normal ritions 1mposes any limitation upon the growth or well
bemng of the suckhing Jamb

Y Cobalt Absorption and Excretion

Numerous studies with stable and with radioactive cobalt carned out
with 1 wide ringe of amml species have shown that this clement 15
verv poorly retuned by the tissues ind whether admimstered orally or
pucnterally s almost completely ehminated from the body within 2
few dws The pathw ivs of everetion are the feces the bile and the
urine but the proportion of the administered cobalt ehminated by these
routes vanes with the method of admmstration A high proportion of
orally admimstcred cobalt usually appetrs i the feces Fecal cobalt
conststs very Iargely of the unabsorbed fraction of the dose plus a small
but significant mount which has been absorbed and excreted mto the
mtestine via the bile  Absorbed or mjected cobalt by contrast 1s
excreted very largely in the unne with 4 small fraction ehminated m
the bile to form part of the fecal cobalt Cobalt 1s apparently not ex
creted into the mtestine vi1 the pnereatic juce (116) s might perhaps
be expected from the relatively Ingh concentration of this element con
sistently found 1n the pancreas

Such a pattern of cobalt absorption and excretion has been demon
strated n rats (65) ribbuts (137) gumea pigs (110) cows (38) sheep
(13 102} and man (87) Thus Greenberg et al (65) mjected 1 100 pg
dose of radioactive cobalt nto rits with bikary fistulae and found an
average of 63 5% of this dose to be ehmimated by way of the unne 5% 1n
the feces and 35 mn the bile within 72 hours  After or1l admmstration
of a similar dose of radioactive cobalt excretion took plice 1t the sume
rate and by the same pithways but 407 appered mn the feces 2% n the
bile and 1857 in the unnc Comar and co worhers (38) mjected 174
#g of radicactive cobalt nto the jugular vem of 1 rumen fistula cow
and recovered about 657 of tlus dose n the unne bout 74 m the feces
and 67 m the blood within several hours Very small amounts werc
dctected 1n the saliva but none n the rumen When these worhers
mtroduced the same amount of rdioactive cobalt directly nto the
rumen 827 wis found to be still i the rumen after 11 hours After 7
days this had deererscd to 17 of the ongnal dose by which time over
652 was accounted for m the feces and only very small amounts 1n the
urnne  Ashew and Josland (13) drenched sheep with 1 single 4 m, dose
of cobalt a5 coblt chlonde and followed the course wnd rate of evere
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Archibald (9) 02-11 (mewn 06) pg/} The merage cobalt content of
cow s colostrum 1s almost 10 tumes higher, namely 5 pg /1 (98)

Whether, under conditions of cobalt deficiency the concentration of
cabadt m mlk 1 reduced below normal as accurs with copper under
conditions of copper deficrency has not yet been determuned but the
concentrationt 1 colostrum can reachly be rased above normal by pre
partum cobnlt supplementation of the cow (157) and w mik durng
full factation, by supplementing norml rations with Iiberal amounts of
cobalt  Archibald (9), usmg 4 double reversal method wath 4 cous
found that a supplement of 120 mg of cobalt as cobaltous acette daly
for 4 months ncreased the cobalt content of the milk four fold that s
from 2 mewn of 06 to 1 mean of 24 pg /1 It 1s apparent that, m con
trist to the position wath won and copper, the mammany glnd readds
permuts cobalt to pass ats barmers and that such treatment represents an
easy practical means of rusing the cobalt ntike of suckling calues m
cobnlt defictent areas

The question of the proportion of the cobalt m mik which nommalh
occurs s vitamin By, cannot be answered with any confidence because
the values reported for the concentrition of this vitamm by diffurest
wmvestigatars vary greatly and cobalt and vitammn By 1525 hue so far
as 15 known, not been made on the same samples However several
groups of workers have obtuned values for cow s mik weraging bﬁf“c‘fg
6 wd 8 pg of vitamun B,; per ter (8 36 71) On the basis ‘f 4
coblt m vitwnw By this represents 2 concentration of 024-032 4
cobalt per Iter or about half the total cobalt found to be present 1‘;
normd cows ik m other wmvestigations Supplementing the norm
ration of cows with additionnl cobalt 15 meffectne m rusmg the vtuns
By, whwity of the mulk (71) although 15 mentioned earbier such ;\‘I}I:e
plementation 1s lughly effective m rusing the tota} cobalt content o "
milh  Dretary supplements of cobalt, to rations already CO“‘”““‘“}i o
feast the requur ts of this el t have b}' contms‘f’ wes
shown to produce sigmificant mereases m the vitwmn By_ actvity o Lm i
mik (70 115) The effect 1 espeerilh marhed m the colpstrum
durmng the first few days of lactation for the

The sigmficance of these findings w the sheep and the re1sor; o
absence of any such response to cobalt supplements to norm? o
m the duny cow can only be established by further e(penmeﬂm’“
wnder controlled conditions but the results obtamed so fv sugg‘?‘
tht the nunmmum mtiles of cobalt estiblished as necessirs fn{t mx)nnzx
helth growth, wnd reproduction mn the sheep e madtqu'ltg e():nl“\ of
mum vitummn B, synthesis and transfer from the blood to th
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when cobalt admmmstration 1s continucd for some time and stil Jarger
doscs than those required for the polycvthemic effect may depress
enthropotesis and actualh cawse anemin (20 60)

The stmuliting cffect of cobnlt on crvthroporesis e nlso he de
pressed or enhneed by vanous means wiich do not appenr to act n
the sxme way m Al species Thus an the dog the simultancous or separate
feeding of Iner and choline or the 1njcction of liver extracts or scorbic
acid either reduces or nullifies the effect of cobalt (42) No such depres
sing effect of choline has been found 1n the rit (and by some mvestign
tors m the dog) and whole lner powder hver extract or 2 liver
conecntrate  fir from depressing  tctually  tecentuated cobalt poly
cvthemin m rats on 2 minerabzed mulk diet (3)  The mode of action
of these substances 1s httle understood but the manner i which certun
other compounds function 1n the mlubition of the polycythemic action
of cobnlt seems cleawrer Thus ety Ienediimme tetracetic acd (EDTA)
which forms stable nononic chelate compounds with metals mcluding
cobnlt prevents the desclopment of polyevthemia when fed with cobalt
to rats presumably by combmmng with the cobalt to form a nomomzed
compound from which the cobalt cinnot be absorbed (33) Concurrent
mjections of metlnomne cystine cystemne or hishidine m rats nd calves
reduce the toucity of lugh levels of orally ngested cobalt apparently
as a result of therr capacity to form coordnation complexes with this
element which are relatnely mactive (66) Several workers have shown
that cobalt forms coordination complexes with certam anuno acids (30)
and the complex of cobalt and cystemne formed tm vitro 15 reltnely non
totte m the rat (114)

The potency of cobalt as an erythroporetic agent has attracted con
siderable attention largely because of the hope that an understanding of
its mode of action would provide some clue to the normal regulatory
mechanism of erythropoiesis  Many theories have been advanced and
a great deal has been learned of the w1ys m which cobalt does not act
but the underlving mechamsm of cobalt polyeyvthemia remuns obscute
(64a) Cobalt does not induce 1 passive accumulition of erythrocs tes
does not affect the nature of the hemoglobin or 1ts oxygen curying
€2pacity and does not produce a cobalt contammng methemoglobrn (28)
Studies with ridioactive 1ron mdicate that cobalt docs not merease the
utihzation of 1ron and mjections of large doses of vitamin B; do not
s‘g‘hﬁcanﬂ) merease hematoporests m the rt suggesting that this elc
ment does not induce. polycythemit by way of intermediry formation
of vitamin By (94) The sugmestion of Barron and Barron (17) that
cobalt mhubats the resparation of ammature red cdlls crusing their dis
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tion  After § days wirtually the whole of this dose was accounted for m
the urine and feces, indicating very httle retention m the hssues Only
2% of the cobalt 1n the drench appeired 1 the unne, the remander
other than the minute 1mount stored m the body, was excreted i the
feces The rapidity with which these animals excrete cobalt was shown
by the fact that « lugh praportion of the dose to be excreted m the feces
appeared m the, first 48 hours and A large proportion of the small amount
to be excreted 1n the urime appeared 1 the first 24 hours after drenching

Evidence that this pattern of excretion of ingested cobalt 15 not neces
sartly followed m man, at least when this element forms a part of
ordinary diets at very smill itahes 1s presented by Harp and Scoular
(69) These nvestigators conducted cobalt balance expenments on 2
soung women consurmng high quality self selected diets With such
diets which provided an average d-uly intake of 67 pg cobal, 73978
of the dictary cobalt was absorbed and an average of 67% appeared m
the urine The daily fecal excretion 1 20 of the 23 subjects was less than
1 pg cobalt

VI Cobalt Pelycythemia and Cobalt Toxieity
1 Polycythenua

Since the ongmal observation of Waltner and Waltner (156) that
polycythemia can be induced 1n rats by the oral or parenteral 1dm1mstr;l
tion of cobalt m doses large by companson with the amounts ordinanly
consumed 1 the food many nvestigators have confirmed this phenome
non 1n rts and showed that 1t occurs also 1 mice rabbits gumed plg: |
dogs, pigs frogs, ducks chichens and man (64a) Polycythemn ’Zux;‘s
induced m mature ruminants by feeding or injecting equiv Vent am eases
of cobalt per unit of body weight (20 64 78), although typical mcrlme
m hemoglobm level erythrocyte count and packed cell volume balt
been demonstrated m calves 1s among the first effects of excessié 0
consumption. (86)

CobAlt polycythemia only develops when the diet 15 athen:lllsre“"l‘:i:n
quate for rapid blood formation nd has been shown not to uch'u " ooly
the diet 15 deficient for mstance n won or coppes It 1s]’l e hp';er
cythema accompamed by 1ugmentation of the blood vol ;mloc y)f()SlS
plasia of the bone marrow and an imtal or a mamtamed rde ffc uent from
The red cells contun hemoglobin which 15 ~pparently no di f}r\ of time
that ordinanly formed and thev survive for the normal leng dividual
when transfused from a cobalt treated person into :molhex'ﬂllém'mons
(22) The degree of polycytherma frequently shows some Xu
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recaving more than 06 mg cobalt per dy whercas 10 and 15 mg /day
mduced 1 ripid loss of weight and 20 mg /dwy cwsed death i two
weeks  Several workers hwe shown that about 200 ppm of cobalt in
the ration of rats produces touc effeets resulting m lowered food con
sumption and decrensed growth and that 300 ppm s Jethal wathin 2
few weeks (79) The towic Jevdd per umt of body weight 1s considerably
less than tlhis n calies Vanation in toleranee between ndniduals 1s
great but st appears that up to wpproumately 40 mg cobalt per 100 1b
body weight duly 1s tolcrated by most bovines without obsery ible detn
mental effects (49 86) Intikes of cobalt m excess of this level usually
result m 2 depression of appetite and loss of weight The phystologieal
condition of the ammal 1s wn important factor n detcrmuning the toxie
level For mstance detnmentil effects hwe been reported n lactating
dan cons with single doses of 1-5 g cobnlt sulfate for 3—4 months
before showmg extreme emaciation (49)  Sheep are highly tolerant to
evcesstve oral mtikes of cobalt Becher and Smith (20) drenched yearl
ng sheep duly for § weeks with cobalt chlonide 1t levels ranging from
10 to 500 mg of elemental cobalt per 100 Ib body weight Ievels up
to 160 mg dulv were found to be tolerated by these ammals wathout
harmful effects but dosages of 200 or 500 mg cobalt per centiwerght
daily caused 1 severely depressed appetite and body weight losses wath
an anemit at the higher level There was no evidence of polycythemin
at anyv dose level Intakes of this order are many hundreds of times
greater than the cobalt requirements of these spectes It 15 obivious that
the practical possibility of overdosage sufficient to cause cobalt towcosis
1s exceedingly remote

Vit Vitamin B,

Full consideration of all aspects of vitimin B; les clearly outside the
scope of a text on the trace elements Smce however the only known
function of cobalt within the tissues of ammals 15 1s 1 component of
the vitarmn B, molecule and the metabohe roles of the two nutrients
cannot at present be dissociated effective consideration of the metabolie
sigmficince of cobalt necessitates the devotion of some attention to
relevant aspects of vitarmn B;  With this end 1n view a bnef account
of the nature potency occurrence and functions of vitwmin By nd
stmular cobalt contaiming compounds 1s presented below  The reltion of
this vitamumn to cobalt deficiency 1 ruminants has already been discussed
and 15 therefore only ncidentully referred to in thus section  For 1 very
thorough and estensive review of most aspects of vitumn By the reader
1s referred to A recent text (134)
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charge nto the circulation 1s mmperfect, nonrespiring cells and ther
replacement 1 the bone marrow by new cells, has not been confirmed
(158) No vascular changes can be seen mn the bone marow of wnmals
with cobalt polyeythemia (158)~only marked erythropotetie actimty—
and the experiments of Warren and co worhers (158) exclude any effect
mediited by way of the peripheral nervous system

The most attrictive hypothesis 1s that the effects of cobalt are due
primanly to the formation of cobalt coordination complexes with com
pounds 1 the cell such as evsteme or glutathone, thus fiung thil
(—SH) groups and mterfering with cellular respiration withm the blood
formng organs and m this way providing the necessary shmulus to eryth
ropoiesis (66) Cobalt 15 known to mnhibit the respiration of certam
bactena perhaps by the formation of parhally reversible complewes
with cystemne and histidine (29) and the admmustration of cyvstewe m
amounts sufficient to form 2 stable association complex with cobalt
lessens matenally the erythropoietic effect of cobalt (119)

No completely satisfactory explnation of the mechamsm of cobalt
polycythemia has yet been produced The failure of cobalt to mduce
polycytherma 1n mature ruminants 15 unexplamed and no worth while
clues to the regulatory mechantsm of normal erythropotess have emerged
from the studies of cobalt polycythenma It 15 clear nevertheless that
cobalt 1s a nonspecific erythropotetic shmulant which 15 effective under
1 remarkably wide range of conditions The polycythemia of cobalt
can be summated with the polycythemua of alotude (35) and wath the
marrow stumulation which follows hemorrhage (88) whilst the anemt
which follows hypophysectomy n mature female rats can be compli;el‘
prevented by cobalt admmstranon m appropriate doses (41) It ef 53
tiveness 1n the treatment of the anemiz assoctated with renal disease 0
other dystunctions has alrendy been mentioned

2 Cobalt Toucity £
The widespread use of cobalt salts i the prophylavs and thira[:glel:
cobilt defictency 1 sheep and cattle has shmulated nterest m the .
ance level of anmmals for this element Appreciable differences mt?)lerg
species nd wide varabons among mdn duals within species bmlt salts
ance to relatnvely high doses of cobalt ewst but 1 general co fasafet\
are not particularly toxic to anmmals A very wide margm Dmuonal
eusts between the quantibes of cobalt necessary to fulfill the ‘;m“ o
requirements of sheep and cattle or likely to be used i the
ment and the touc lunits of this element m these species ng s
Stare and Elvehjem (139a) observed touc effects with young
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Of the greatest importance 1s the fact that these vitamin B; ke sub
stances differ markedly in their capacity to promote the proliferation
of vartous test orgamistas and to function 1n the higher ammals 1n the
same w1y as cynocobalamin or ats analogues mentioned 1 the previous
paragraph  Pseudo vitamin Bio has 4 hugh witamin Bya actvity for
certain lnctobacrll but cannot replice this vitvmin 1 the nutntion of
rats chicks or man (124) wvitwmin By promotes the growth of L
lercchmannu E colt and Euglena gracilis but cannot fulill the vitamin
B; requirements of rats or chicks (95) 1nd cyno w cobalamin and
friction B are wnactive when given in the diet of chicks although the
former has been found climenlly active 1n permcious anerma (59) Thus
many cobalt contumng complexes re formed by microorgamsms which
are simifar i many respects to the cobtlamms but which may differ
sufficiently from vitamim B, to render them useless or at best mefficient
as a source of this vitarun to the lagher ammals

2. The Occurrence of Vitanun By,

The key to the distnbution of vitammn By in natural matenals 1s that
1t ong) only 1 microorg; It 1s not produced by the higher
plants and occurs 1 ammal tissues solely as a result of the ingestion
direetly or indirectly of the products of microbial fermentation A great
many bactena and melds produce vitamn By but not all microorgamsms
have this capacity The yeasts for example apparently neither require
nor synthesize vitamun B;  Other species of microorgamisms including
those employed 1n assays of this vitamin require 1t but cannot produce
1t for themselves Among this latter group are types of microorgamsms
such as the chry d Ochr i which must be sup
plied with vitamin By atself whereas others are less exacting and cn
eﬂecmely utiize a number of B, like substances and even thymdine
and certan deoxyribosides The chlorophyll bearing flagellate Euglena
gracihis cannot utlize thymidine or deoxynbosides and 15 particularly
sensitine to depnval of vitamm B, from its growth medum (76) By
contrast the blue green algae since they have been shown to contan
substantial quantities of vitamin B, (128) apparently readily produce
this vitamin  The relatively large amounts of vitamin B; that recumulate
n mollusks such as oysters wnd clams and m bony fish may n fact
be derived from this source (134)

Assessment of the vitarmn B, content of human and animal foods 1s
fraught with many difficulties The results obtained by microbological
assay will clearly depend upon the test orgamsm employed Vitamin
B, actvity measured by T colt or L leichmannu assay may nclude a
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1 The Nature and Potency of Vitamumn By, and Related Compounds

A great deal has been learned of the nature of the witman B,
molecule since 1ts solation from mammalan hiver, m 1948 as a red
crystallme compound contunming 40 per cent cobilt (137a) Ths
compound has very recently been shown to have the empinical formuls
Ci3Hye01:N1;PCo and 1 complete molecular structure for the vitamm
has been advanced based upon X ray studies and considerattons of ats
chemrcal behavior (64) The cobalt moiety 1s hnown to occur as a
cyanocobalt coordination complex m which the coordmatrvely bound
cyano group 1s replaceable by other 1ons or molecules (27) The demon
stration of the nature of the cobalt complex m vitamin By was of the
greatest 1mportince smce 1t entbled a system of nomenclature to be
devived which has been appled to the various modifications of thus
vitammn present i many natural materzals

These substances were grven the somewhat confusing names of vitamin
Bix Birn Bio, By and so on Under this system of nomenclature
the name cobalamin designates all the vitamm By» molecule except the
cymo group Vitamn By 15 then cyanocobalamn vitammn By h
drovocobalamin, and witamin Biee 18 nitritocobalamm  Vitamins B
and By_q have been shown to be identical with vitamin By, All these
compounds onginate 1n nature s products of the metabohe atchvlf‘v1 of
vinous mucroorgamisms and are readily intercomverble  They show
essentially sumilar activity when assayed by different methods and Cf";
be regarded as physiologically equvalent supplymg the nutrlhﬂﬂf:
1equirements of both higher ammals and appropriate mlcroorgamst:h
Thus vitammn By_ and Byo, are equally effective m promotmg the grow
of I lactis and L leichmannn and of rats and i the treatment of pernt
cious anemua m man whereas the chick assay method mdicates n:g
activity for vitamun B; 4 approx1mate1y 50% of the activity of mdmlh
B, Simlarly as ponted out earher, vitamms B;~ and By  are equ
effective 1n the treatment of cobalt deficiency lambs "

Several other vitamim Bj» hke substances occur along with umrl:\ls
B;. m the rumen abomasum and intestines and 1n the feces of aml:“
and birds Various names such as pseudo vitamm By (124) S}mh:ne
cobalamin (34) factors B and C (34) and vitammn By (9°)d some
been given to these substances by different groups of workers ru:o e
of them hive been prepared 1n cry stalline form They are ]\nowr:‘ P be
n 1mportant respects from the cobalamns but much remay terials
learned of their chemical nature Even some of the cr)stalilme :‘: (57
have been separated into several components by mmpbmetm-nptc
Detatled consideration of their nature wall therefore not be 2
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buffalo sheep nd goat) all fell wathin the ringe 118-133 ug /g hver
tssue The values for pig and rabbit Invers were approumately half of
the awverage value for beef hver and that for chicken lver was nearly
one fourth In confirmation of the work of carlier nvestigators the
vitumun B; content of rat Iiver was found to be the lowest being less
than a twenticth of that of becef hver

The mam normnl dictary sources of vitamin By to farm ammals are
the ammal protemn concentrates espeainlly fish meal fish solubles, liver
meal and meat meal Milk butterrmlk and whey mny also be effective
sources The use of swtable fermentation matenals however m which
witammn B; has been produced by microbil growth has placed a rela
tnely cheap and plentful source of this vitumn mn the hands of animal
feeders so that supphes of vitamin By for pigs and poultry subsisting on
all vegetable diets can readily be obtained without recourse to products
of ammal ongm  This question 15 taken up further i the section dealing
with the “animal protem factor ”

The vitarmn B, achwity of amamal tissues determined by L leichmannu
or sumlar assay 1s due very largely to cyanocobalamin atself or ats
equally potent analogues (The pancreas appears evceptional m that 1
Ingh proportion of the By~ activity by L lerchmanny assay 1s due to the
presence of deovynbosides (132) ) This 15 not necessanly true of all
matenals used as a source of vitamm B, for the higher ammnals—
matter of considerable mmportance 1n view of the low potency or non
potency of certan vitamin B, like substances n the nutrition of these
ammals This has been stnhingly and convinengly demonstrated by
Hine and Dawbarn (732) who recently determined the witamin By»
activity of the rumen contents of sheep by four microbiological methods
namely L colt mutant plate assay and E coli mutant L leichmannu
and Ochromonas tube assays The fourth test organism was 1 chryso
monad Ochromonas mahlemensnis wlich had been shown by Ford
(56) to be speafic for eyanocobalamin atself and not to respond to
pseudo vitamin B, evano w-cobalamin or Tactors B and C  Hine and
Dawbarn found that m the presence of adequate dietary cobalt the
vitamin By actiity of the rumen contents as determmned by I cols
assay was 10 to 20 times the true vitamin B, activity s measured by
the Ochromonas asszy  Withdranal of the supplementary cobalt from
sheep subsisting on 2 cobalt deficient ration was followed by a spec
tacular fall 1n the B, actnity of the rumen contents as determined by
all four assay procedures Further the ratio of E col activity to Och
romonas actiaty also fell but much less markedly so that the ratio
was reduced to less than 10 and remaned below 10 (Table 21} The
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number of substances which cannot be used by the Iigher animals as
a source of vitamin B;» This wall depend upon the matenals under test
Fortunately, ammal tissues which constitute the mamn detary source
of this vitamin to animals and birds contan hittle or no vitammn B, like
compounds other than By itself (43), but assays of mntestmal sources
may gre completely misleading results unless the nght microorganism
15 used This pomnt 1s referred to in more detail later The extrachon
procedures used i the assay can also affect the results obtamed FEen
direct 1ssay of the vitimmn B,» content of different matenals on pernicious
anemia patients may be complicated or mvahdated, because of the
presence of folic acid espectally as folic acid 1s more readily utihzed by
the oral route m ths disease than s vitanmn B,

Many of the early assay difficulties and discrepancies have now been
resolved so that a reasonably clear picture of the distribution of vitamin
Bi» 1 human and animal foods can be presented All foods of hugher
plant ongm such as cereals grasses legumes and thewr seeds, roots
tubers and leafy vegetables contamn no vitamm By, or neghgble con
centrations The same 15 true of yeast All ammal tissues and Auds
on the other hand contam some vatamin Bye, although the amounts
vary greatly with the tissue and with the species Among human foods
mammalian (especially rummant) lLver and ladney and shellfish are
the nchest sources followed by seafish, muscle meats and milk A
recent classification (134) divides human foads as sources of vitamn B,
mto three groups as follows

Excellen* Sources (05 pg or more, per gram of dry matter

mahan hver and ladney oysters clams b

Good Sources (00505 pg per gram of dry matter) Lean beef lam

veal poultry meat salt water fish milk

Poor Sources (1n many cases giving 1o assay response) Cereal groms

legummous seeds, green leaves, vegetables yeast

The lgher vitamin B; potency of organ meats than of mus v
has been demonstrated by several groups of workers Schexd and § d“e
gert (132) for example exammned composite samples of Liver ht fﬂm)“
pancreis heart spleen and lung and samples of muscle meatsb erthe
beef pork and Jamb carcases Lver and Jadney were found to et
nichest sources and the meats of beef organs and, to a lesser e‘:}fose
lamb organs were shown to be higher m vitamm B; potency Lhanhahdy
of pork The potency of spleen heart bramn and lung was ds caled
Iugher than that of beef and pork muscle tissues Ina mOI;e :sarmi\
study of animal hvers from different species Shenoy and Ram (beef
(136) tound that the vitamin B;» actinaty of hyers from rupmnants

) Mam

cle meats
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rumen contents of sheep tiken directly from normnl pasture revealed n
general both a lugher total actvity and A hugher proportion of true
vitamin B; than the cobalt supplemented pen fcd amimals ated above
but 1 considerable proportion of the total wctivity was still due to the
presence of substances with no known value to the animal

3 Vitamun By, and the Amimal Protemm Factor

1t 1s wppwent from the nature of the occurrence of vitamin By  out
Lined above that ammals subsisting on ordinary Ail plant or all vegetable
diets wall igest httle or none of this vitamin - Such ammnls must there
fore be dependent upon the synthetic activities of therr ntestinal miero
flora Ruminants with their vast numbers of ruminal microorgamsms,
readih obtan therr vitamm B; requrements mn this way, except as
deseribed earher when their diet 15 deficient 1 cobalt The ranty of
clmcal evidence of 1 deficiency 1n man coupled with the essential limita
tion of dietary sources of vitamin By~ to foods of anmmal ongin suggest
strongly that a substantial proportion of human B, requirements 1s sup
phed by intestinal bacterial synthests  Simple stomached farm animals
such 45 pigs and poultn may obtan additional supples from thewr
environment through their habit of coprophagy or the consumption of
hLtter and refuse m which bactenal fermentation with orgamisms vorded
1n the feces or contarminated from the soil has taken place Where these
speaies are fed all vegetable rations under conditions which eliminate
this latter source of vitamin B, the intestinal supphes may be msufficient
to meet therr full nutritional requirements

For many vears clucks and young pigs hve been known to grow and
thrne much better on rations contaimng ammal protemn concentrates
than on rations supplying the same amount of protem from yegetable
sources such as sov bean meal \arious investigations soon estibhished
that the benefits of these amimal protein sources were not due to the
essential wmino acids or the known vitamuns which they supphed but
to an umdentified dietarv factor to which the nime “ammnl protemn
factor” (APF) was applied Dned cow manure rumen contents and
a crude concentrite from the dried mycelum of Streptomyces aureofa
ciens were also shown to be nch sources of APF I'nally 1n 148 erystal
Jine vitamin B, was found to have APT achwvity (120) Subsequent 1n
vestigations 1 many laboratonies revenled that the APF actiaty of
many matenals could be lrgely accounted for by therr vitamin B,_
content The marked growth sthmulating effect of certain other matenals
notibly mold preparations from the antibiotics industry w1s found to
be due partly to their vitamun B, content and partly to the antibiotic



While these researches wyh, Pigs and Doultry werp Proceeding g gopq
Of somewhgae Sumlar Bvestigations yag bemg mdependentb undertal e
with the ra¢ In the early 1930 4 dcﬁcxency condition durng Pregnancy
and lactapoq wag demonstmted m this specreg which coulq be prevented

COmprising plant Pproducts only wyty httle apparent effect pp therr weght
Or well being by the IMportance of Vitamin By, 45 ¢he young of these

few days of hfe

1 Vieamp By and Pormeious Anemuq
ImmedxateI} foﬂamng the 1solation of Vitammn B, from pyer njections

content of g, (c)’ancob'zIamm) and 1tg analogues The amafuz:a:"
jected vitgmyy, B necessary to produce angd mantamn a sabscz Pl
climeal condition ¢ only aboyt 1-2 #g daily but 5 55 very mu ot
effective by mouth, upless nomal gastric juce op some other sour
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the intrmisic factor 15 gen simultwmeously (23)  The orl effectivencss
of vitaimm B; 1n PCrmICIOUS ANCMIL VMIes grc’\lly i different patlcnls
due to the fact that some individunls with this disetse still secrete small
amounts of the imtrinsic factor and henee are able to utihize oral vitamin
B, to some cxtent It has been shown that 1 smgle oral dose s large
as 3mg of vitwmn B, wall generally secure 1 good remission of permer
ous anemia 1n relapse (153)  Oral treatment with Inrge doses of vitwmn
B, of this order my cventually come to be the routine treatment for
perntaous anemit especially wath the improved methods and Jowered
costs of production of this vitamm

The time between cessation of therapy and the onset of relapse i
permicious anemit s of considerable interest  Erf and Wener (50)
reported that the mjection of 50-100 pg of vitimn Bya produced 7 remis
sion lasting from 50 to 100 days and that the admimstration of 50 pg
to 1 patient alrcady 1 remussion would prolong the remssion for 70 to
120 days ore recently 1t has been shown that single massive injections
of the order of 1000 pg of vitumin By secure remission of pernicious
anerma lasting from 120 to 363 days (155) Indvidual vanabity n
the length of time a remussion will list upon the withdrawal of therapy
1s very great but the results just cited suggest that vitamin By~ unlihe
most of the water soluble vitimins 1s normally stored 1n the tissues for
considerable lengths of time In rummants the position appears to be
dufferent as was pomted out earlier A single massive mjection of vitamin
B, mto cobalt deficient lambs produced only a brief response (6)

Chmical experiments with normal gastne juice and other duodenal
and gastnc mucosa preparations have established that vitwmin By, 1s
wdentical with Castles extrinsic factor and also apparently wth the
crythrocy te maturing factor of Liver postulated by Castle as the product
of interaction between intrnsic and extrinsic factors (32) There 1s no
doubt also that the intnnsic factor whose bsence from the gistne
yuce of permicious anerma patients represents the essentinl metibohie
defect i this disease functions by facilitating the absorption of B,
from the alimentary tract. How this 1s accomplished or whether an effect
on absorption 1s the sole function of mtrinsic factor remain to be deter
mined Some progress has been made towards the elucidation of the
former problem by the demonstration of a binding action of gastne juice
on B, The unstable complex so formed could protect the vitamm
aganst utthzation or mactivation by intestinal bactena so that it becomes
avalable to the host

The therapeutic effect of B,~ on the neurological lesions of permicious
anemia whnch 1s not exerted by pteroylglutamic acid (PGA) indicates
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that By, 1s concerned with metabohe processes affecting the mntegnty of
the newrones This function of B; 1s not understood and its therapeutie
role 1 the treatment of vanious neuropathies assoctated with a muscel
Imeous group of conditions other than pernicious anemia 1s also obscure
It 1s a cunous and unexplamed fact that in folic acid deficiency m man
nervous lesions are not at all strking whereas m ammals such lesions
may be marked 1n folic aad defirency but not m vitamin B, deficrency
except, as was mentioned previously, m pigs The hemopotetic disturb
ances which represent the most common and clmucally mmportant mam
festations of deficieney of both By, and PGA, are evidently closely mter
related In fact 1t 15 widely held, as stated by Bethell (134) “that
megalobastosis and other marrow changes charactenstic of permeious
anemia and related conditions are the direct result of what may be
termed PGA metabolic dysfunction This does not necessartly imply an
actual deficiency of PGA, smce the enzymatic funchon of this vitamn
15 dependent upon 1ts presence m biologically active form as well as
upon the completion of bologic reactions which require the participa
tion of other substances such as By, This question 15 considered further
m the section dealing with the metabolic roles of vitamin Byo

The concept of permcious anema as a conditioned nutritional def
ciency disease which arose as a result of the mtroduction of hver therapy
and which was supported by later studies with pure vitamin By has
tended to demgrate an earher hypothesis which associated the disease
with intestinal sepsis and the elaboration and absorption of hemolyhie
toxins Nevertheless persistent clums have been made that touc sul;]
stances are mvolved In permcious anema mn relapse there 15 2 lu%
blood phenol level and an mcreased urnary excretton of phemn c
compounds which 1s corrected by admmstration of vitamn By (142 i
and the blood serum of permecious anemia patients unhhe that of norma
mdividuals mhibits the transformation of megaloblasts to normoblasts
when added to cultures of bone marrow m vitro (131) Moreover rﬂ:\
with surgically mduced 1ntestmal stenosis have been shown to dev elq;al
macrocytic anemia which responds to aureomyem ( 145) and sew; .
groups of workers have obtamed favorable responses i pernicious e
mi to various antibioties  The achion of antibrotics m permucious anettl;] .
could be due to 4 reduction m mtestmal orgamsms which deprive -
host of this vitamin but 1t could also be due to the removal of bzlc:nﬂe
that elaborate the postulated mjurious substances within thtle) mtre;duc
The further possibility has been suggested tht antibiotics act by Fes that
mg alterations 1n intestinal flora wath the estabhishment Olf) sbP;ZCPGA or
synthesize and release sigmficant amounts of readily absorba
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related compounds (96) It must be emphasized however that what
ever other nutntional factors or toxic agents may be operative i pernici
ous anemin they are completely counteracted by supplymg wvitamin B,
to the tissues

5 Metabolic Roles of Vitanun By

Vitarmn B; has been related to vanous metaholic processes 1n verte
brates These include the metibolism of proteins the synthesis of
nbonucleic rerd the synthesis and transfer of methyl groups, the utihza
tion of one carbon fragments and the metibolism of tyrosine Vitanun
B; has been related also to hiver function and thyrotoucity i ammals
The precise role of the vitamin 1n these processes 1s little understood
Certun of the more important of them e considered briefly below

a  Vitamm By, and Protemn Metabolism i Amimals  Although the
role of vitamin B, 1n protemn metabolism 1s at present 1ll defined 1 range
of dnverse evidence suggests that some relationship exists A deficrency
of factor A (later 1dentified with vitamin B, } was found to be ac
centuated by rasing the vegetable protem level i the diet of rats (31)
abnormally lugh nonprotein mtrogen and urea levels have been demon
strated 1 the blood of B, deficient rats (162) and chicks (111} which
returned to normal levels with the admmmstration of B, acute uremia
which responded to mjections of B; was observed 1 newborn rats from
B, dcficent mothers (133) and the biclogical value of casein and mitro
gen assumilation were shown to be sigmficantly lower 1n B, defiient
than i normal rats (72) Further a protemn spanng action for vitamin
B, has been proposed from studies of the effect of thyroune in Bs
deficrency  Suggestine as they are these findings cannot yet be mter
preted as providing proof of a direct and speafic function for vitymin
B, 1 protein metabolism

b The Synthesis and Transfer of Mcthyl Groups The disclosure
onginally made by the work of du Vignaud and his co workers (154)
of the eustence of a transmethy lating process in animal tissues and of the
conscquent nutritional mportance of biologically labile methyl groups
was followed by a senies of inv estigations which revealed the import ince
of vitamin B, to both the synthesis and the transfer of methy] groups
at least 1n rats and cluicks Du Vignaud et al found that under certain
conditions homocystemne could not replace methionine 1 the diets of
young rats unless choline was supphed to provide the methv] groups
Subscquently several groups of worhers showed 1n both rats and chicks
that thus requirement for methy! groups was reduced by supplying a
source of vitamin B, Conversely 1t was demonstrated that the require
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ment for By, by these species 1s reduced but not elimnated by ample
supplies of methyl donors (81) When vitamm B;_ 1s supplied, rats and
chicks can evidently utilize certam amino acids as sources of the methyl
group for methionine synthesis but m the absence of this vitamm a
source of labile methyl’ such as cholme or betame 1s required for
methylation of homocystme It appears further, that even m the presence
of ample Bys, a source of labile methyl groups 1s essential in the diet of
very young ammals whose rate of synthesis of these groups seems to be
msufficient to meet the demands of rapid growth In the adult ammal
supphied with adequate B;., the synthess of methyl groups can probably
proceed sufficiently rapidly to meet the requrements of maintenance

From stuches wath C' 1t has been shown that the rat can form methyl
groups from a number of substrates as long as an adequate supply of
vitarmn Bys or of pteroylglutamic acid 1s available to the ammal These
substrates mclude formate formaldehyde, acetone methyl alcohol the
a carbon of glycne and the g carbon of L senne (see Porter 126) but
httle 1s yet known of the importance of any particular precursor as a
source of methyl groups during normal metabolsm or of the relative
ease with which these groups may be formed from them It seems
certan however that vitammn By, functions mn the synthesis of methyl
groups from nonessential dietary constituents

¢ Utilization of Single Carbon Fragments The parteipation of
such sources of single carbon fragments as formic acid formaldehyde
and methyl alcohol in a number of biochemical reactions has be;:
studied prmeipally 1n rats by the use of 1sotopically tagged compoun: d
as indicated in the preceding paragraph These studies have mmplhcate
both vitammn B, and fohc acid (in 1ts ‘biologically active form folime
acid) as coenzymelike factors in many of these chemical reactions Tt:e
esact mode of action of the two vitammns in these processes and the
sigmficance of the processes to the normal ammal are 1
but 1t 15 apparent that the close association of vitammn B;
glutamic acid 1 hematopoiesis 15 paralleled by a sumlar clo: o elose
ship m the mtermediary metabohsm of one carbon fragments ; 0 Cons
15 thus relationship that 1t has been suggested that one of the ul'ICf -
of vitamun B;- 15 the conversion of folic acid into ats metabolically l:_lus
tional form folme acid (80) Research 1s proceeding so raptdly m N
and related fields that there 1s Little doubt that withm a few I);eﬂ:; 1
much clearer picture of the precise metabolic roles of wta:ntlhﬂe ulme o
have emerged For a detuled presentation of the position 7 b
wrnting the reader 15 referred to the text (134) mentioned earhe

ot yet clewr
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CHAPTFR 6
NICKEL

The first recogmtion of mckel as 1 constituent of the ash of plnts
occurred 1 century 1go (8) but 1lmost seventy years passed before 1ts
unwversal distribution i soils plants and ammals began to be recogmzed
Bertrand and co workers (4) i Irince McHargue (15) 1n the Umited
States and Berg (3) in Germany were the earliest workers to exammne 1
wide range of sols plints and human and ammal tissues for mckel
They showed that this element normally occurs in much higher con
centrations than cobalt i soils and plant tissues and 1n much lower con
centrations than cobalt in ammal tissues  This finding has been confirmed
by subsequent iy estigations employing more delicate methods of analy
sis but the concentrations of meckel in most ammal tissues and flds
are 5o low that accurate estmation with the available malytical tech
niques 1s extremely difficult.

The demonstration of the presence of mchel in plant and animal tissues
has not heen accompamied by any conclusive demonstration of 4 physio
logical role for this element So far mickel has not been shown to play
any part in the nutntion of plants or ammals nor have any diseases 1n
plants or amimals been found to be due to nickel deficiency or to respond
to nickel supplements It must be pomnted out however that no serous
attempts to demonstrate an essential function for mickel with the aid of
modern expenmental techmiques have yet been undertahen This 1s
surprnsing 1n view of the closely similar physical and chermenl properties
of mchkel and cobalt and the rewonable expectation that thev mght
have some physiological properties 1n common Some results were ob-
tamed wluch mdicated that mckel might partilly but only to a lunited
extent replace cobalt in the treatment of cobalt deficiency of sheep when
suboptimal levels of cobalt were fed (5 7) but this his apparently not
been confirmed by later work (1) and nickel supplements without cobnlt
or when adequate cobalt 1s admimstered have been found of no benefit
10 the treatment of any of the wasting diseases of sheep and cattle

Studies of the effect of mchel on various biological systems have been
made which indicate that Nat+ actnates argmase (10) carboyylase
(19) and trypsin (22) m titro and miubits 2c1d phosphatase under
certun conditions (17)  Whether these effects are of any significance 1n
the living orgamsm 15 unknown but at 1s probable that the toxterty of

197



198 6  NICKEL

nichel to animals discussed below 15 due to mhibition of enzyme systems
by this element

I Nickel in the Body

Acceptable data on the mche! content of the tissues and flmds of man
and the igher amimals are so few that the normal distnbution of this
clement m the vmmal body cnnot be given In 1929 mchel was
reported to be a normal constituent of bones (14) and later evidence has
revealed that this element ¢in accumulate 1 considerable quantities
the skeleton Phatak and Patwardhan (18) fed rats for 8 weeks on
normal diets supplemented with 3 dafferent forms of nickel, each at levels
of 25 50, ind 100 mg nickel per 100 g of diet, and determined the
distribution of the retamed mickel m the tissues No mckel could be
measured with the particular method used i the tissues of the rats
recetving only the basal diet but 1n all the tissues exammned of those
ammals which recerved the nickel supplements apprectable quanties
were found At each level of mickel mtike the bones (femora) con
tamned far hugher concentrations of nickel than any other tissues, indieat
mg that the skeleton 1s the mun storage organ of the body for this
element {Table 22) The level of mckel m the rest of the tissues a5
well as m the bones, varied i general with the level of mtake but 1t 1s
of mnterest to note that 1 contrast to the position with most of the
trace elements the Iver has apparently httle capacity to store nichet

A further unusual feature revealed by the data of Table 22 15 the ver)
Jugh ruckel content of heart muscle at the Ingher mickel intrhes High

mtakes of other trace el are not accompamied normally by gread)l
mecreased concentrations of these elements i exther heart or skeletal
muscle

The distrnibution of mckel 1n the tissues of the mouse, following u;tm
peritonenl njection of a small nontovuie dose of radioachve Ni® ;:S
mechel chloride has recently been stucied (23) Wide distsbubon of the
admumstered mckel throughout the tissues was found wath the ladneys,
lungs and plasma contammg the hghest concentrations and the bram
and muscles the lowest The retamed mckel disappeared rapidly from
1l tissues with the exception of the Jungs and the bramn N

The values for mckel apperrng m Table 22 are all many times higher
than the few recorded for the tissues of other species consuming RO
diets  Thus Bertrand and Macheboeuf (4) found 908 and 012 ppm
nckel for fresh human and ox Iner respectively, and 004 and 013 pP “‘S
for fresh human and ov pancreas They also found 0004 ppm m}.“;“m
milk and 002 ppm m egg yolk These very low levels of mche
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metl} are now much more widely used mn modem food and beverage
mdustries than pure mchel and are much more resistant to corrosion
The use of mckel catalyst in the hydrogenation of oils also results 1n some
contimnation of the fimshed product with this element but the amount
15 normally very small Over 100 samples of refined hydrogenated edible
fats were recently analyzed for michel mn India and the hughest value
found m any sample was only 04 ppm (18)

IV Nickel Toxieity

Nickel 15 7 relatively rontovic element when mgested Its tonaty
15 less than that of cobalt and of the same order of that of znc A very
large amount of mveshgative work has been carred out with mckel
stimulated principally by the practical question as to whether or not
2 touic amount of mchel 15 t1hen up by foods cooked m mehel utensils
Much of this work was done towards the end of the last century prior
to the development of a satsfactory method for the eshmation of small
amounts of mchel As a result the data we confused, and often dis
cordant but they leave hitle doubt that the amounts so mgested are
certamnly not harmful to mm m spite of the fact that foods especsally
acid foods take up mckel during cooking m mickel utensils (6) There
are reports of whole families usmg only mckel utensils for the cooking
and handhng of their food for periods of months and even years without
any apparent damnge to health. Some of the corroded nichel, which
mcrdentally 1s much less than the of tin or al corroded
from utensils made of these metals, 1s undoubtedly ibsorbed but the
amount 15 evceedingly small and causes no observable damage {6 18)
It wppears therefore thit mckel contammation of foods does not present
an appreciable health hnzard

Mention should be made however of the hugh incidence of respiratory
tract neoplasta and skin ulments among workers m nickel refinenes {20)
and of the Furly recently reported carcinogenehc property of mekel {11}
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metal) are now much more widely used m modern food and beverage
industries than pure mchel and are much more resistant to corrosion
The use of nickel catalyst 1n the hydrogenation of o1ls also results m some
contamination of the fimshed product with this element but the amount
1s normally very small Over 100 samples of refined hydrogenated edible
fats were recently analyzed for mckel m India and the highest value
found 1 any sample was only 04 ppm (18)

IV Nickel Toxicity

Nickel 1s a relatively nontovic element when ngested Its touaty
1s less than that of cobalt and of the same order of that of zme A very
large amount of mvestgative work has been carmed out with mchel
stimulated prinaipally by the practical question as to whether or not
a toxic amount of michel 15 taken up by foods cooked m nickel utensils
Much of this work was done towards the end of the last century pror
to the development of a satisfactory method for the estmation of small
amounts of mickel As a result the data are confused, and often dis
cordant, but they leave httle doubt that the amounts so mgested are
certainly not harmful to man 1 spite of the fact that foods espectally
acid foods, take up mchel dunng cooking 1n mickel utensils (6) There
are reports of whole families using only michel utensils for the cooking
and handhing of thewr food for periods of months and even years without
any apparent damage to health Some of the corroded mckel which
meidentally 1s much Jess than the amounts of tin or alummum corroded
from utensils made of these metals, 1 undoubtedly absorbed but the
amount 15 exceedmgly small and causes no observable damage (6 18)
It appears therefore that nickel contamnation of foods does not present
an appreciable health hazard

Mention should be made however of the mgh merdence of resplra‘l:’ri
tract neoplasia and skin ailments among workers m nickel refineres (20)
and of the faurly recently reported carcinogenetic property of nickel (11)
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metal} are now much more widely used 1 modern food and beverage
mndustries than pure mchel and are much more resistant to com)sm?l
The use of nichel catalyst in the hydrogenation of orls also results m some
contmmation of the finished product with this element but the amount
1s normally very small Over 100 samples of refined hydrogenated edible
fats were recently analyzed for mckel m India nd the lughest value
found 1n any sample was only 04 ppm (18}

IV Nickel Toxierty

Nickel 1s 4 relatively nontovic element when mgested Its touety
15 less than that of cobalt and of the same order of that of zinc A very
large amount of imestgative work has been carned out with melel
stimulated prinapally by the practical question as to whether or not
a toxic amount of mchel 15 taken up by foods cooked 1n nickel utenstls
Much of this work was done towards the end of the last century prioy
to the development of a satisfactory method for the eshmation of small
amounts of mehel As a result the data are confused and often dis
cordant, but they leave hitle doubt that the amounts so mgested are
certainly not harmful to man, m spite of the fact that foods especially
acid foods, take up mchel during cocking i mckel utensils (6) There
are reports of whole funihies using only mchel utensils for the cooking
and handhng of thewr food for periods of months and even years without
any apparent damage to health Some of the corroded nickel which,
mardentally 1s much less than the amounts of tin or alummum corroded
from utensils made of these metals 1s undoubtedly absorbed but the
amount 15 exceedingly small and causes no observable damage (6 18)
1t appears therefore that mchel contamination of foods does not present
an appreciable health hazard

Mention should be made however, of the high incrdence of respiratory
tract neoplasia and shin ailments among workers m michel refinertes (20)
and of the faurly recently reported carcinogenetic property of mickel (11)

REFERENCES

ate communication 1954
i Il? BA;:im::;sd prmg}:em’d Austrahan ] Etptl Biol Med Sc1 27 307 (1949)
65 461 (1925
23;;%1::3522315 1I\Itakr’\gmlxtz Ci)mpl rend 175 458 (1922) Bull 30
¢him France 37 554 (1925) G Bertrand and M Afacheboeuf Compt rct
180 1380 & 1993 (1925) 182 1504 183 5 (1926)
1 h Dwon New Zealand | Sct Technol 19 326 (1937)
kh R Drnker L T Fanhdll G B Ray and C k Dnok
307 (1924)

L g

@ w

or J Ind Hyg &



10
n
12

13

14
15

16a

RFFFRF\CES 203

] ¥ Fidmer and 1 ] Underwood Australian Vet J 13 57 (1937)

J G Forchummer Ann Physik 95 60 (1855) quoted by W L Brenchley
Ann Appl Biol 25 671 (1938)

] Harp and F T Scoulwr ] Nutntion 47 67 (1952)

L Hellermann and M E Perhin J Biol Chem 112 175 (1933)

W C Hueper Texas Bepts Brol and Med 10 167 (1052)

N L hentand R A MeCance Biochem ] 35 877 (1941)

K B Lehman Arch Hyg 68 421 (1908) quoted by C W Monier Willams
“Trace Elements m T'oods  Chapman & Hall London 1949

A Martini Mikrochemie 7 235 (1929}

J S McHarmue J Agr Rescarch 30 193 {1926)

R L Mitchell So Scr 60 63 (1915)

A Normann nd E Hugel Seifensicder Ztg 40 959 (1913) quoted by G W
Monier Walllams “Trace Elements in Foods  Chapman & Hall London 1949

P Ollmeyer Z physiol Chem 282 1 (1915)

S S Phahtak and V N Patwwdhan Indian ] Sei Ind Research 9A 70
{1950}

] F Speck J Biol Chem 178 315 (1918)

G A Stephens Med Press 187 216 (1933) 194 283 (1933) F hoclsch
Zentr Gewerbehyg Unfallierhut 27 32 (1940) quoted by Stuart (21)

T P A Stuart Arch exptl Pathol Fharmakol 18 151 (1884) F Cauplle
Bull soc chim il 19 342 (1837)

K Suga J Bchem (Japan) 36 91 (1944)

A W Wase D M Goss and M ] Boyd Arch Brochem and Brophys 61 1
{1934)



206 7 ziNve

tacular improvement and productivity In addition, studies of the me
tabolism of zinc deficient plants disclosed a number of biochemcal Jestons
which helped to establish the fundamental mmportance of zinc i all
hving cells and stimulated a search for sumlar biochemucal defects m
the zinc deficient anmmal

' Zinc in Animal Tissues and Organs
1 The Zinc Content of the Whole Body

The body of a normal 70 hg man has been estimated to contam a
total of some 22 g zinc, which gives an over all concentration of abont
30 ppm (56) This 1s very close to one half the amount of total body
wron but 1s 5 times that of nonhemoglobm ron and 10 to 15 tumes that
of copper Smmilar high concentrations of zinc occur m the whole bodzes
of various other mammals (56 82) (Table 23) Newborn and very
young mammals are apparently more vanable than adults n zine content
and 1 contrast to the posihon with copper they tend to contan some
what lower or sumilar, concentrations of this element at buth and at
matunty (Table 24) The high concentration of zinc m the nesborn
mouse compared with those of the other newborn mammals mcluded m
Table 24 1s difficult to understand and 1s not entirely supported by the
analyses of Nishimura (62) of 9-13 days old mice The comparatiely
high values for the newborn cat and gumnea pig can probably be ac
counted for by the fact that they are born covered wath haw whereas
the other spectes are born naked  Smilarly the relatively hugh value for
the adult rabbit can no doubt be explamed by the large amount of fur
carried by this species Har and fur as will be shown contam much
higher concentrations of zinc than almost all other body tissues

There 1s no evidence of any appreciable fetal storage of zinc as occurs
with won and copper The concentration of zinc mn the human ffhhls
changes httle throughout fetal hfe and the liver and spleen together
always contain approximately the same proportion (roughly one quarter )
of the total zinc (94) No such data are available for other species but
1 the cat and pig there 15 no fall in the whole body concentration cffzmr:
during suckling and 1n the rat and the pig there 1s a substantal rise rvt:h
the newborn levels during suckling and the early stages of grov .
followed by a later fall to adult values (82) Of greater s;gmﬁcanfietl
the fact that the hver and spleen of the rat, rabbit, and pg ten m;
contan higher concentrations of zinc at the end of suckling than at ‘t)hese
Only the kitten which has comparatively gh levels of zinc m b,
organs at birth reveals a fall durmg suckhng In all these specxesb v
ever the levels of zinc i these organs fall when mixed feeding begr
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(82) It appears, therefore, that the young mammal can readuy obtan
its zinc requirements from the maternal mulk, provided that the colos
trum which 1s 4 to 5 times ncher m zinc than Inter milk 15 available
to 1t It has been demonstrated that when the newborn mouse 1s dened
the colostrum by bemng fostered onto mothers at a later stage of lacta
twon 1 pronounced reduction i the concentration of zinc occurs m
the whole body (62)

TABLE 24
CoONCENTRATION OF ZINC® v THE WaoLr Bopies oF MAsMALs

Human  Pig Cat  Rabbit Gumeapig Rat  Mouse

Newborn? 19 10 29 23 35 24 46
Adulte 28 25 23 50 - 30 ~

@ Measured 1n pp m Zn of fat free body tissue
® Widdowson (93)
¢ Spray and Widdowson (82)

2 The Zinc Content of Varous Tissues

Zinc has been found 1n all the tissues and organs of the body that have
been exammed and there 1s every reason to believe that 1t occurs m all
Iving cells The znc content 15 nvanably, substanhally ugher than the
copper content although the ratio of zinc to copper 1s lower i the bram
and higher m the muscles than m other organs From the rather Tumted
range of data avatlable 1t appears that species differences among mam
mals are small In most cases the hawr the pigmented tissues of the
eyes, and the bones carry far lugher concentrations of zinc than the otheé
body tissues and organs The values for the rat cat and mn obtame
by Lutz (56) and by Drinker and Colher (27) m their extensive pxl;HEg
mvestigations of znc as an industrial health hazard given Table
and taken from the review by Hegsted et al (43) ilustrate these pomts

These findings have been reasonnbly well substantated by more rect;:)l:
studies Thus Eggleton (30) obtamed the following mean valueslw
the organs of 26 Chinese subjects liver 245 muscles 226 hdne{’s"um
pwcreas 135 heart 100 adrenals, 82 spleen 72 lungs 67 cere ebxhty
55, and cerebrum 43 p pm zinc on the dry bass Indivadual va}?aother
was considerable m the hver lidneys and muscles but small in the v
organs Data for the concentration of zinc m the tissues of the a—umb:ms
are exceedinghy scanty A mean of 125 ppm zinc on the :}; o
(range 106-170) was obtuned for the hvers of 30 mulking ]f;:i‘n o %
and the following values for the organs of a smgle sheep 5 Tuny 64
mtestine 81 spleen 76 adrenals 74 pancreas 72 brain 6
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heart 62 liver 54 and stcrnum 51 ppm zme on the dry fat free
bass (51)

Zinc appears to resemble lead and mckel m 1its tendency to accumulate
1 the bones s 1 number of workers have reported very high values
(150-250 ppm ) for bones and tecth (20, 27 29 56) In view of the
large mass of bonc¢ an appreciable proportion of the total body zinc
must be present in this site In hured furred or wooled amimals 1 large
proportion of the tot1l zinc must reside m the hur fur or wool In the
rat and the hedgehog no less than 38% of the whole body zine hns been
found to be situated 1n the shin and hur or the skin and bnstles (82)
Thus can hardly be regarded as 1 store” of zinc however st 1s dufficult
to imagmne much of 1t finding 1ts way back into the body for use i the
various enzyme systems i which this element 1s wvolved The zinc
content of epiderml structures 15 discussed later

Unlike 1ron and copper zmc 1s not normally stored n large amounts
m the Iner Indeed it seems that the rat has a very hmited capaaity
to store zinc m any of its organs except perhaps the bones In the cat
on the other hand the feeding of large amounts of zinc results 1n mark
edly mcreased concentrations of this metal m the liver spleen pancreas
and bones (Table 23) Rats fed zinc deficient diets contain much less
total zinc 1n their bodies than normal anmmals (84) but this appears
to be due to their reduced size as a result of the zinc defivency Ac
cording to a recent report the tissues of severely zinc deficient rats
greatly dwarfed in size contan closely similar concentrations of zine
to those of control rats receiving adequate znc and being normal i
size (19)

The zinc content of the pancreas has evaited some mterest since the
clam that the pancreas of diabetics 1s sigmficantly lower mn zme than
that of nondiabetics (75) Ttus has not been confirmed by later work
m which httle difference was found when the results were expressed on
the basis of fat free pancreas tissue (33) The actual mean figures were
306 ng Zn per g for 27 nondiabeties and 233 pg /g for 21 diabetics
The relation of zinc to msulin action 1s considered more fully later

The sigmificance of the very high concentration of zinc m the testes
of man given in Table 23 15 unknown but appears worthy of further
studs  Some high values for the zinc content of the testes of rams have
also been reported and 1t was shown earher that dunng the penod of
scxual actiity of the herning the testes of the male contained twice as
much zine as the rest of the body (8) Duning the same period prac
tically no difference was found in the zinc content of the ovaries and
of the remainder of the body These facts may be related to the male
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mfertility, and to the reduction 1n size of the testes, but not of the
ovanes which was demonstrated n rats fed zinc deficient chets {18) It
1s tempting to suggest that zinc 15 concerned 1n some way w testeular
development and function, but much more evidence must be obtamed
before such a suggestion can be erther substantiated or disproved

3 Zinc 1 Eprdermal Structures

Epidermal structures have been known to contam particularly high
concentrations of zine since the work of Lutz (56) Whether it per
forms any useful function i these tissues or how 1t 15 combmed with
the protems such as heratin, or with other compounds present 1s not
known, but 1t 15 probably pertinent that alopecia and severe skin lesions
are specific charactenstics of zinc deficiency in rats and mice Eggleton
(31) has produced evidence pomtmg to an nterestng relahonshup be
tween ben ber1 and the zinc content of human epidermal structures
The subnormal levels of zine found m these structures (hair, nails and
skin) m ben ben sufferers are regarded as a reflection of Jow imtakes of
zinc m bent ben producing diets because of a reputed high correlation
between the zinc and thiamin content of foods (31) Conclusive evidence
from elsewhere of a sigmificant reduction m the concentration of zme 1
epdermal hssues or m other tissues of the body as a result of zne
deficiency 15 laching

Representative values for the zmc content of skin har nals bristles
and wool are presented m Table 25 The figures for wool are of some
snterest as the sheep 15 normally shorn annually Assuming the removal
of 810 Ib wool at each shearing the sheep would lose as much as
400-600 mg zinc each year This amount of zinc as 1s pomted out lalert
would be ngested from normal grazings withm a few days or at mos
2-3 weeks

4 Zinc n kye Tissues

Extremely ligh concentrahons of znc as well as of copper ocm;r
m the eye tissues especially the pigmented portions of a wide range o
amumal spectes In fact the ghest known concentrations of zfmzme
living matter occur 1n the melanm pigmented bissues of the eyas;) sater
fresh water fishes (11 54) In mammals amphibians and sat;v !
fishes the concentrations are a good deal lower but they arela “l?i})
higher than those m the unpigmented hssues of the same ammals z,'(n 3
Considerable species and mdividual diffesences exst but the v o
eye tissues can be placed the same order m respect to zinc c:;lnce ol
tion m each of the species exammed This order 1n descending
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centritions of zine which 15 sumlr to but not identical wath that given
carlier for copper, 1s 1s follows s choroid (plus pigment epithchum}),
retina (minus pigment epithehum) lens, aqueous and vitreous humor,
sclern comen and optic nenve Values as ugh as 436 nd 277 ppm
2inc on the dry basis hve been reported for the ins and choroid respee

TABLI 25
Zine ConCENTRATIONS? 1N EPIDERAIAL STRUCTURES
Henlthy ~dults Ben ben suffercrs
Number Number
of of
sumples Mean  Ringe  samples Mean  Range
Herd hair 13 255 84-444 7 173 110-229
Pubic ha? 8 197 71-342 4 83 43-115
Fingernals® 13 195 121-260 13 88 22-184
Toenails? 11 198 96-310 [ 90 31-153
Shan® 8 26 12-55 7 13 6-21
Human hure - 215 ~ - - -
Rat shin and haire - 47 - - - -
Hedgehog shin and bristles - 49 - - - -
Sheep s woole - 164 - - . _
Rat hair¢ - 140 - - - -
Sheep s wool? - - 0-120 - - -

s Measured m ppm of fat free dry tissue
® Eggleton (31)

¢ Spray and Widdowson (82)

¢ Jones (51)

tively m sheeps eyes and of 246 and 139 ppm for these tissues m the
eyes of cattle Levels nearer those of normal unpigmented tissues of
the body were obtaned for such eye tissues as the cornea and ophie
nerve  The eyes of colored and albino rabbits were also exymmed Zine
concentrations of 127 and 466 ppm werc found i the inis and chorord
respectinely of the former ammals compared with 51 and 86 ppm
for these tissues n the albinos (13) It was shown further that the zanc
(and other metals present) occurred 1n nondialyzable form 1n melanin
protemn fractions of the eyes and that these fractions contancd most of
the zne 1n the pigmented tissucs

Thesc Inghly anteresting findings 1nvite speculation as to the physio
logical function of the zne copper and other metals There 15 much
wdence as Bowness and Morton (12) have pomnted out that a number
of metals combme with and perhaps influence the color of mnatural
melanin compleves  although melmns can be formed without am
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In the gstnc mucost, carbonic anhydrase probably serves an mdis
pensable function m catalyzing the rate of hydration of carbon divade
for the neutrahzation of the residual excess alkahmty from the secretion
of hydrogen 10ns 10 the production of hydrochlone acid The funda
mental reaction i the production of gastnc hydrochlone acd 1s believed
to be the wnization of water The secreton of hydrogen 1ons leaves a
residual excess alhahmty which 1s neutsahized by carbon dioude and it
has been suggested that the uncatlyzed rate of hvdration of carbon
dioade (1€ m the absence of corbomc anhvdrase) would not be fast
enough to neutralize this residual alkbmty (22) It s possible that
carborue anhydrase has a sumilar mdispensable function m the secretion
of other acxd nd alkahne juces m the body such as the pancreatie
juice, but there 15 as yet na proof of this

Smmlarly, 1t seems hhely that carbomc anhydrase plays a role m the
calafication of bone and 1 the formation of egg shells High concentra
tions of this enzyme have been recorded mn that portion of the owduet
of hens m which shell formation takes place

M Zinc in Blood

The zmnc content of the whole blood of mature cattle and sheep
generally hes between 25 and 35 pg /ml (37, 51) Adult rabbits have
been reported to contain 25 pg /ml of plasma and 9 pg /mt of corpuscles
(4) Values reported for whole human blood sange from 3 to 9 pg Zn
per ml, with a high proporbon lymg between 5 and 7 pg A hugher
mean value for normal human blood 15 given by Vallee and Grbson { 88)
who used an accurate ymproved dithizone method They obtamed the
followmg mean concentrations for whole blood and its component pﬂ;\'lsd
whole blood 8820 pg Zn per ml, plasma, 30 £ 16 pg /ml3, pache
erythrocytes 144 % 27 ug /ml erythrocytes 134202 10° pg I}e‘
mathon cells leucocytes 32 13 X 102 yg per mithon cells Calcu{’!
tions shawed that 75% of the total zinc i the blood was situated mdt ki
erythrocvies 22% i the plasma and 3% n the leucocytes The mdxvxdu:]
leucocyte however contamned 25 times as much zinc as the mdividu
erythrocyte

r?,l‘he c?)lncemratmn of znc m the penpheral leucocytes of paticnts l\)\::ﬁ
chrome myelocyne  lymphocytie, and monocytic leuherma has i
shown to be greath reduced below normal and not to be r;xslse -
mjections of stable zme gluconate (38) A rise to normal levels ac o
i chmcal remussion and under therapy with X rays or ureth:zne o
companymg the fsllimg leucacyte count (38) A three fold to eleems
clevation of the zine content of the leucoeytes has been noted 1n pa
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with “refractory anem1” accompamed by leuhopenta with concentra
tions of white cells below 2000 per mm* of blood (39) The physio
logical sigmficnce of the zine m leucocytes and of the profound changes
m the concentrations which occur 1s unknown but - great deal has been
lewned of its chemical associations m the cell It does not occur 1n
leucocytes as cwbome anhydrase since earbome anhydrase actiity has
not been found 1n these cells {55) In human leucocytes zine occurs 1n
constant proportion to total content of protem and 1s present m firm
combination with protemn s two types of zine proten complexes—one
type soluble 1n a phosphite buffer solution of pH 72 and the other 1
soluble 1n this flnd (43) Turther punfiction has resulted 1n the prepara
tion of leucocyte protemns having 1 miumum zinc to protemn rtio of
3mg Zn per g protemn whick ts comparable n magartude to the metad
contents of other metalloproteins (90)

Under normal conditions the whole of the zinc 1n erythrocytes can be
accounted for as carbomc anhydrase (48) Long continued admimistra
tion of large (250 mg daily) oral doses of zme to rabbits has been
reported to nduce mcreased concentrations of zine 1n the red corpuscles
which were not accompamed by mcreases in the curbonic anhydrase of
these cells (4) but this finding needs confirmation  In almost all patients
with anema other than permcious anemia both the zinc and carbonic
anhvdrase activity of blood are lowered 1n parallel fashion so that the
decreases are proportional to the decreases in hematoent hemoglobin
lIevels and erythrocyte counts (89) The zine and enzyme values per
umt of RBC remam n the normal range (89) Pernicious anemia
patients on the other hand show no such decrease i absolute values
for zinc and carbome anhydrase n spite of marked lowenng of hema
tocnt hemoglobin levels and erythrocyte counts (89) The zine and
enzyme values per unit of R B C 1n this disease are therefore sigmficantly
elevated above normal This occurs even when the zine concentration
15 calculted per million cells so that the increased red cell size in perm
cious anerma 1s eliminated as a conmhuhng factor

It 1s impossible to evaluate the physiologienl significance of these find
mngs at present or to know how far they are applicable to other species
It would be of great nterest for instance to compare the zinc and
carbome anhydrase activity of the red cells of the blood of normal
sheep and of sheep suffcnng from the anemra of cobalt deficsency Vallee
and Gibson (89) have suggested as a result of these findings that “the
hemoglobin and carbome anhvdrase systems are structurally discrete
though functionally related " and they mdicate that ervthrocyte zinc con
centration might be used as 1 rclatnely simple mdex of the carbonie
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nnhydrase content i studying varous phascs of respirtory physiclogy
In thus connection 1t should be mentioned that newbomn babies hay
been observed to contun much lower concentrations of corpuscular zm
than ther mothers Berfenstam (4) reported levels of 347 ug % 1n mfant
at buth which rose steadily durng the first few months of hfe to reac
very close to 1000 pg % at <bout one yew of age and adult values o
1244 ug % at puberty The same worker reported a somewhat suntla
posttion 1n rabbits, m which values of 528 g % of zinc were observed 1
the erythrocytes of newborn ribbits and 960 pg % 1 adults of this specie
Dunng this peniod of growth the plasma zme concentrations were fount
to fall very shghtly i the human species and markedly i the rabbit (4)

In contrast to the posihon with won and copper httle 15 yet know
of the form m which zine exists i plasma It seers very probable tha
3t oceurs 1 combmation with one or more of the plasma protemns, es
peaally as the plasma protems are readily precipitated by znc and th
unne contans so httle zine evcept in pabents with albummuna Th
zne w plasma does not ewst as carbonie anhydrise, stnce no carboim
anhydrase achwity can be demonstrated i this fraction of the blood (55)
The level of zmc m plasma appears however, to vary with age and &
be fanly readily mereased by oral or parenteral admimstration of larg
doses of zme  The fall 1n plasma zine from the newbom to the adul
level m humans and rabbits has already been mentioned The dfferenct
between fetal and maternal human blood plasma 1s even greater Dak:
from 10 fetuses at 100-150 davs revealed a mean plasma zme concentra
tion 3 times that of adult values (4) Large oral doses of zine sigmf
cantly mnerease whole blood snc m rats and cats {Table 23}, presumably
largely as a result of 2 nse 1n plasma zne and they mduce Jarge mereases
1n plasma 7inc m rabbuts to levels as lugh as 20-30 pg /ml {4} TthSG
increases m plasma zme as mentioned previously, are accompamed b
mcreased corpuscular levels of this metal A single mtravenous mjecton
of 30 mg of znc mto rabbits was followed by an immediate rise xrfl
plasma zinc concentration to a level of 150 pg /mi (4) The effect o
zinc deficient duets on plasma zine lovels has not, so far as 1 knt();vn
been determined but 1t 15 significant that the feeding of such diets does
not resul* 1m an appreciable lowenng of the carbonic anhydrase actvity
of the blood of rats even when these ammals are 1 extremss from zne
deficiency (19 48)
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IV The Zinc Content of Milk

The normal ringe of concentration of zine m the milk and colostrum
of the con ewe and woman has been furly extensively studied  Indi
vidual vanbiiits from ammnl to Al appers to be somewhat smaller
than with other trace metals and at 1s clear that milk 15 unusunlly nch
m this element Tt was n fact the observation that cow s milk 1s con
siderably ncher 1n zinc than m iron or copper and very many times ncher
than 1n manganese which was lugely responsible for shmulating the
ongml Wisconsin attempts to demonstrate an essentinl role for zine m
mammalian nutntion  The very Iugh concentration of 7ine 1 cow s
milk compared with that of other trace elements that have been shown
to be ¢ssential m nutrition 1s 1llustrated i Table 26 which gives what
appenrs to be the most acccptble ringe of values reported for these
metals

TABLE 26
Norvat Rance or Conerntration oF Vanots Trace Erements v Cow s Mk
Zine Tron Copper Todine  \langanese  Cobalt
3000-5000 300-600 50-350 30-70 20-30 0407

¢ Measured an pg /hter

Species differences 1n the zinc content of cow s ewes and human milk
either do not eust or are very small Sato and Murata (72) were unable
to detect sigmficant differences between these species and found a hugh
proportion of the samples of each to he between 3 and 4 mg Zn per hter
Berfenstam (4) obtaned values mostly lymg between 3 and 5 mg /1
for both human and cow s milk and Arclubald (2) reported a mean of
39 mg /1 for normal cow s milk. Supplementing the normal rations of
these cows with a zmne salt consistently rused the zinc content of the
milk to a mean of 51 mg /1 A sumlar crease i the zinc content of
the mulk of rabbits to levels above normal by relatively massne oral
dosage wath zine salts has also been reported (4) Whether subnormal
wtakes of zinc by Jactating ammals result 1n subnormal concentrations
of zine 1n the milk s occurs with copper under conditions of copper
deficiency has not been determmed

Stmularly there appuars to be no conclusive evidence of a fall in the
zine content of true mulk throughout lactation as has been shown to
take place with copper There 1s no doubt however that the znc
content of colostrum 1n all species studied 1s some 3 to 5 times that of
Iater muilk. Values for both human and cow s colostrum as high as 20 mg
Zn per ter have been reported {4) Ewdence of the importance of
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the colostrum as a source of zinc to the newhorn mouse 15 discussed m
the followng section

YV Zinc Deficiency in Animals
1 Sheep and Cattle

Zme deficiency has never been observed m man or mn farm stock
under erther naturally occurning or experimental conditions It seems
very unlikely that such a deficiency could ever anse in grazng or stall
fed sheep or cattle because of the normal hugh content of zinc m plant
materrals  Pasture plants and forages usually contain 30-100 ppm
zme on the dry basis (3) when grown on ordinary soils In the con
siderable areas of zinc deficient souls that ewst m different parts of the
world the growth of crops and pastures may be greatly reduced varous
specific zinc deficiency symptoms may develop n the plants and the
plants also usually carry subnormal concentrations of this element All
of these difficulties can readily be prevented or overcome by treatment
of the soils or plants with zinc contaming fertihzers or sprays The effect
of the zme deficient soils 15 much more pronounced on the growth of the
plants, 1e on the bulk of herbage produced than on its zine content
and even under the most acutely deficient conditions the concentration
of zinc 1 pasture plants rarely, if ever falls below about 10 ppm andmn
cereal gramns below about 5 ppm In these arcumstinces it 1s not
surprising that zinc deficiency m grazing stock has never been observed
The amounts of zinc ingested by grazing sheep and cattle under any
concervable conditions would therefore be very much greater per nmi
of body weight, than those shown to be near the mummum for small
laboratory anmmals

2 Pigs and Poultry

There do not appear to have been any attempts to induce zinc deg
ciency m pigs or poultry by the use of specially punfied diets A del
ciency of this element under any reasonable practical conditions seer:lss
extremely unlikely because the cereal grams and thewr by produc! |
which form the basis of most rations for these species contamn hberf:]
amounts of zinc  Whole cereal gramns normally contain 20-80 ppm 2an
the brin and germ as much as 150 ppm (3)

The quesh(%n of supphes of zmIrJ:Pfor laying hens 15 of some mte::t
because egg yolk contams appreciable but very vanable am;nmtsn g
heavy egg production mvolves a considerable loss of ths e en(l}e‘l .
laymng birds Romanoff and Romanoff (67) gve 700-1000 xg an o CS‘
as the average zinc contents of egg yolk and egg white respec
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and state that this metal 1s only occasionally present in the shell Later
worh with 2 nghly accurate method (87) similarly demonstrated hitle
or no zinc m egg whites and shells In the yolks of 7 eggs from normnl
hens 198-978 (mean 555) ng Zn was found and 277-1040 (mean 581)
»g Zn m the yolks of 7 eggs Iud by 1 hen mjccted with zinc glycme
{20 mg Zn) dunng the period 1-10 dvys followng mjection  The lnying
pellets consumed by these birds contuned 32 ppm Zn and the wverage
total zinc mntake per bird almost wholly from the pellets was 57 mg
per day The nuthors ruse the question ns to whether these nmounts
of zinc n the volk are merely to provide a store for the needs of the
developing chuch or whether the egg serves 1s 1 mens of excreting
excess zinc  No information on the mnfluence of varying intakes of dictary
zmnc on the zinc content of the cgg or on absorption and excretion of
zinc 1n birds have so far as 15 known been carried out

3 Rats and Mice

Zinc deficiency has been induced i rats and mice by the feeding of
specially punfied diets supplemented with vitwmins and other minerals
(18 19 25 35 47 48 G2 84 86) There has been a steady improvement
in these diets n terms of degree of zinc deficiency combined with =
capacithy to promote growth when supplemented with zinc since the
ongmal work establishing zinc as an essential element for growth n
the rat (86) Zinc deficiency symptoms have been demonstrated 1n rats
on diets (stmated to contan not more than 16 ppm (47 86) and 1n
mice to contain s hittle as 03 ppm zne (25) In this Iatter investiga
tion 18% of the zinc deficient muce died within 8 weeks although 100%
of the controls on the same diet plus zinc survived More recently
diets have been compounded supplying less than 1 ug Zn per dvy to
rats or below 02 ppm on ordinary intakes (19) The achievement of
such extremely low concentrations of zinc 1n diets otherwise satisfactory
for growth represents an umnportant step forward mn the study of zinc
deficency and 1t 1s unfortunate that the details have not yet been
reported  Special treatment (hydrolysis followed by dithizone extrac
tion) of the protem components of the diets appears to hnve been the
most sigmficant of the devices used to ehminate zine  Eggleton (31)
showed many yews earher that most of the zinc occurnng naturally
n fondstuffs 15 associated with the protein contaimng tissues

In addibon to the use of such diets zinc deficiency has apparenth
been demonstrated relatin ely stmply an baby mice merely by exclusion
of zinc rich colostrum from their dicts by fostering them at barth with
mothers at later stages of lactation (62) Newbom mice nursed by their
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own mothers for 2%-4 days before transfer to foster mothers grew
normally whereas newborn mice that were fed for pertods of 3-5 days
by foster mothers that had been lactating for 13-18 days and were
then returned to their own mothers usually developed chsorders some
what typical of zinc deficiency which could be prevented or which
responded to oral admimstration of zinc

The ane deficicncy syndrome mn both rats and mice 15 charactenzed
chimeally by retardation or failure of growth moderate mappetence and
alopecta and pathologcally by gross epithelal especially cutaneous
lesions  The effect on growth 15 dependent upon the degree of deficiency
of zme m relation to the growth promoting capacity of the diet n other
respects The reduction 1 food consumphon s of atself, msufficzent
to account for the wpared growth (84) wdicating that mappetence
1s ot a domnant feature of zinc deficiency n these species and that
there 1s an mefficient utthzation of the food consumed The alopeaia
and cutaneous lesions are not immediatelv revealed because the zinc
deficient ammal makes over 21l growth only to the lumt pernutted by
its zine mtahe Thus on the icutely znc deficient diets mentioned
previously, which suppled less than 1 pg Zn per rat per day, grownth
ceased abruptly and the ammnals remamed dwarfed unbl their integu
ment broke down (19) Marked retardahon or complete failure of
growth occusred also m earber expenments with rats and mice on less
severcly zinc deficient diets accompanied m most, but not all cases
by alopeetr and pathological changes 1n the mtegument after several
weeks on the deficient diet

The lustopathology of zmc deficrency mn sats has been studied by Follis
and co workers (33) and summanized 1 the following terms  extreme
paraleratosis of the esophagus with a thick Jayer of heratmised cells
Typerheranmsauon of the shin with thchenng of the epidermns and loss
of hair follicles but not of sebaceous glands Vasculanization of the
cornea and leucocyte mfiltration remmscent of nboflavin deficrency
occur 1 some ammals  Sumlar changes were observed m zme deficient
baby mmce but, m addition there wis a retardation of ossification, an
accelerated eruption of the wmasors and separahon of the eyehds a
rosary hle tail, clubbed digts and deformed nails (62) .

There 1s some disagr t on the nfluence of zinc 5 on
the levels of zinc 1n the whole body and 1its tissues Several groups of
worhers have reported subnormal concentrations of zine m the w bolff:
bodies of deficient rats (84 86) and mce (35 62) and 1 the bones o
rats {35), but m one bnef report of severe :nc defictency 1n rats ( 15;)
1t was clammed that all tissues when compared on a w eight for werght
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basis wath those from rats recersing adequate zine and grow ing normally
contuned closcly stmular concentrations of zme

The question a5 to whether lnck of zine speaifically affects reproductive
function 15 not yet fully resolved Follis and co worhers (35) observed
n male rats autopsied after 61 and 74 days on 1 zine deficient diet
numerous atrophic sememferous tubules lined only by spermatogonta
and 1 zinc deficient females no corpora luten in the ovanes with partinl
follicular development and a heratmized vagnal epithelium  These
workers attributed these changes to inamtion, rather than directly to zinc
deficiency  Colmano and on (18) on the other hand found the female
reproductne organs to be normal m therr zine deficient rats wherens
the male gonads were underdeseloped 1nd matings were mfertile  The
relntion of zine deficiency to sex function ments further study especnlly
m wiew of the oceasional very lugh values obtuned for the zinc content
of the testes to which earher reference wis made

4 Mode of Action of Zinc

Vanous attempts have been made to determine the primary metabohc
defects responsible for the senously impaired growth and pathologtcal
effects of zinc deficiency  The nature of the corneal and cutaneous lestons
of zinc defictent anmals can be compared 1n certam respects with those
occurnng m rats and mice following deprivation of a number of nutnents
mcluding vitamin A nboflavin biothn pantothemc aaid pyndown and
essential fatty acids and 1t can be postulated that zinc 1s concerned 1n
some way with the utihzabion of these nutrients Such 1 relationship
has already been hypothecated for zinc and nboflwin (35) but no
supporting expenimental evidence has yet been adduced Particular
attention has been devoted to the status of varnious enzyme systems in the
blood and tissues of zinc deficient ammals especially to those enzymes
of which zine 15 known to be 1 component such as carbonic anhydrase
or which 1t has been shown to activate such as aldolise urcase and
hidney phosphatase The role played by carbonic anhydrase in the body
has already been discussed

The carbome anhydrase activity of the blood and tissues of zinc defi
cient rats 1s not appreciably reduced below normal even when the
rats are 1n extrems dunng the termmal stages of the deficiency (19 18)
The Iner unicase activity of zine deficient rats 1s also not reduced under
such conditions although there 1s a nise i plasma une aaid (92) There
has been demonstrated however a low enng of hidney phosphatase
activity (47) and of brain aldolase actinity (19) in rats and a marked
reduction 1n liver and kadney catalase actinaty i mice (23) This reduc
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tion 1 catalise activity must be an indirect achion of zime because th,
addition of 7inc salts to tissue preparations from zine deficient mice does
not increase the catalase activity Nor 1s there any evidence that this
enzyme contains zinc

These findings reveal clearly that zine 1s cssential for the proper func
tioning of several enzyme systems m the body but the biochermeal lesions
so far disclosed can hardly be sufficient, m magmtude or scope, to
account for the profound effects of zinc deficrency m the ammal Serous
mp urment of growth occurs before any reduction i the achwity of any
enzymes so far studied can be detected and greater than could be ac
counted for by the reduction in food consumption It has recently been
clumed that this 15 associated with a rnise i metabohe rate nd conse
quent decreise m efficiency of food utihzation (19a), but the exact
means by which this 1s brought about 15 unknown

In green plants and fungr a shortage of zmc 15 also associated with
retarded growth and morphological chinges 1 the orgamzed structures
which suggest senous metabolic disturbances  The retardation 1n growth
which occurs 1 fung) on zinc deficent media has been claimed to be
due to a falure of carbohydrate metabohsm conscquent upon a breal
of one or more hnks m the chain of anaerobic glycolysis (36) Anm
purment of carbobydrate metabolism bhas also been reported i zine
deficient tugher plants (66) and « matenal decrease m the aldalase
activity of tissue suspensions of such plants has recently been demon
strated (63) Convineing ewvidence of a disturbance of carbohydrate
metabolism 1n zinc deficient ammals has yet to be obtamed but suggestive
evidence of some relationship between zine and witamin B, has been
brought forward by several workers Bertrand and Bhattacherjee (6)
clasm that 1 zine depleted rats the metabolic functions of this vitamun
are suppressed Imada (5D) reports a synergishe achon between zine
and vatarmn B, 1n rabbits and Nishimura (62) found that admmstration
of this vitammn had 2 mbgatng mfuence on znc deficrency m baby
mice 1t would seem that the whole guestion of carbohydrate metabol
1sm 1n 7me deficient ammals ments further cntical study

Numerous clamms have been made that zine mfluences carbohydrate
metabolism through 1its relation to sulin  There 15 no doubt that the
additon of zine m msulin solation cavses a delay m ats physiologieal
action and prolongs the hypoglvcemxa but there 15 sull no conclusive
evidence that this clement plays any part m the normal production or
action of msuhn 1 vwe  Pure amorphous preparations of msulin have
been crystallized with salts of radioactive zine and 031% and 636% o}f

orme er

zine found m the crystalline products f d (17) Other stucies with
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radioactive zinc have shown that the pancreas at least sn dogs and mice,
1s one of the most active organs of the body n terms of turnover of zmne
On the other hand s mdicated carher the zine concentration of the
pancreas of dinbeties 15 not significantly lower than that of nondibetscs,
although the msulin content 15 markedly lower This cinnot be ter
preted as evidence that zine plys no part m nsulin production but 1t
strongly suggests that Inck of zinc 1 the dinbetic pancres 1s not the
renson for the rcduced msulin production

5 Mummum Zinc Regturements

No precise ssessment of the mimmum requirements of zine for optt
mum growth m rats or mice can yet be made The mummum require
ment of the growing rat 1s clearly more than 15 pg Zn per day since
growth wns severely retarded on diets supplying this amount of zine datly
and very much greater growth was obtuned by the addition of Lberal
amounts of zinc alone to such diets (84) Nutnbonal studies wath stll
more zin¢ deficient diets have shown that the growth of rats 1s propor
tional to the amount of zinc added up to an mtake of 20 pg Zn per dny
and that more than tlus amount 15 needed d-uly for normal growth (19)
How much more can only be determmed by further expenimentation

VI Zinc in Human Nutrition

Low ntakes of zinc have not been associated with any disability 1
man apart from the suggestion of Eggleton (31) that lack of zinc may
be a factor 1 the ben ben syndrome This suggestion arose from s
finding that the diets of the poorer classes of China where ben ben
was prevalent supplied only about one half of the amount of zinc
obtained from more satisfactory diets and that the blood and eprdermal
structures of ber: ben patients contaned much lower concentrahons
of zinc than those tissues in healthy individuals (Table 25)  As far as 1s
known this question has not been nvestigated further although a pos
sible relationship between zmnc and thiamin has been postulated on
independent but relati cly slender evidence as andicated mn the previous
section

On the basis of a number of balance experiments but a rather Lrmted
consumption range 1t has been tentatively concluded that an igeshon
of 03 mg Zn per kg body weight per day will supply the zinc needs of
the preschool age child (77) An mgestion of 04-06 mg per kg body
weight per day has been mdicated by other workers (83) This cor
responds to an intake of 7-14 mg zme duly for a 500b child The
average daily intake of this el by adults g normal well
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balanced diets 1s about 10-15 mg  An estimate of the daily consumption
of zinc from a typical North American diet 15 12 mg (32), which may
be compared with 9 mg (1) from an average North China diet and
24 mg from the Steffanssen Anderson exclusive meat diet (32)

The actual level of mtake from any particular diet will depend
prncipally upon three factors These are (1) the extent to which 1t
contamns meat and other protemn sources with which the zinc m foods
15 parhcularly associated, (2) the proportion of refined cereals and other
carbohydrates compared with whole cereal products, because the zinc
15 concentrated m the germ and the outer, ‘branny layers of the gram
and (3) the degree of contamination of particular foods with zine from
zine hned prpes and contaners In this connection 1t should be pomted
out that there 15 no evidence that any nutritional disabilities consequent
upon the consumption of diets lugh m refined carbohydrates are related
to the maidental reduction 1 intakes of zine which would, of necessity,
be imposed Even patent wheaten flour representing the lowest extrac
tion cereal matenal used mn quantity n human dietaries, contamns ap
preciable amounts of zinc, probably about 7-8 ppm  Nor, at the other
end of the scale, 1s there any worth while evidence of deleterous effects
ansmg from excessive consumphion of zme due to contammaton with
thus element through corrosion of zine or zine lined vessels 1n processing
Such adventitious sources of zme may be considerable, especially from
milk, but 25 will be shown later they are of htile practical sigmficance
owing to the relatively low toucity of the element

Common foods do not readily fall into groups or classes m accordance
with their average eontents of zinc, as 1s possible with respect to thewr
wron and copper contents Analyses by modemn accurate methods are
relatvely scanty and the vanabihty i1s lugh It appears nevertheless
that white sugar and pome and ctrus fnuts are among the lowest 1n
zine content (usually < 1 ppm of fresh edible portion) and that
wheat germ and bran (80-150 ppm), gelatin, and oysters (usually
150-500 ppm and occasionally much higher) are among the nchest
sources of zinc Between these extremes n ascendmg order of magm
tude occur tubers and root vegetables wiite flour and bread, mulk
leafy vegetables meat fish and eggs whole cereals nuts and legummous
seeds cocoa and molasses

VIl Absorption and Excretion

The pattern of absorption and excretion of zine 15 very sumlar to that
of won Stuches with several species using stable and radioactive zu;]c,
ndicate that this element leaves the body very largely by way of the
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feces whether 1t 1s ingested or mjected (28 57 61 79) When taken
1n with the food, most of the feenl zine consists of the unabsorbed por
tion of the amount mngested A small but sigmficant proportion com
pnses that fraction which has been absorbed and excreted imto the
intestine cluefly, 1t appears, i the pancreatie juice and only 1 minute
amounts 1n the bile (61) Sumlwrly when mnjected most of the zinc 15
excreted 1 the feces vin the pancreatic juice and very bittle appers
1 the urme (57 79}

The quintities of zimc excreted i the unne of normal mndviduals are
exceedingly small (01-09 mg /day), compared with the amounts n
gested These quantities of unnary zine do not yary appreciably with
the Ievel of mtake 1n the food and are not sigmficantly mncreased even
when the plasma zine level 1s rused following zinc mjections (28 57)
It 1s apparent that the kadney has an extremely hmited capaaty to
excrete this element under normal conditions 4s 15 the c1se wath wron
McCance and Widdowson (57) have m fact suggested that what httle
zinc does appear m the urme 15 possibly only an end product of a
metabolic function of the kadney 1tself

The suppositon mentioned previously that most or all of the zmc n
plasma 15 bound to protem and for this reason does not readily pass
mto the urine raises the imnteresting question of the level of unnary
excretion of this metal in mdividuals with albuminuna It was concluded
from an early survey of this subject that the amount of zinc 1 urnne
bears no relationship to the degree of alburminuna although high con
tents of zinc are found in the urine of nephntics (34) A more recent
study of this problem has disclosed that patients with albuminuria
excrete on the average 7 times as much zinc 1n their unne daily as do
normal mdividuals (57) The actual urnary excretion of 6 such patients
was found to range from 10 to 38 and averaged 21 mg Zn per day
whereus that of normal mndividuals vanied from 011 to 050 ind 1veraged
03 mg /day The mdividual amounts could not be correlited however
with the degree of alb 17 as was d
investigahon

Studies with rats and cattle using radicactive znc hive revealed
great vanability i ndividual abiity to absorb this metal from the
mtestmal tract together with some evidence of increased absorption
mn pregnant females dunng the lst third of pregnancy (23) as occurs
with 1won n pregnant women Interesting and suggestne data ponting
to poor absorption of mne from ordinary diets were obtamed in the
nforementioned study of albummnuna patients (57) It would be ex
pected that 1f zine were rerdls absorbed and the surplus €xcreted back

rated m the earlier
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mto the gut, less zinc would be excreted mn the feces of albummurics
with therr hugh urmary excretton, than i the feces of normal subjects
It 15 apparent from the figures of Table 27 that the albuminuna patients
excreted 1n their feces as much zine as they ingested 1n addition to the
much larger amounts 1 ther urine They were m fact i appreciable
negative zinc balance Extrapolation from such hmited data 15 ex-
ceedingly dubrous as ws appreciated by the authors They conclude
nevertheless that zinc 15 not freely absarbed from ordmary diets and
that patients with albumimuria may not absorb the metal rapidly enough
from ordmary diets to make good therr urmary loss

TABLE 27
Zinc BaLANCES oF PATIENTS wrrn Heavy Avsumizuria (57)
Intake Output (mg /day) Balance
Subject {mg /day} Unne Feces Total {mg /day)
ME 139 30 153 183 —44
HE 137 23 138 161 —24

The sumlanty between zmc and won m absorption retention and
excretion, mentioned at the commencement of this section 15 emphasized
by the following pomnts both are very poorly absorbed from the gastro
intestimal tract both are retamned by the body with great tenaaity both
have an exceedingly small capaaty to leave the body by way of the
urme and both ewst 1n the body very largely bound to protemn There
are however, far wider gaps m our knowledge of zinc metabolism than
of ron In particular nothing 15 known of the mechamsm of zine absorp
tion of the man sites of absorption n the alunentary tract or of the
dietary or other factors influencing the degree of absorption of this metal
from the tract

Yl Zinc Toxicity

Zimnc 15 relatively nontouic to mammals Intakes well beyond those
which induce symptoms of copper or molybdenum poisoning are toler
ated without observable 1ll effects Qccastonal occurrences of zne po
somng have been reported m humans as a result of consumng acid foods
which were cooked 1 galvamzed won vessels ( 60) and 1n young pigs
after being fed on skum milk passed through galvamzed won prpes (41}
The mntakes of zinc necessary to mduce deleternous effects are how
ever many times those Iikely to be obtamed from ordmary foods and
beverages thus ensurng a very wide margin of safety for this element
Nutritional interest i zine tovicity anses prmapally from its interaction
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wath other trace elements notably copper nd from the curious Fict that
certun of the mamfestations of zine towiaty resemble those which
supervene s a result of zinc deficiency

Intahes of zinc equivalent to 023% or 2500 ppm  of the diet are
completely without effect on rats over several generations, whether the
zine 15 ingested s the metal the chlonde or the cwbonate (44) At
double these intikes of zinc growth of rats 1s severely depressed with
heavy mortality 1n young wmmnls when ngested as the chlonde and
growth 1s shghtly depressed wathout hetvy mortahity when ingested at
this level as the oude (44) Intakes of 05% or 3 0% zine as the car
bonate produce severe nermn 1 addition to subnormal growth anorex
1 and at the higher dose rate 2 luigh proportion of deaths within a
fow weeks (85) These effects of zine m rats have been confirmed and
extended by Smith and Larson (80) who established that “zinc anema”
15 of the merocytic hypochromic type and that 1t 15 not the cause of
the depressed growth This was deduced from their findings that sup
plements of copper but not of iron or cobalt prevent the anema that
develops on diets contaimng 07% zinc without preventing the growth
hibiton whereas supplements of a liver extract produce a marked
growth response without sigmficantly improving the blood picture It
seems that there are two dishnct and apparently unrelated symptoms
of zine touicity 1 these species namely anerma and subnormal growth

In the absence of any copper analyses of the blood and tissues of
rats fed excess zinc 1t 15 mmpossible to state whether the zinc anema
1s caused by depression of copper assumlation from the basal diet so
that the copper concentrations within the tissues are below the levels
necessary to sustain normal hematopoiesis or whether the zinc interferes
with the avalability of the copper after 1t has reached the tissues as
can occur with molybdenum There seems no doubt however that
hugh levels of dietary zinc can induce the copper deficiency state within
the rat and that zinc anemma 1s the result of such an induced deficiency
Uncomplicated copper deficiency 1 the rat 1s known to be accompamed
by subnormal hver cytochrome oudase and catalise activities which can
be restored by copper supplements (73 74) A similir marked reduc
tion mn hver cytochrome oxnidase and catalase activities has been demon
strated 1 rats fed diets normally adequate i copper but contaning
05-07% zine (91) These activities can be mamntaned at normal levels
by copper supplements (02 or 04 mg Cu per day as copper sulfate)
(91) as s shown in Tablc 28 Since the reduced actinities of the en
zymes are apparently not mediated by the formation of enzyme 1n
libitors mor by direct nlubition by zine 1ons nor by reduced copper
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mtahe due to the lowered food consumption of the high zinc diets (91)
1t 15 safe to assume that the zinc antagomzes erther the absorption of
copper from the gastromtestinal tract or the utlization of copper within
the tissues, or both In any case it 1s clear that, under conditions of
Zine excess, there 15 a breakdown m the mechamsm of hematoporesis and
of formation of achve cytochrome oudase and catalase for both of
which adequate concentrations of available copper are necessary

TABLE 28
Tue InFLUENCE OF Apprp Drerary Corper on Zinc Toxicrry m Rarse (91)
Laver eytochrome Laiver catalase
oudase moles perborate
Dietary conditions A OD permg protein per mg protem
Basal diet 185+014 5802
Basal diet -+ 0 5% Zn. 0664009 33%07
Basal diet + 0 5% Zn
+ 02mg Cu per day 158+021 63x10
Basal diet + 0 5% Zn
4 04 mg Cu per day 170+010 64210

@ Mean values of 4 determinations

From the poor growth of rats on high zinc diets, and the fallure of
copper supplements to overcome this particular effect 1t seems that
zinc nfluences metabolic processes other than those mnyolving eopper
A senes of studies by Sadasnvan (71) has revealed the extent of the
metabolic changes which can occur m zinc toxieity Zine oaide at levels
of 05% and 10% of the diet was found to cause 2 sigmficant lowenmg
of the fat content of the hvers of rats on a basal diet upon which
control rats developed fatty Lvers This was nterpreted as evidence
of a hpotropic acton of zmc at these concentrations Development and
munerahzation of the bones were also adversely affected on these hugh
zme diets 1 addition to the marked depresston of growth observed by
other workers Subsequent investigation disclosed that towic levels of
zine reduce the assumilation of several of the food conshiuents 1m much
the stme way as 15 claimed to occur under conditions of zinc deficency
Sadasivan demonstrated that fecal excretion of nitrogen phosphorus and
Su].fur mereases ul’]ﬂary excretion Of mn'ogen urie aCld ﬂﬂd creatinmne
increases and urmary excretion of phosphorus and sulfur decreases on
the hugh zinc drets In further studies this worker showed that the de
creased assimilation of phosphorus from the intestine (beheved to be the
cause of the poor minerahzation of bone) 1s not due to 1ts precipitation
as snsoluble zine phosphate and 15 associated at the 1% level of dietary
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zinc with 4 sigmficant decrease i mtestinal phosphatuse actity v
A sigmficwnt nerese m lwer and ldney phosphatase actmty  V
Reen (91) also observed that the alkaline phosphatase activity of t
Iners of rats consummng diets contmming 07% 2inc as zinc carbon
was 2 to 3 times the normal value

An obvious concluston from the vanous studies of zine toxiaity whi
hue been described 1s that this element affects a wide range
metbolic processes 1n the cells ind tissues of the body  An essentia
simlar conclusion was reached from 1 consideration of the effects
zine deficienes It 1s easy to press the similanty betwcen zine deficien
and zine excess too far but 1t 1s surely not comadence that m be
conditions growth of rats 15 senously retarded to an extent grea
than that which would be expected from the lowered food intake fo
asstmlition 1s impared  catalase activaty of the liver 15 reduced a
the alhqbine phosphatase activity of the tissues 15 disturbed  Many qu
tions however remamn unanswered It 15 not known for st
if there 1s a reciprocal antagomsm between zinc 1nd copper as ocet
with molybdenum and copper If so then high intakes of copper shot
accentuate zinc deficiency  The relation of zinc tovicity to molybdent
toucity effects on growth and on copper metabolism 1s also worthy
further investigation On present evidence 1t appears that they are 1
related processes Additions of zinc have been shown to accentuate t
growth mlibiting effect of ligh molybdenum diets with rats (40) a
mcthionine supplements at levels which prevent molybdenum tovic
effects i this species have been reported not to counteract touc lev.
of zine but actually to cause additional growth retardation (15)
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CHAPTER S

MANGANLSE
| Historical Background

The first demonstration of the presence of manganese m biological
matenal 1s credited to Scheele (63), who detected this element in plants
as culy as 1765 but mterest m 1 biological role for manginese did
not begm until 1897 when Bertrand (8) formulated lus theory, now
disproved, that this metal 15 the actne constituent of the oudases
Bertrind and Medigreceanu (9) were among the earliest workers to
show thit manganese occurs constantly in the tissues and organs of
plants and ammals including man and within a few years 1t was clearly
established that manganese 1n contrast to won occurs 1 plant tissues
n much higher concentrations than m ammal tissues It was shown
further that 1t tends to accumulate 1n the reproductive organs and
that the concentrations m the tissues of mammals are relatively constant
(11 46 57 59 67)

The mvanable presence of manganese 1n amimal tssues 1 relttively
constant proportions led during the 1920s to a number of attempts to
determimne an essential funchon for this element m the animal orgmsm
(10 45 50 51) These investgations provided suggestive but not con
clusive evidence that manganese 15 an essential element for growth
m small laboratory ammals As with most of the early efforts to demon
strate an essential role for one or another of the trice elements the
diets employed were so deficient 1n other essentinl nutrients that even
with added manganese the ammals made httle growth or survived for
only short peniods In 1931 unequivocal evidence was obtaned by
hemmerer Elvehjem and Hart (41) that manganese 1s necessary 1n the
det of mice for growth and the mamntenance of normal ovanan activity
In the same year Waddell Steenbock and Hart (75) demonstrated that
manganese greatly improves the ovulation rhythm mn female rits on a
milk iwron and copper diet and Orent and McCollum (55) obtaned
results indicating that this metal 1s necessary 1n the diet of male rats
to prevent testicular degeneration and of females for the proper develop
ment and functioming of mammary tissue Dunng the following decide
chets were devised lower 1 manginese content than the mneralized
milk diet used 1n the early Wisconsin studies with which it was shown
that manganese 15 an essentinl component of the diet of rabbits and

233



234 8  \IANGANESE

chicks, as well as of rats and mice and that 1t 1s required for proper
bone development m these species m addibon to growth and normal
reproduction

Interest in the nutntional sigmificance of manganese was further
shmulated by the discovery 1n 1936 and 1937, of ats relation to certam
naturally occurrning disorders of poultry known as perosis or shpped
tendon (79) and nutntional chondrodystrophy” (49) These condi
tions to be described later were found to be caused prmanly by low
mtakes of manganese from certam diets and to be prevented by adequate
supplementation of the diets with manganese salts The seventy of the
bone disorders charactenishic of perosis and chondrodystrophy led to
mvestigations of the relation of manganese to bone formation m mam
mals and to studies of phosphatase activity of the blood and tissues of
manganese deficient rats and burds The early assoctation of perosis
with unusually lugh calerum and phosphorus mtakes led also to mvest
gations of the influence of these and other elements on manganese
absorption and retention

Whle these researches were proceeding several enzymes were shown
to be activated by manganese 1 vitro ncludmg bone phosphatase and
mtestinal peptidases and one of them Inver argmase was clamed to
contamn this metal as part of 1ts prosthetic group (20) This claim has
been supported by very recent evidence indicating that manganese 1s
an essential component of argmase (3) Unequvocal evidence that
manganese edsts as an ntegral part of the molecule of other enzymes
has not yet been produced but the blood pigment (pmna globm) of
one species of shellfish Pinna squamosa was shown to contan min
ganese m place of the usual won or copper (32) This curious phe
nomenon 1s comparable with other 1solated expenments on the part of
nature such as the occurrence of the zinc contamning respiratory prgment
1 the blood of the snail Sycotypus and the vanadium containing respura
tory pigment 1 the blood of a group of manne worms Ascidia

As occurred with copper and zine studues of the metabolic sigmificance
of manganese 1 the higher ammals were accompanted by concurrent
mvestigations of 1its role i plant hfe Strong mdrcations of 1ts necessity
for various metabolic processes n the hugher plants were obtained by
Bertrand and co workers early m the century but conclusne evidence
of 1ts essentality for growth m such plants was not forthcoming untl
1923 (52) This finding was subsequently confirmed by many workers
for a wide range of crop and pasture species and a number of naturally
occurring diseases of these plants was shown to be due to a lack of
avalable or more properly “readily reducible manganese m certam
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soils particully those more alkaline than about pH 67 (44) The use
of mangnese contuning ferhzers or sprays was found to be highly
effectne 1n remedymg the soil deficiencies and m nducing nereased
growth nd mmproved health of varous plants growng upon the deficient
soils

Il Manganese in Ammal Tissues and Secretions
1 Gengeral Distribution

All ammnl tissues so far exmned contun manganese 1n very low con
centrations  In most tissues the levels are substantinlly lower than
those of copper and the vartibility for anv particular organ or tissue,
both within 1nd between species 15 unusually small The lughest con
centrations occur normally m the bones hver kidney pancreis and
prturtary glwd (2-4 ppm on the fresh basis) and sumlar concentra
tions hue been observed also m the pimeal gland and the lactating
mmmary glnd of the ribbit (24) The spleen heart lungs muscles
bramn ovanes testes adrenals thyroid and thymus usually contain
less than 1 ppm on the fresh basis The results of Fore and Morton
(24) who studied the complete distrtbution of manganese n the tissues
of the adult rabbit by means of an exceedingly sensitive catalytic
penodate method (24) together with average figures culled from the
Iterature by these authors for the rabbit and 1 wide range of ammal
species are given mn Table 29

Very igh concentrations of minganese do not occur n mammalian
eve tissues ed with the pig d portions as 1s the case with
zinc and copper but somewhat lugher levels are present in the retina
aqueous humor and possibly the conjunctiva than m most body tssues
(24 70) For ox retna a mcan value of 11 ppm of dned tissue was
found by Fore and Morton (24} by means of therr sensitne catalytic
method mentioned earlier and 26 ppm by Tiber and krause (70)
who used the ordinary penodate method Most of the manganese mn
the retina 1s nondialyzable and therefore probably bound to protemn but
whether 1t serves any particular function in this site 15 unkmown The
rods the photoreceptors of scotopic vision appear to contan smaller
concentrations of this metal than the remainder of the retin1 which can
be aterpreted as evidence against manganese mn the retina bemng selec
tively or speafically coneurned 1n the visual process (24)

The relwive constancy of the mangnese levels in the hissues would
suggest that the amounts and concentratons present are not greatly
wfluenced by diffenng dietary mtikes This 1s probably true for a
large proportion of the body tissues as 1s the case wath many trace
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elements There 15 evidence from several species however that the
levels of manganese 1n the hiver and bones are reduced below normal by
subnormal mtakes and increased to moderately ngh levels by high
ntakes of manganese This has been demonstrated for the rat (47),

TABLE 29
CONCENTRATIONS® OF MANCANESE v AnrvaL Tissves
Average figures
Rabbit recorded 1n the
average figures Iiterature for a
recorded m wide range of
Tissue Rabbit? the literature¢ ammal spectes®
Bone (long} - 35 33
Pituitary 24 - 25
Laver 21 19 25
Pancreas 16 23 19
Sahvary gland 14 - 11
Fadney 12 11 12
Duodenum 11 - 19
Stomach 10 090 080
Harr 099 090 080
Gall bladder 091 10 11
Caecum 082 043 043
Adrenals 067 - 040
Ovarnies 060 - 053
Bile 048 - 9%
Thymus 045 -
H \c}l’:‘ 038 020 040
Testes 036 040 050
Brain 036 060 040
Heart 028 021 034
Spleen 022 053 040
Muscle 013 014 ol
. 055
Thyrod 024 -

& Measured m ppm Mn on the fresh basis
b Fore and Morton (24)

¢ Taken from the table of figures presented by Fore and Morton (24)

rabbit (21), pig (38) and chick (36) It has been shown ﬁ[mheé tha(;
the manganese concentration 1n the ovarnes of cattle 1s greatly re Sfe
under conditions of low manganese mtake Supportng data for these
statements are given 1n the following sections

2 Manganese tn Bone ot
A good deal of attention has been devoted to the manganese conten

of bone because of the relation of this element to bone formation Many
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of the values reported are so discordant that they throw considerable
doubt on the relibility of some of the methods of estmation which have
been emploved Thus hehoc and co workers (39) report values of
17ppm md 30 ppm for normal fresh human bones whereas Fore
and Morton (24) obtuned values ringing from 027 to 051 ppm for
fresh ot femur The ngher figures are for compact and the lower for
cancellous bone  Normal rat and chick bones have been found to contun
22 and 20 ppm respectnvely on the dry basis comprred with 08 and
06ppm on the stme basis for these species following the consumption
of manganese deficient diets {26 47) Mewm levels of 06 wnd 04t ppm
of dry fat free bone (femur) have sumlarly been found 1n rabbits sub
sisting on a severeh manganese deficient diet compared with 31, 57
and 129 ppm for the femurs of sumilar rabbits receving the same
diet supplemented with I 2 and 4 mg mangancse 1s manganese chlo
nde daily (68) From the results of a second expeniment carried out
by these imestigators designed to determine more precisely the mint
mum manganese requirements of rabbits 1t would seem that between
2 and 3 ppm represents a “normal level of manganesc m the dry fat
free bone of this species which 1s closely similar to the values reported
for the bones of normal rats and chicks

It 1s apparent from the figures quoted above and from the weight of
bone 1n the body that a lngh proportion of the total body manganese
must be situated 1 the sheleton and that this consttutes 1 sigmficant
“store of this el t The cc ation of mang does not reach
a maumum level so readily m the bones as 1t does in the iver

3 Manganese mn the Liver

The concentration of manganese m the hver v ines very little with the
species or with the age of the ammal No reserve store of this efement
15 provided 1 the newborn rat rabbit guinea pig Mg or man (14 48
64) Human Iners from individunls of all ges have been found to be
ertremely constant 1n manganese content (6-8 ppm dry tissue) The
levels in the hivers of sheep and cattle are very sumlar and also show
small indnidual varability  at least by companson with the widely
fluctuating lesels of ner won and copper 1n these species Average
normal values found for adult sheep (72) cattle {29) and hens (62)
are 1 each case 8-10 ppm Shehtly lower nerage values have been
reported for the Iivers of the rat ribbit and gunea pig (48) In these
latter species the concentration mn the Iner nises shightly but sigmficantly
between burth and weaming  As soon as sobd food begins to be con
sumed i quantity the amounts but not the concentrations of manga
nese merease substantially (48) °
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The absence of xeserve stores of manganese 1 the hver of the newborn
mammal 1s m contrast to the posihon with ron and copper, but 1s similar
to that of zinc This 1s perhaps surpnsimg when 1t 15 considered that
milk 15 relatively almost as low mn manganese as it 1s 1 iron and copper
In fact, nulk has been employed as the prineipil dietary item m prac
tically all diets used for the production of manganese deficiency m
mammals It was pomted out m the appropnate sections dealing with
wron and copper that the Liver stores of these elements m the newborn
make a very small contribution to the needs of the sucking Neverthe
less, they do make a contnibution which 1s denied to the suchling 1 the
case of manganese

It appears that the hver has only a hmted capacity to store manga
nese at any age and that the only substantial body store of this element
resides m the bones Raising the manganese intakes of pigs from a base
level of 12 ppm to the equivalent of 172 ppm only increased the
mean concentration of manganese m the hvers of these ammals from
88 to 103 ppm on the dry basis Larger increases than these were
obtamed 1n the hvers of rabbits fed vanous levels of mangnese (Table
30) but the greatest increases observed are modest by companson with

TABLE 30
MancaNEsE ConTENT oF THE Livems oF Rabsrrs (68)

Average Mn content

Mn fed Number of of liyers
(mg /day) ammals (ppm dry tissue)
Basal diets 10 09
Basal diet + 03 8 68
Basal diet + 06 7 98
Basal chet + 10 10 36 2
Basal dhet + 20 9 ..g 5
Basal diet + 40 9 ?;Z
Basal diet + 80 4
o A fortified mulk diet evtremely defiment (014 ppm)

those which can be obtamed from high mtakes of copper and the m
creases were not sigmficwnt beyond an mtake level of 1 mg Mn per

rabbit per day

4 Manganese i Milk

Normal cows milk contains 002-003
ewes and mare s milk have been reporte:
and 005 mg /1 respectively (60) Data 1re

mg Mn per hter (2 60) and
d to contan an average of 004
too imited to permut anv
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a

positive stat, about the of species or of stage of Inctation
except that cow s colostrum 15 several times richer n this element than
normal milk (60) The normal level can be substantinlly mcreased by
feeding additiona] manganese to the cow (2) but there 1s no evidence
that subnorma! ntihes result an subnormnl concentrations mn the milh
s occurs with subnormnl intakes of copper The normal level of manga
nese m cow s milk 1s greater than that of cobalt or of jodine but 15 very
much smaller than that of zinc 1ron, or copper, as shown n Table 26
m Chapter 7

5 Manganesc i Blood

Data on the manganese content of blood are exceedingly meager
largely because the concentrations are normally so low that accurate
estimation by custing methods 15 very difficult According to Kehoe
and co worhers (39) whole human blood contans 0 12-0 18 pg Mn per
ml about two thirds of which 1s present m the corpuscles  Much lower
levels than these appear to be common m bovine blood (7 12) but
further v estightion 1s necessary before normal values can be established
for thus or other species or before the relation of blood manganese to
varving intales of this element can be determined

Eatraordinary mcreases i the serum manganese levels of cows turned
out to pasture mn certain “lactation tetany areas i England have been
reported (12) Twenty days after the commencement of grazing on
these pastures the serum manganese of six cows was found to nse from
the very low mean of 001l pg/ml to the exceedingly lgh mean of
15 pg /ml Ths increase was associated with abnormally high manga
nese concentrations n the pastures (540-1320 ppm on the dry basis)
and with a sigmficant depression of serum magnesium 1n the 1mmnls
No such remarkable rise i serum manganese has been reported from
elsewhere but a simlar depression 1n serum magnesium has been found
m cows recening a normal ration supplemented with 100 ppm of
manganese as manganese sulfate (23) Even in this case supplements of
150 and 200 p pm were not accompanied by  fall in serum magnesium

6 Manganese i the Avian Egg

It 1s pertinent to consider the manganese content of hens eggs
because under certain dietary conditions the egg contans insufficrent
mangancse to allow normal hatchability and development of the chick
embrio  On average rations hens produce ¢ggs contaming a total of
between 001 and 002 mg manganese but both the total amount and
the concentration are markedly affected by the manganese intake of the
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hen Thus Gallup and Nornis (27) were able to increase the amount of
manganese 1 the yolk from 0004 mg to 0033 mg by rusing the mang-
nese content of the diet of the hens from the deficiency level of 13 ppm
to the excessively lugh level of 1000 ppm, and Lyons and Insho (49)
found an average of 05 ppm on the dry matter of whole eggs from
hens recerving a highly manganese deficient ration whereas an average
concentration of 09 ppm was found n the eggs when this ration was
made just adequate by the addition of 40 ppm manganese These
findings provide the only certam evidence that a deficiency of a mmeral
element 1n the diet of the hen 15 reflected m a restriction m the amount
of the element mn the yolk of the egg

As 15 the case with zinc, copper and ron, the shell 1s virtually free
from manganese but unhke zinc and 1ron appreciable amounts of
manganese occur m the white The concentration of manganese m the
volk however 1s of the order of 4 to 5 times that of the white

7 Forms of Manganese i the Tissues

Extremely little 1s yet known of the chemical forms i which manga
nese occurs m the body tssues and flumds, or of the extent to which
m conformity with mon copper, and zin¢ 1t ewsts 1n combmation wth
protem  Evidence has been presented that almost all the manganese
in the mammalian hver 1s present in the arginase extract (20), ndreat
mg that 1 this organ manganese occurs largely i combiation with
protem Fore and Morton (24) on the other hand showed by dalyss
of liver and kadney homogenates that appreciable amounts of the manga
nese 1n these tissues are Ioosely held, although some 13 very firmly bound
They suggest that m tissues with a relatively huigh manganese content
a portion of the manganese 15 dialyzable and that there 15 a very narrow
range for the “bound manganese of different tissues It 1s further
imphed that some of the manganese 1 bone and bone marrow 1s attached
to the cell membranes (24) and that this element may be preferentially
attached to the cell wall protem throughout the tissues Thus 1nterest
mg concept 15 not entirely new as was pomted out by these authors It
has been suggested that ovmne mhibits bacternnl growth by combming
with essential metals 1n the bactenal surface (1) and been shown that
oune whibits glutame acid assimilation 1n bactenia by combrnation
with a metal m the cell, probably manganese (25)
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Il Manganese tn Mammalan Nutrition

1 Mice Rats and Rabbits

Since the ongnal demonstration 1n 1931 of mwganese deficiency 1n
mice wmd rats (41 53 75) diets have been devised lower sn manganese
content and better supphed with other essentinl nutrients  The use of
these diets most of which contun milk as 2 mor component, has
enabled the symptoms of defictency to be clearly recognized m these
species md m ribbits (69), and thus allowed various studies to be
undertaken which hve thrown some hight on the mode of action of
this <Jement within the tissues

a. Mimmum Requrements  The mmmum requirement of any spe
cies for any particular nutnent depends upon the cntenta of adequacy
which are employed and the nature of the rest of the diet The outstind
ing sigmficance of thesc factors m relation to copper has been stressed m
Chapter 3 They are also of some mmportance with manganese because
the mmmum dietary mtakes compatible with maximum growth normal
munerahzation of bone and normal functioning of the reproductive
processes do not appear to be 1dentical Moreover the levels of calaum
and phosphorus particularly the latter in the diet are known to affect
manganese absorption and therefore dietary requirements

Young mice rats and rabbits are unable to grow normally on milk
diets contammng 01-02 ppm Mn and on synthetic diets contamng
0203 ppm Mn or less unless additional manganese 15 provided (65
69 74) Thewr mummum requirement 1s therefore greater than 03 ppm
but how much greater 1s unknown Rabbits fed dned milk (014 ppm
Mn) plus lighly punfied won and copper supplemented wath vinous
levels of manganese as manganese chlonide develop normal bones and
remamn free from other signs of manganese defictency when 03 mg
Mn per rabbit per day 1s given but a larger supplement probably
between 1 and 4 mg /day appears to be necessary for mximum growth
(63) These relatively himuted findings apply only to diets well balanced
with respect to the amounts and proportions of caleum phosphorus
and wron present Lowenng the Ca-P ratio from 1083 to 1 253 has
been found to accentnate the deficiency symptoms 1n rats consuming a
senies of diets supplying only 05 pg Mn per rat per day (74) Ths
mdicates that diets contamng an excess of phosphorus 1n relation to
the calium present impose a lugher manganese requirement on the
ammal

b Symptoms of Deficiency The symp of g defi 33
displayed by rats mice and rabbits are similar but not :dentcal Their
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nature and seventy depend partly upon the species but they are also
mfluenced by the degree of deficiency and the speed with which 1t 1s
attamed and by the duration of the deficiency state These m turn
are influenced by the previous nutritional history of the expenmental
animals, especially thewr body manganese status There 15 httle doubt
that most of the apparently conflicting results on the effects of manga
nese deficiency can be explamed by varations m one or more of these
factors

Manganese deficiency mn these species 1s charactenzed by impaired
growth defecive mmerahization and structure of the bones and de
pressed reproductive function mn both males and females Hemoglobin
formation 1s not significantly aflected (69 74) but there 1s some shght
evidence of nervous symptoms m very young manganese deficient rats
accompanted by mcoordination and paralysis (65) These symptoms are
assocrited with lowered argmase actvity m the hiver and alkalie phos
phatase activity m the bones, but such enzymatic changes appear hardly
sufficient to account for the deficency syndrome Simlarly the sub
normal growth of manganese deficient rats 1s associated with a lowered
food consumption and a lowered efficiency of utilization of the ingested
food (13) but whether these alone are sufficient to explam the poor
growth or whether more subtle metabolic defects must be looked for as
m zine deficiency remamns to be determmed

¢ Bone Formation Manganese deficient mmce rats and rabbits n
variably reveal poorly mmeralized bones In rabbits and occastonally
1n rats this 1s accompamed by gross bone deformities Thus abnormal
tibias (4) and a shortening and bowing of the forelegs (65) have been
observed m some manganese deficient rats and severely deformed front
legs m 2 very high proportion of manganese deficient rabbuts (69) The
appearance of the ammal showing this gross deformty of the front legs
1s shown 1n Fig 19 The length weight density brealing strength and
ash content of the long bones are sigmficantly reduced but not the
volume of the bone or the composttion of the bone ash other than a
reduction 1n 1ts manganese content (Table 31)

Microscopic examunation of the humer: of the manganese deficient
rabbits for which the gross data are given n Table 31 revealed ex
tensive deviations from the normal which differ distinctly from the
changes found mn rachiic bones The most evident of the dewiations
from normal 15 a narrowmg of the zone of provisional calefication due
to an appreciable reduction 1n the number of carlage spicules As a
result of the reduction of cirtilage sprcules the epiphyseal plate 1s
parrow and sharply defined and there 15 a deficiency of spongy bone
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There 1s no evidence of aceelerated bone resorption. The over ¥
1s mterpreted by the authors as 2 suppression of ostcogenesis (

The bone disorder of manganese defiency 1n rabbits not on
distinctly from nchets 1t also differs chstnetly from that ol
deficiency 1n dogs described m Chapter 3 The two abnormalt

I 19 Normal rabbit (left) and Mn deficient rabbit showing
dcformuty of the front legs (nght) (South et al 69 redrawn by J Can

a superficial sumlanty which can be seen by companng the ap
of the legs of the manganese deficient rabbit m Fig 19 with
the copper deficient dogs in Tig 8 but the Intter condition x
tenzed by escessive absorption of bone and consists of a diffu
porosis with no prnimary disturbance of the calaficrhon me
whereas mangancse dcficiency clearly mmolves 1n 1mpurmen
calaification process without any evidence of accelerated bon
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alkalme phosphatase activities of the ulnie manganese deficient 93
umts/g nd 54 unts/g fresh ends of bones and whole bones respec
trnely manganese fed (1 mg/day) 325 unats/g and 92 umts/g of
fresh ends of bones and whole bones respectively It appears that man
ganese affects bone formation at least partly through its influence on
bone phosphatise actinty

d  Reproduction  Defectine ovuliion . female rats  testiculr
degeneration and sterihity 1n male rats and early mortality m young rits
were tmong the earhest obseryations of the cffects of manganese de
ficienes  Clams that deficient Inctation w1s the cwse of the mfant
mortality were later elegantly disproved by plng the young from
norml Tis with mangnese defioent Inctating mothers (18)  These
voung developed normally  The fact that manganese deficient females
show 1o loss of ability to suckle normal young and no lack of matern1l
interest m their voung has been confirmed (65) Shils and McCollum
suggest that there are three stages of mangancse deficiency mn the
female In the least severe stage the ammls gve birth to viible young
which develop symptoms of mcoordmation and even paralysis In the
second and more severe stage nonviable young are born which die
shortly after birth In the third and most severe stage of deficiency
estrous cycles are erther absent or very wregular the ammals will not
mate and stenility results These last mentioned effects were produced
within a few weeks i young female rats on a highly manganese defictent
mlk dict and 1n addition a marked delay m the opening of the vaginal
onfice was observed (13)

No explanation of these profound effects of minganese deficiency m
female rats has vet been produced Histological exammntion of the
ovanes has revealed no sigmficant abnormalities n esther rats or rabbits
Of possible sigmificance 1s the marked reduction 1 manganese concentra
tion m the ovanes of cattle that has been observed on low mang inese
rations even when other tissucs examined resealed concentrations within
the normal range (7) In the manganese defictent male rat and rabbit
the stenlty and absence of litudo by contrist are associated with
marked testiculir degeneration Extensne tubular degeneration com
plete lack of spermatids and spermatozoa and accumulition of de
generating cells 1n the lumina of the epididymis have been demonstrited
(13 69) The underlying mechimsms imoling manganese which are
responsible for these chinges are completcly unknown although it 1s
obnious that this element 15 essentin] i the process of spermatogenesis

e Argnase Actitty  In the mangnese deficient rit and rabbit there
15 a signifieant reduction 1n liver arginase activity and 1n Iner manganese
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concentration (13, 65 68), compared with those of healthy amimals fed
stock diets or the s1me basal diet plus adequate manganese The reduc
tion 1n arginase activity may be as much as 50% or more i mdivadual
deficient ammals and i manganese concentration as much as 90¢ A
feature of the findmgs with hwer arginase 1s that the actvity can be
rased substantally by adding mangamese to the hver preparations
under test Shils wnd McCollum (65) using argmme carbonate as the
substrate were able, by these means to raise the Iner arginase 1ctvity
of the manganese deficient rats to that of the controls whereas Boyer
and co workers (13), using arginme hydrochlonde s the substrate
obtamned arginase actvity m the control Iivers plus manganese ap
proximately double that n the manganese deficient livers plus manga
nese The question s to whether 1 manganese defictent rats only the
activation of the enzyme 1s reduced or whether the formation and con

centration of the protem part of the enzyme are also reduced remamns
at present unanswered It would be of great imterest to determmne the
arginase activity of Ihver homogenates from manganese deficient and
normal rats with and without m vitro addihons of elements other than
manganese, that have been shown to be effective activators of relatively
pure preparations of this enzyme

It can be ashed, also, f decreased argmase actvity wn wiro 1s ac

compamed by a similar decrease 1 vivo and if so whether the decrease
15 sufficzent to account for any of the symptoms shown by the deficient
ammal The answer, on the limmted evidence available appears to be
No In manganese defictent rats the proportion of total urmary mtro

gen cxcreted as urea was found to be only very shghtly reduced and the
proportions excreted as ammonta, ammno acid, and une acd to be un

changed (13) Furthermore mereasmg the burden on the urea forming
system by feeding ammonum cifrate to such animals does not accentuate
the deficiency symptoms (65)

2 Pigs

Manganese does not appear to be a crtical element in practical swine
rations even when these rations compnse a Iagh propoerton of corn,
which as 1s shown Iater 15 normally very much lower m minganese
than all other gramns A high corn high mueral ration contuning 11-14
ppm Mn has been reparted to be satisfactory for the growth of pigs
but to result n leg stffness and lameness which can be prevented but
not cured by additional manganese ( 40) Some shght indications of
an improved reproductive performance from additional manganese with
out sigmficant effect on growth or an observable effect on bone deselop
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ment hie also been recorded i pigs confined on conerete and recev
g a lugh corn diet contuming about 12 ppm Mn (33) These find
ings suggest but do not prove that 2 dietry manganese intake of 1p
proumately 12 ppm mght be regarded as margmal for completely
satisfactory nutntion of pgs  Most practical rations would supply at
least twice this level of manganese

On the other hand Johnson (38) has obtuned evidence pointing to 1
very much lower requirement for this spectes at least for growth This
worker fed 2 speaial diet based on dned shim muifk wiich contuned
less than 05 ppm Mn On tlus ration voung pigs made entirely
satisfactory growth and no bone abnormalities or difficulties 1n leg move
ments were obsenned Reproduction was poor however, and udder
development inferior  Both these conditions were satisfactory when the
low mang; dict was suppl ted with 4 green feed supplement
that rmscd the manganese content of the whole rition to 6 ppm  but
1t 15 not clear whether the manganese was responsible for the amprove
ment or other factors m the green feed It 1s obvious that the whole
question of manganese 1n swine nutntion warrants further mvestigation

3 Cattle

Under natural conditions of grazing or stall fecding manganese de
ficiency m cattle (or 1n sheep goats or horses) 1s ikely to be extremely
rare beciuse of the normally hagh manganese content of fodders Most
pastures and hays contain 50-150 ppm Mn op the dry basis nd seeds
and secd products (com s a notable exception) 15-50 ppm (6 62)
Verv many samples have been shown to contain much lugher concentra
tions than thest  Some of the factors mfluencing the manganese content
of such feed stuffs are considered below but 1t 15 2pparent that the
consumption of rations composed of these matenals would normally
supply many times the mnimum levels of intakes required by small
laboratory ammals and pigs

Suggestne evidence that approuimately 10 ppm Mn as defimtely
borderlme or marginal for optimum reproductive performance i dury
cows although sufficient for growth 1 heifers has been presented by
Bentley and Phithps (7)  These workers found a number of samples
of hay used i ther expeniments to be exceptionally Jow m manganese
Many contamned less than 20 ppm and some samples less than 10 ppm
Mn On rations including such jow manganese legume hay plus com
silage and a gram mixture of corn and com products which contaned
2 aver W manganese content of 7-10 ppm n the dry matter 1t was
abserved that heifers grew just as well and cows produced as much malk
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7s when these ratons were supplemented with 30 40 or 60 ppm
manganese They were, however, slower to exhubit oestrus were shghtly
md consistently slower to concerve, and a greater number of calves
were born wath weak legs and pasterns at the fiest calving  The ovares
of the cattle consuming the unsupplemented ration averaged only 085
ppm Mn of the dry tissue, compared with 20 ppm for the ovaries
of the ammals recening this ration plus 30 ppm manganese There
was no significant difference between the manganese concentration n
the Iivers and other tissues exunmed from the supplemented and un
supplemented cows The authors suggest that cattle rations should con
tam not less than 20 ppm Mn to provide 1 adequate margm of safety
Added sigmficce 15 given to the pioneer work of Bentley and Phullips
and to the need for further mvestigation of the manginese needs of
cattle by « recent report from Holland (31) which ndicates for the
first time, that manginese deficiency m cattle may occur under natural
conditions m the field On certun sind and peat sorls 1n the Netherlnds
disorders occur i young cattle which suggest manganese deficiency nd
which respond either to a diet1ry supplement of 2 g manganese sulfate
per head duly or to treatment of the pastures with 15 kg manganese
sulfate per hectire (31) The main symptoms are poor growth and body
development leg deformuties with overhnuchling poor fertihty fre
quent abortion and dead, dry nnd brownish harr  Except in extreme
c1ses spontaneous cure of the leg deformities usually occurs in the adult
Manganese analyses of the organs of one affected ammal disclosed
normal concentrations of this element 1n the few tissues exammed except
for the spleen and ovanies The value found for the ovartes (06 ppm
of dry tissue) may be compared with the value of 085 ppm obtamed
o3 Bentley wnd Plullips for their cattle on Jow manganese rations
Exammation of affected soils and pastures revealed that the former
we low m exchangeable manganese, fugh m iron and potassium and
with 1 pH rangmng from 60 to 69 The pastures are not exceptionally
low m manganese content Of 21 samples ranging from 44 to 199 ppm
on the dry basts, 12 were under 100 ppm  The authors consider that
the unusually lugh Ca P Fe, and proten contents of these pastures
rawse the requement of the wmmnal for manganese These ghly m
teresting observations need much further entical study before the condt
tion can be established unequnocally 2s @ mangnese deficiency but
on present cvidence 1t appewrs very probable The results obtame:ii
so far pomnt to the occurrence of 1 manganese deficiency cOndmone1
by abnormalities in the diet 1n other respects They provide addmona1
evidence wlich was particulirh stressed mn relation to copper anc
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molybdenum of the necessity of considenng the composition of t
whole diet when asscssing the possibihties of trace mnert defieieney
Of (XCCSSes

4 Man

Manganesc has not vet been shown to be required by the hum
orgmism  although there 15 cvery reason to expeet that at function
quilitatnely for this species as 1t docs for small liboratory ammals
that 1t 1s therefore necessany for growth bone formation nd reprodu
ton  The possibihty of shpped epiphyses in children being related
perosis m chichs has been mooted (71)  Otherwise Inch of mangane:
has never been hnked with any disabahity or malady m humans

From the results of balance expenments Everson and Damels (2
recommend that the diets of children should contun 02-03 mg M
per kg bodv weght which would amount to 3-5 mg dwuly for a 351
cluld  Thus appears very lugh and would not always be e1sy to obta
from 1 ordmany childs diet lugh in dury products and white flour 2
mtake of 46 mg Mn duly which 1s one eshmate given for mmntuns
adult males 1n manganese balance (5) would 1lso not be easy to obta
from dicts Ingh i refined ccreals and dairy products It would hoy
ever readhhy be obtained from diets contumng hberal amounts of gree
leafy vegetables and a proportion of unrefined cereals Thus hent
McCance (42) found the average daily intake of two adults consur
ing a dict 1 which 40-502 of the cnlones eame from white flour to |
22-27 mg Mn daily whereas in two adults consuming 2 diet n whi
the same proportion of the calones cime from 92% extrachion flour why
would mclude most of the bran and cmbryo the duly mtake of mang
nese was 85-88 mg  An werage intake of T mg Mn per dy w
calenlated for adults on a tymcal Enghsh vanter diet (54) but 1t shon
be noted that no Jess than 33 mg of this cume from ter which 1s ¢
ccptionally nich in manganese (150900 ppm ) A considerable propa
tion (about one third) of the manganese 1 te1 s soluble 1n hot wat
and 15 therefore consumed following nfusion

No otlier ordinry stem 1n the diet except bluchernes pproaches
m manganese content  Pcterson and Shinner (56) analvzed the edib
portion of 138 common foods wnd hsted them n twelve major foc
classes i descending order of thar average manganese content ¢
the fresh basis as follows nuts cercals and their products dned lequn
sceds green Jeafy vegetables dped frts roots tubers and stalk
fresh fruts including bluebormes fresh frnts (vecluding bluehamies no
leafy vegetaibles ammal tissues poultry and poultn products dar
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products fish and sea foods sncluding oysters or fish and sea foods et
cluding oysters The actual average concentrations ranged from 20-23
ppm Mn for the first three classes to 02-05 ppm Mn for the Jast
three classes (Table 32) Tt must be realized that leafy vegetables rank
fourth only because of thewr Ingh water content as ordinanly consumed

TABLE 32
MancAnese ConteNT® oF Grours oF Frmcirar Foopsturrs (56)
Number of
Class of Food samples  Mimmum  Maxmum Ay erage
Nuts 10 63 417 227
Cereals and thewr products 23 05 911 202
Dned legume seeds 4 107 07 200
Green lealy vegetables 18 08 126 45
Dried fruts 7 15 67 33
Roots tubers and stalks I2 04 g2 21
Fresh fruits (1ncluding blueberries) 26 02 444 37
Fresh frmits (excluding bluebernes) 25 02 107 20
Nonleafy vegetables 5 08 24 15
Animal tissues 13 008 38 10
Poultry and poultry products 6 030 11 05
Dary products 7 003 16 05
Fish and sea foods {mcluding oysters) 7 012 22 05
Eish and sea foods (excluding oysters) 6 012 04 023

a Measured m p pm Mn (fresh edible portion}

They are eastly the Inghest 1 manganese content s a group 1if all are
expressed on a dry matter basts

A conspreuous feature of the data presented mn Table 32 15 the great
vanability wathin most of the classes of foods This apphes especially
to the cereals and thesr products and to the leafy vegetables The
anability m the former 15 due partly to great differences mn the normal
manganese content of different graws, which 1s commented upon m
deta] 1 the following section dealing with avian nutnfion and parthy
to the mclusion of matersals ranging from patent flour to bran The
Ihigh concentration of manganese in the embryo and outer layers of the
gram results 1n great vanation m the concentration of this element 13
accordance with the proportions of these parts of the gran cluded
1n the product This 1s tDustrated 1 Table 33

The great varability 1n the manganese content of the leafy vegetibles
anses as with the cereal gramns partly as a result of wherent species
hifferences but it 15 mamly due to differences in the nature of the soils
on which the vegetables are grown and the manunal or hmng treatment



III  \fANGANESE IN MAMMALIAN NUTRITION 251

gnen Thus crops grown on acid soils generdlly contnn sigmificantly
hugher concentritions of manganese thaw the same crops grown on
neutral or alkalne sois or on the same soils hewily limed Treat
ment with manganese contuning fertiizers nlso induces higher manga
nese concentritions 1 the plints especially where the need for such

TABLE 33
Mancanese CoNTENTS oF WiEAT Probucts rmovt The same Lot oF Grax (62)
Bran 19 Red dog flour 33
Brown shorts 101 Low grade flour 5
Grey shorts 83 Whole wheat (av ) 31
Whte shorts 56 Wheat germ (av ) 160

® Measured m ppm MNn

treatment 1s indicated by yreld responses to manganese consequent upon
subnormal soil status 10 easily reducible manganese

IV Manganese in Avian Nutrition
1 Perosis 1n Poultry

Recogmtion of the important role of manganese 1 avian nutriion
arose from studies of a disease of poultry known as perosis Perosis 1s
characterized by gross enlargement and malformation of the tibie
metatarsal joint twisting and bending of the distal end of the tibia and
of the proumal end of the tarsometatarsus thichening and shortening
of the leg bones (Fig 20) and shpping of the gastrocnemius or Achilles
tendon from its condyles As this condiion develops and becomes
progressively more severe the chickhs show great reluctince ta move
about they squat frequently and are later forced to walk upon thewr
hocks Birds enppled m this way soon die The disense was found to
occur most frequently 1n young battery fed birds and to be aggravated
by high intakes of caleium and phosphorus  Spectrographic examination
by Wilgus Nomns and Heuser (79) 1 1936 of a sample of mono
calerum phosphate which possessed a protectis e rather than an aggravat
g effect on the incidence of perosis disclosed the fact that 1t contained
appreciablc amounts of manganese nd traces of won and aluminum
This finding led to trals of the effect of additons of manganese and
other minerals to perosis producing diets  The addition of 25 ppm
to a basal diet already contaiming 10 ppm An was found to prevent
the perosis completely (79) A similar but much less effective preven
tine action was also reported for zinc and alumnum salts

Subsequent mnvestigabon by many groups of workers (80) has pro
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vided ample confirmation of the ongmal finding that manganese defi
ciency 1s prumanly responsible for perosis and that it can be prevented
by 1dequate dietary intakes of this element, but the abikty of mmerals
other thw maganese, notibly zme and aluminum, to prevent ths

Manganese Manganese Manganese
50 ppm 1O ppm S0ppm 10ppm SOppm 10ppm.
Humerus Radus Ulna

Femur Tibla Metatarsus

Females Age 6 weeks ~ Weight 375 grams

Itc 20 The bones of clucks showing the thickeming and shortening which
occurs on Mn deficient {10 ppm ) rations (Cashey et al 17)

conditon his not been confirmed (37) However manginese 15 n;t
necessanly the only factor mvolved The wcidence of perosis fm'\)h ;:
mfluenced by the dietary level of scveral orgame nutrients of whie

choline (35) and inositol (76) appear to be the most important
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2 Chondrodystrophy i Clich I mbryos

In the year following the first demonstration of the relation of manga
nese to perosts m chicks Lyons and Insko (19) showed that the cond:
tion 1 embryo chicks known s nutntional chondrodystrophy resulted
from 2 mganese deficiency 1n the dict of the hen  Chondrodystrophy
varies considcrably i degree of expression but the most common charae
tenstics of the embros are desenbed by Lyons and Insko as
(1) greath shortened and thickened legs and shortened wings, (u)
parrot beak resulting from 1 disproportionnte shortening of the Jower
mandible (ut) globular contour of head apparently due to antertor bulg
ing of the shull (1) edemn usually occurring just 1bove the athis joint
of the neck and extending posteriorly for 2 varmble distanee, (v) pro
truding abdomen ppurently due to 1 rehitively Inrge amount of unas
sumtlated volk and (vi) retarded down and body growth particularly
n the more severe cases” These charctenistics are rlustrated in Fig 21

A sporadic tvpe of chondrodystrophy 1pparently genetic i ongin was
first reported 1n 1926 (43) but not untit 1035 did Byerly nd co workers
(15) report the occurrence of a different type of chondrodystrophy in
cluch embryos and show 1t to be definitely of nutntional ongin In

Fic 21 Photos 1 to 4 chondrodvstrophic 21-day chick embrvos photo 5

19-tav chondrodsstropluc <mbno ploto 6 normal 21-day embne  (Lyons
and Insko 19)
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corporating wheat germ and hver or wheat germ and whey into the
ration of the parent stock was found to prevent the disorder These
fAndings, together with those of Wilgus and co workers (79) on perosis
led Lyons «nd Insko (49) to test the effect on the mardence of chon
drodystrophy of feeding additional manganese to the hen and of direct
mjection of mnganese sulfate into the egg Supplementing ~ chondro

dystrophy producing diet (55 ppm Mn) with 40 ppm manginese as
manganese sulfite or injecting 003 mg manganese as the sulfate
directly mnto the egg were found to be equally effectve m promoting
normal hatchabibty and preventing symptoms of chondrodystrophy It
was found, further, that the dietary manganese supplement resulted in
the production of eggs of higher manganese content than those m which
the embryos developed abnormally and died The marked effect of the
manganese content of the hen's diet upon the manganese content of the
egg has been referred to earher More direct evidence of the effect of the
hen's diet upon the manganese content of the embryos themselves was
then obtamed Thurty two chondrodystrophic 20-21 day old embryos
were found to contamn an average of 24 xg Mn per embryo, whereas
thirteen 21 day old embryos and three chicks showing normal skeletal
development contuned an average of 70 pg Mn per embryo (49)

These findings proved conclusnely that this type of chondrodystrophy
15 due to a defictency of manganese 1n the egg consequent upon an
madequate mtake from the diet of the hen

3 Other Effects of Manganese Deficiency in Poultry

Perosis and chondrodystrophy both of which involve abnormal bone
development as the outstanding symptom m-y be regarded as mantfesta
tions of severe manganese deficiency 'The seventty of the condition and
the proportion of burds or eggs affected will m general depend upon
the level of mtake of dietary manganese It 1s clear that where the
merdence and seversty of these conditions are hugh the productvity of
the flocks will be greatly lowered and the mortality greatly rused
Even where perosis and chondrodystrophy are not conspicuous at m
takes of mmganese which are suboptimal but not acutely defictent the
birds are affected m vanous ways A deficiency of this order has been
found to be associated m some birds with nervous symptoms (ataxma)
mferior growth of chicks and fulure to mamntam body w esght m mature
birds lowered egg production decreased hatchability, and reduced egg
shell breakmg strength and egg shell ash (62 80) These effects which
are accompanied by subnormal concentrations of manganese m the egg
embryo and bones and liver of the birds can all be prevented by the
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1sion of diets adequate in manganese content and satisfactory n
r respects

Mimmum Manganese Requirements

he mimmum manganese requirements for satisfactory growth health
productivity are known more preaisely for birds than they are for
imals  They depend prncipally upon the following three factors
the breed or stram of the bird (2) the quantity of calaum phos
rus and 1ron in the dict and (3) the source that 1s the chemical
1 of the manganese supphied
he lighter breeds have a somcwhat lower manganese requirement
1 the heavier breeds In White Leghorn and New Hampshire chicks
ypm and 50 ppm of the diet respectively, hive been found just
cient for growth nnd the prevention of perosis (28) Other workers
yrt 1 mimmum of 35 ppm for thewr White Leghorns (36) and 40
m for Barred Rocks (62) A shghtly higher requirement of this
r for Barred Rock hens than for White Leghorns for egg produc
hatchability and the prevention of chondrodystrophy has also been
id (30) It 1s evrdent from the consistency of these results that the
imum manganese requirement i terms of the proportion present
he dict 15 very stmilar for the growth of chicks and for normal egg
duction and hatchabihty by hens and that an average of 40 ppm
15 hikely to meet the full needs of most birds Individual vanability
nherent abihty to assumlate or utihze manginese 1s considerable
these results applv with certamnty onlv to diets generally based on
1 (maize) and contammg adequate but not excessive imounts of
er el such as cal phosphorus or wwon The mfluence of
h mineral rations and of the considerable vanation in the minganese
centrations of different feed stuffs are considered below
xcess caleium and phosphorus o the diet ncreases the manganese
wrement of birds by directly affecting 1ts availabiity In fact the
iton of excessive amounts of bone mel or calelum phosphate can
ke normal rations perotic In one experiment 647 of the chucks fed
ugh mineral ration contaming 327 Ca 167 P and 37 ppm \n
eloped leg bone abnormalities although this level of manganese had
'n found sufficient to prevent perosts in 2 lugh com rition containing
 Cvand 097 P Omussion of the bone meal from the ligh mieral
on without udditional manganese resulted i freedom from perosis
{ retaning the bone meal and adding, manganese at levels of 62 and
L ppm reduced the incidence of leg abnormalities to only 57 (62)
1s effect of caleium phosphate 1s not duc to the removal of manganese
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from solution s nsoluble hydroude or phosphate  Manganese phos
phate 15 no less available for the prevention of perosts than many other
manganese compounds It appears that the mechamsm 1s rather a reduc
ton 1 soluble manganese through adsorphon by solid mnerat (61 78)
Such adsorption of manganese by carbonates and phosphates especrlly
the Iatter, has been demonstrated 1n 1 vitro studies at aad reactions
simifar to those 1n the absorptive arens of the mtestme (61, 78) The
amount of manganese remamng m soluton 15 dependent upon the
amount ongmnally present, which makes clear how extra manganese i
the diet tends to overcome the effect of excess mmeral

All the normal sources of manganese used 1n the supplementation of
poultry ratons (oude carbonate sulfate chlonde and permanganate)
appear equally valuable (61) Differences i the availability of different
chemical forms of this element are therefore of httle practical sigmfi
cance Exceptions are provided by one carbonate ore of manganese
(rhodochrosite) and a silicate ore (rhodomite), which are relatnely
unavailable (28, 62)

Two aspects of the manganese requirements of poultry require further
comment The first of these 15 the very much lugher requirements of
birds than of mammals even under the most favorable conditions with
respect to dietary levels of calaium and phosphorus  To some extent
this may be due to a relatively lower absorption from the gut in the
former species, although unequivocal evidence for this 1s not mvarlable
Injection of manganese m quanbbies equivalent to 6-10 ppm of the
diet 15 completely effective 1n preventing perosis, compared with 4-5
times these quantities necessary m the diet (28 76 78) This suggests
a Jow absorption of manganese—a suggestion that finds support from
studies with chicks utthzing radioactive manganese (53) Poor absorp
tion of ngested manganese and practically complete elimnation n the
feces were observed It 1s doubtful however 1f low absorption can com
pletely account for the difference 1n manganese requrements between
birds and mammals especially s the himited evidence mdicates that this
element 1s also poorly absorbed 1n mammals 1t seems more Lhely that
the former spectes have also a greater requirement for absorbed mang?
nese although m what way and for what purposes remam fo be de
ternuned It 1s perhaps sigmficant m this respect that Abnormal bone
development 1s 4 much more pr feature of defiency
1 birds than m mammals

The relatively high requirement of birds for manganese 1s the mam
reason for the great importance of this element n pmcbcal pou:ltry
raisng and for the merdence of maturally occurring deficzencies 1n thns
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spcaes whereas 1t 1s virtually unknown in other farm stock and 1s only
mduced 1 small Jboratory mimmals on speanlly prepared diets An
additionl factor of great sigmficance 15 the stnkingly low manginese
content of comn (muze) compared with all other cereal grans  Of the
common gruns wheat and oats re nchest in manganese They contun
enough or almost enough to prevent perosis even if the ration 1s
composed verv lrgely of these cereals Barley and nce contun mter
mediate amounts of manganese but usually msufficient to meet the need
of birds (62) Considerable individual vamabihity exists but the average
species differences just mentioned appear to be consistent for widely
separited conditions of growth Data from North Amenca (62) and
Western Austrihn (73) are ginen in Table 34 to illustrate these pomnts

It 1s apparent from Table 34 that poultry rations based on corn and
to 1 lesser extent on barley are certun to be grossly deficent n manga
nese unless supplemented directly with manganese salts or with 4 high
proportion of manganese nch feeds such as wheaten bran or mddhings
whereas rations bised on wheat or oats are hikely to provide almost
sufficient manganese to mect the birds requirements uniess the ration
contans excessively large amounts of caleium and phosphorus It 1s
sigmificant that both naturally occurrmg and expenmentally induced
perosts and chondrodystrophy have almost mvanably developed on ligh
com diets Nor can protemn supplements such as tankage meat meal
fish meal or skam mulk be expected to assist since they contnbute less
manganese per unit of raton than do most cereal grams Sovbean o1l
meal an wmportant protem supplement for poultry 1 some parts of the
world averages about 30 ppm g (62) Its ncl would
therefore appreciably improve the manganese content of 1 com or
barley based diet but 1t would not ¢himinate the necessity for mangnese
supplementation

5 Modc of Action of Mangancse wn Poultry

The physiologieal mechamsms underlying the effect of manganese
upon growth egg production and the prevention of nerous symptoms
m poultry remain largely obscure but the mode of action of this ¢lement
m bone formation in these species 1s better understood

A deficeney of manganese in the diet of chichs results n a significint
shortening and tinckening of the leg and wing bones as well as 1 shorten
g of the spinal column (Tig 20) These bone chinges cannot be en
pluned by an alteration 1n the gross composition of the body since
the gross body composition of both manganese-defictent and normal
clucks of the same age 1s approuimately the same (17) The ash content
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of the bones of mnganese deficient chicks 1s also sigmficantly Jess than
that of normnl chicks  Thus Caskey nd co workers (17) report 40 45%
ash 1n the dry fat frec bones of 6 weeks old chicks fed a ration contam
mg 55 ppm Mn compared with 44 35% for chicks of the sime age fed
the same diet plus 100 ppm Mn This difference wns lighly sigmficant
but the nsh content of the bones of the manganese deficient chicks 1s
has also been shown for manganese deficient rats and rabbits 1s not
nearly s Jow s ean oceur in nichets  Examination of the bones by X ray
and by stuning revenls a different prcture from typical rickets The
serum caleium levels are norml and manganese does not affect hone
formation through favorably mfluencmg vitamm D utilization (17)
Furthermore the brealung strength of eggs and egg shell ash (CaO)
content are directly correlated with the manganese content of the diet of
the hens (18) It is apparent therefore that manganese 1s directly
concerned m calctum and phosphorus metabolism 1n birds

One mmportant means but not necessanly the only means by which
this effect of manganese 15 mediated 15 by the influence of this element
on phosphatase activity Wiese and associates (77) have shown that
the blood and bone phosphatase actwity of chicks on a perotic diet 15
very sigmficantly below normal and that the lowering of phosphatise
actity precedes marhedly the appearance of perosis The values ob-
taned by these workers are shown in Table 35

Additions of manganese to phosphatase preparations from the bones
of birds with perosis were found to bring 1bout mcreased activity but
failed to activate the enzyme preparation to the level of normal birds
(77) This seems to indicate that the amount of enzyme present 1s less
n manganese deficient birds and suggests that manganese functions 1n
calerum and phosphorus metabolism mn this species as in mammals
prmanly through facilitating the formation and activity of phosphatase

¥ Absorption and Excretion

Manganese resembles 1ron and zinc n that 1t 1s poorly absorbed and
15 excreted largely in the feces In no species has the kadney been found
to play an active part in the elimination of this element Most of the
manganese 1n the feces represents mangancse which has not heen ab-
sorbed but part of 1t consists of metal which has been absorbed and
exercted into the intestine via the bile  Reiman and Minot (58) found
that after patients with bibary fistulae h1d taken relatnely large amounts
of manganese by mouth the manganese 1n the bile might nse to 10 times
its former level Studies with radicactive manganese 1n rats (66) have
similarly shown that the Iner 15 particulirly active 1n manganese metabo
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of the bones of manganese defictent chicks 15 also sigmfiently less than
that of normnl chicks  Thus Caskey and co workers (17) rcport 40 45%
ash 1 the dry fat free bones of 6 weeks old chicks fed = ration contamn
ing 55 ppm Mn compared with 44 35% for chicks of the same age fed
the same dict plus 100 ppm Mn  This difference was highly sigmficant
but the nsh content of the bones of the manganese defictent chicks s
has also been shown for manganese deficient rats and rabbits 1s not
nearly as low as ean occur i rickets  Examination of the bones by A ray
and by stamng reveals 1 different picture from typical rickets The
serum calcrum levels are normal and mangancse does not affect bone
formation through favorably influencing vitamm D utithzation (17)
Furthermore the breaking strength of eggs and egg shell ash (CaO)
content re dircctly correlited with the manganese content of the diet of
the hens (18) It 1s apparent thercfore that manganese 1s directly
concerned 1 calcium and phosphorus metabolism 1n birds

One important means but not necessanly the only means by which
this effect of mng; 15 mediated 15 by the infl of ths el t
on phosphatase actvity Wiese and associates (77) have shown that
the blood and bone phosphatase activity of chicks on a perotic diet 1s
svery significantly below normal and that the lowenng of phosphatise
actvity precedes markedly the appearance of perosis The values ob
tamed by these workers are shown m Table 35

Additions of manganese to phosphatase preparations from the bones
of birds with perosis were found to bring about increased actvity but
farled to activate the enzyme preparation to the level of normal birds
(77) Tlus seems to 1ind: that the of yme present 1s less
i manganese deficient birds and suggests that manganese functions 1n
caleium and phosphorus metabolism 1n this species as m mammals
pnmanly through facilitating the formation and activity of phosphatase

V' Absorption and Excretion

Manganese resembles 1ron and zinc in that 1t 1s poorly absorbed and
15 excreted largely m the feces In no species has the hadney been found
to play an active part n the ehmnation of tius element \Most of the
manganese 1n the feces represents manganese which has not been ab-
sorbed but part of 1t consists of metal which has been absorbed and
excreted 1t the intestine via the bile Reiman and Minot (58) found
that after patients with biharv fistulae had taken relatively large amounts
of manganese by mouth the mangancse in the bile might rise to 10 times
its former level Studies with radioactne mang.mcse 1n rats (65) hae
ot ’ ot ot emesmestendesl ok s s oo~ yese metabo
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lism and that as much as 50-75% of the intestinal exerction of such Inbeled
mangnese m1y come from the ble

On the other hand Kent and McCance (42) obtuned evidence that
manganese when mjected m moderate amounts s not exereted at all
freely by the human bowel Two mdividuals injected n this way with
manganese butyrate retuned the whole of the mjected manganese and
a thurd exereted about 50% 1n the feces  In nesther ease was there any
signficint merense n unmary manganese following anjection It was
shown further that rusing the dictary intahe of mangnese approumately
four fold by substituting virtually wholemeal flour for white flour
produced 1 very shght inerense in manganese retention but most of the
extra manganese apperred m the feces with no increase in unnary
mangancse output The actunl excretion n the urnme 1n most cases was
onh 004007 mg Mn duly It 1s apparent that the absorption of this
clement from the food 1s poor and that the body has 1 neghgible capcity
to excrete 1t in the urne It would be of great interest to examine
manganese excrehion in nephnhc pitients Iron copper and zme excre
tion m such patients 15 much igher than normal owing presumably
to the binding of these ¢lements by protem components of the plasma
Whether manganese 1s stmilarly bound 1 the plasma 1s unknown

VI Manganese Toxicity

All amumal species with the possible exception of rabbits exhibit a lngh
tolerance to soluble brvalent manganese salts As much as 35 g of
manganese citrate duly has been fed to pigs for 9 months without any
touie symptoms appeanng (59) 1000-2000 ppm (01-02%) of mnga
nese 1n the diet of rats have no effect on their growth although Iarger
amounts interfere with phosphorus retention and hens tolerate 1000
PPm or more without 1ll effects (28) A ration contuning 4800 ppm
(048%) has been shown to be highly toxic to young chicks (34) These
findings indicate the considerable margin of safety which eusts between
‘evels of manganese Iikely to be ingested wath the food or used in the
prevention of manganese deficiency n poultry and those which induce
tovic symptoms

The possible relation between gh manganese intakes from certain
pastures with abnormally Iigh rations of mang; (average
734 ppm compared with a “normal” werage of 60 ppm ) to “hcta
tion tetany 1 cows (12) was quoted earlier In addition it has been
suggested that susceptibility to the virus of infectious anemra in horses
grazing certamn pastures m Sweden 15 assoctated with the unusually high
mangnese content of these pastures (16) In nather of these cases has
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the association with excessive imtakes of manganese been supported t
any published findings from elsewhere
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by Comdet, also fell nto disrepute partly because the large doses
generally employed sometimes mduced touc symptoms and partly be
cause the rattonale of 10dme therapy was not then understood

A much firmer connection between 1odme and thyrod function was
established by observations along entwely different hnes dunng the
second half of the nineteenth century, when such characteristies of
endemic goiter as cretmism myvedema and “cacheva strumipma”
were hinked with an absence of thyroid function and with espenmental
athyreosss The symptoms of myxedema were shown m 1891 to be
amehorated by subcutaneous njections of thyroid gland extracts (see
Harington 43) A further substantal step forward was made m 1895
when Baumann (10) demonstrated that jodine 15 a normal conshtuent
of the body tissues and especially of the thyrowd gland, and that the
amount of this element in the thyroid 1s dimimshed m endemuc gorter
By the end of the century Oswald (81) had confirmed and extended the
findings of Baumann and had 1dentified thyroglobulin

Attention was then turned to the nature of the active components of
the thyrond gland culmmating mn the solation by hendall an 1918 (56)
of 2 erystalline compound contamning 65% 1odine This he claimed was
the active prncple, which he named thyroune The structure of
thyroxine was bnlhantly revealed by Hanngton in 1926 and i the
following year Harngton and Barger (45) synthesized this substance
and showed 1t to be a tetraiode dernvative of a compound of phenol and
tyrosine or tetrmodothyronme The formulas of thyroune and of the
thyromme nucleus are as follows

3 3
HO@—O—O—CH;CHNH,COOH
5 3

Thy romne [4 (4’ hydroxyphenoxy ) pheny lalanize]

1 I
HO-O—-O—O—CH,CHW,COOH
1 1

Thyroswe [3 53’ o tetrazodothyronine]
Following the 1solation and 1dentification of thyroxine ;x gr;n,t e:;uf;l:zf
of physwological and therapeutic studies with this 31" rc«: o e
pounds was carned out which served to establish yrox‘:tll S L the
thyroid hormone Such a conclusion seemed fully acceptable ;9) ot
mmportant recent announcement of Gross and Pitt Ruers (
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353 L tmodothyrone occurs 1n the human thyroid and plisma and
thit ths compound mmy possess 1s much a3 three to fne times the
hormonal activity of L thvroune  Attention had previously been drawn
to this substance by Hird and Trikojus (52) when studying chromato
grams of an hydrolysate of 1odocasein The problem of the relation
ship between these two compounds and the nature of the thyrod
hormone 15 not yet fully resolhied This question 1s considered later m
the section on the wrculating thyroid hormone

The first quarter of tlis century was 2lso extremely productive n two
further aspeets v12 (1) the development of effective means of control
of endemuc gorter nd (2) the demonstr thon that m an overwhelming
proportion of cascs this disease 15 primanly associated, both m man
and m farm stoch with a1 deficiency of 1odine 1 the food and water
supply 1 consequence of subnormal concentrations i the rocks and
sotls of goitrous regions The ongmal large scale expeniment for the
prevention of goiter 1in man was carried out 1n the schools of Ohio over
the four years 1916-1920 although as early as 1915 Manne an out
standing worker in tlus field was teaching that endemic goiter 1s the
easiest known disease to prevent Tlus statement was based upon ten
vears of experimental study of the chemustry and physiology of the
thyroid gland The treatment given 1n the Ohio expennment—3 gruns of
sodum jodide taken duly n the dnnling water for a penod of 10 days
m the spring and 1n the autumn—conclusively demonstrated the truth
of Mannes statement Similar prophylactic measures were quickh
mhated elsewhere 1 gontrous regions 1n the United States Swatzerland
and other countnies with great success and within 1 few years 1odized
salt became a recognized form of control In the early years there was
some resistance to thus form of treatment because of the fear of toxc
gorter but careful mvestigation served to dispel these fears

Surveys carned out m recent years have shown that endemmc gorter 1s
very much more extensive than was formerly re hized (107} (seec map on
P 268) ° Systematic surveys of sections of the population particularly of
the newbomn of school children and of service recruits have revealed
more and more goitrous areas  Where 1odime prophylaus has been ntro
duced and efficiently carned out the disease has becn practically abol
ished but this effect has been shown to become ewident only after a
number of years of systematic treatment of the population In some
goitrous areas the only evidence 1s a muld or moderate enlargement of
—_—

Map Limndly supplied by lodie Educational Burean Chilean Nutrate Co
London
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the thyroid winch wnposes 1 soet handieap but presents no pubhe
health problem  In other areas the disease conshitutes & major soanl
economie and health problem associnted wath erctimsm fecble minded
ness, deaf mutism and general physical and mental degenerition  In
both types of conditions Ik of sufficient sodine for the thyroid glind
to muntun normal structure and function uswally results from an en
vironmentt] deficieney of rodine of diffenng seventy which ean be
prevented by 1odine trevtment  Physiologiend 1nd nutntional studies
cumied out dunng the Tst twenty years however hunve shown clewls
that these conditions can also be cused or aceentnated by dietary and
ather factors that snterfere with the avulbility or utihizntion of sodine
or that smpose 1n abnormal demind on the thyroid glind  The miture
and sigmficance of some of these fictors we considered m subsequent
sections

This hitter punod witnessed 4 number of notable advances m onr
understnding of the physiology of 1odme nd thyrod function many
of which have not yet been widely apphed to the problem of endemic
goiter A vancts of potent intithyroid agents was discovered n 1943
{7) These have not onhy proved valnble in the treatment of hvper
thvrordism but have becn extremely useful tools m the study of thyrowd
function  Studics of 1odime metiboksm were very greatly facilitated
alsa by the discoseny of sadsoactin . ssotopes of todine which permit the
use of phyvsiological quantities of this element under physiologieal con
dibons which tag” 1 gnen dose with respect to time 1nd which emble
accurite measurement of 1odime i the body tissues wnd fluids of mtact
wmumids  With no other trace element has the advent of rdioretine
1sotopes proved such a pow crful weapon m unrw chng metabohe secrets
At first only I ¢ which has the very himuted half bfe of 26 munutes was
avalable to rescarchers but Iater I'# with the vory sttisfactory half
ffe of 8 days ws produced 1 guantity  Tlis isotope s been m
corporated into both morgamc 1odides nd calongemcally actnve orgame
substances for metrbelic muestigations

Mention should also be made of the recont duvelopment from the
method of Sandell and ¥ olthofl 1 1937 (991) of cxcecdinghy sensitise
citalytic colorimetric methods of estumtion of the mmute concentra
tions of 1odine present m bralogicrl tissues wnd fluds  The apphication
of such methods togcther with the tracer tsotope studics mentioned 1
the previous paragriph hue been potent factors in facihtiting our
enderstanding of the rdhition of thyrord ictinaly to sodine movements n
the bods  Concurrent application of chiromitogriphic methods to the
“parition of orgume constituents of the thvroud wnd plasma has proved
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equally valuable It was by such means that the significance of truodo
thyronine was revealed

Side by side with these mvestigations, which were stimulated prumarily
by the need to understand the nutrhonal physiology of iodine m
humans, collateral studies on 10dine 1 relation to the health and produc
tmty of farm stock were proceeding The relation of individual, breed
seasonal, and geographical vanations 1n the level of thyroid actmty to
such productive funchons as milk yield egg yield and rates of Ine
weight gain 1 ammals have been studied as well as the control of
these functions by the use of artficially 10dinated protemns Very hmited
consideration of this work or of the pharmacological aspects of 10dine
1s possible mn this context

Il lodine in Antmal Tissues and Fluids
1 Dustribution of Iodine Throughout the Body

All body tissues and secretions that have been exammed have been
shown to contamn 10dme and there 1s hittle doubt that 1t occurs m every
cell of the body The total amount present 1n the healthy human adult
has been calculated to lie within the normal range of 20-50 mg (108)
Of this small total a lugh proportion vanously estmated at 20-40%
15 concentrated 1 the thyrod gland The extent of this concentrabon
which 1s umque for any trace element m any tissue can be gaged from
the fact that the mass of this gland 1s normally only about one five
hundredth or 02% of the whole body The skeletal muscles nval the
thyroid 1n total amount of 10dme present This 15 entirely due to their
large mass because the 1odine concentration of the muscles 15 usually
less than one thousandth of that of the thyrmd The pitutary gland
which 15 so intimately related to thyroid function has a very low 1odme
content Thas 15 true also of the central nervous system (68) The con
centration m the avaries however 1s apparently three to four times that
of the muscles and 1s appreciably higher than mn any other extrathyroid
tissue with the possible exceptions of the bile and the harr A dlstﬂb\l{
tion of this type apphes not only to the human but to all species o
ammals studied (68 72 108) The form or forms in which rodine occur}i
m the ovaries are unknown Nor 1s 1t yet known if this relatively g
concentration of 10dme serves any partrcular function m this site The:ﬁ
1s some evidence of a cyche change 1n ovartan 10dine m accordance ‘vtlh "
ovanan actvity and of lower values before puberty and after he
menopause 1n women but these observations together with mamd "
the determmations of 10dine distribution throughout the tissues nee
be repeated with improved modern methods of analysis
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equally valuible 1t was by such means that the sigmficance of truodo
thyronine was revealed

Side by stde with these mvestigations which were stmulated primanly
by the need to understand the nutmtonal physiology of iodme mn
humaps, collateral studies on 10dine 1 relation to the health and produc
tnaty of farm stock were proceeding  The relation of wdaduil breed,
seasonal, and geographical vanations 1n the level of thyroid achwity to
such productive functions as mik yreld, egg yield and rates of Ine
weight gam i ammals have been studied as well as the control of
these functions by the use of artifierilly 1odmated protews Very kmited
consideration of this work, or of the pharmacological aspects of 1odme
1s possible m this context

W lodine in Amimal Tissues and Flinds
1 Dustrsbution of Iodmne Throughout the Body

All body tissues and secretions that have been exammed have been
shown to contamn 1odne and there 1s httle doubt that 1t oceurs i every
cell of the body The total amount present 1n the healthy human adult
has been calculated to lie within the normal range of 20-50 mg (108)
Of tius small total a hugh proportion varously estimated at 20-40%,
1s concentrated in the thyroid gland The extent of thus concentration,
wiich 15 umgque for any trace element 1 any tissue can be gaged from
the fact that the mass of this gland 1s normally only 1bout one five-
hundredth, or 02% of the whole body The sheletal muscles nval the
thyroid m total amount of 1odine present This 1s entirely due to thelu'
large mass because the 1dine concentraton of the muscles 15 usuafly
less than one thousandth of that of the thyrord The pituitary gland,
which 15 so mhmately related to thyroid function has a very low wodie
content Tlus 1s true also of the central nervous system (68) The con
centration 1 the ovaries however 1s apparently three to four times tha‘;
of the muscles and 15 appreciably higher than m any other ettmthyrgl
tissue with the possible excephons of the bile and the hur A distn :,Jf
tion of ths type apphes not only to the human but to all species o
animals stuched (68 72 108) The form or forms n which wdine acey iy
1n the ovares are unknown Nor 15 1t yet known 1if this relatively higl
concentration of 10dine serves any parheular function n ths site Th:‘f;
1s some evidence of a cyche change mn ovaran 1odine 1m 1cc0rda;}ce “ehe
ovanan actvity and of lower values before puberty and fe; !
menopause i women but these observations together with ma \(’1 o
the determinations of 1odine distnbution throughout the tissues nee
be repeated with improved modern methods of analysis
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The concentrations referrad to m the previous pargraph are for total
sodme 1e norgame 1odide 1nd orgameddhy bound rodwme  Inorgime
or odide 10dme 15 posmally present in the tissues m extremely Jow con
centritions of the order of 1-2 ug ¥ or 001-002 ppm (96} This
fraction of the tissue 10dine 15 1 equilibrium with the arculting wdide
of the bodv fluds It appears thnt sodide sons hike chlonde sons
permeite prictieahy 2l tissues and are distnbuted 1 extry eellular fuds
a2 manner smibr to that desenbed for chlordes by Peters (84)
Theripeutsc admustrition of wdide both at the prophylictic levels
necessany for the trottment of simple goter and at the much lugher
levds used for exophthalmic gater result in greatly inereased concentra
tions of morgamc sodide in tissues and fmds (96)  This mereise may
be suffient sn the blood to mmvalidate scrum protem bound rodme
determmations made for diagnostie purposes as will be shown when
considening, 1odine an the blood Tt ts kel also that the hberal use of
rodized mumerd mantures or “licks ™ for stock may sumtbuds invahdate
blood rodine estimations sn these species

The toeks of orgamedly bound sodine 1n the tissues depend upon
the tissue concened The torms wd imounts of such orgame 10thne n
the thyroid and m the blood we discusscd bedow  In most tissues the
concentritians irc Bk those of morginse odide extremely small A
levdd of ahout § up ¢ ppx s ta be normit for sheletal muscle (96) but
a great deal remumns to be lowned about the nature nd funchion of
this fraction  Its solulubty s dflcrent from that of thyrovine added
to tissue (Atricts wd sty distnbution 1s not uniform between the muscle
protewn frictions of Szent Gyorgy: {myosm wd ictin) but most sigmfl
cantly the amounts deercase m hypothvrordism and increase m hyper
thvrordism (97) It seems prohable that much of the orgame odine of
the bissucs consists of thyrovne looschy bound to protein The apphea
ton to the tissues such ts the museles of the new techniques of paper
cdaomatography and  atorrdtagrply winh hne buen prncrpally
respansible for the detection of now wdimited compounds  meluding
trnodothyrone 1n the thyroid and plasmt should assist greath n
determumng the nature of the compounds present
2 lodne sn the Thyrotd Gland

The concentration of total 1odme 1 the thyrerd vanes widely with
the sodine mtake with the actnaty of the gland with age and with
the wdividual but there 1 no conclusne evidence that it vares
stgmficantly wath sex in any species  The 10dine absorbed from the duly
diet averstindows all othier factors 1 determuning the thyrord odine
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content  Varration among species 1s small, except that sea fish have
thyroids very much ncher mn 10dine and rats have thyrowds shghtly
poorer m 1odine than most mammalian species  The normal healthy
thyroid of mmmals contuns 02%-057 1 on the dry bass gvmg a total
of about 8-10 mg iodme for the adult humwm thyrord This amount
may be reduced to 15 low 1s 1 mg or less m endemic goster but the
roncentration 15 even more sigmficantly reduced than the total content
because of the compensatory hyperplastic changes which take place 1n
the glwnd m ths condition (Table 36)

The concentration of 10dine m the thyroid has long been used as a
criterion of 1ts capaaity to function effectively Many yers ago it was
shown by Marnmne and Lenhut (71) that when the concentration falls
below 01% hyperplastic chnges are regularly found This figure my
therefore be regarded as close to the mmmum effectine level m the
glhind Mannes clam has been substanhally confirmed in more recent
work with sheep and pigs (3) A sigmficant mverse correlation was
found between the 10dine concentration and the height of the thyrod
epithelium 1n these species Sheeps thyroids with marked hyperphsia
contuned 001% I on the dry bass, those with moderate hvperplasia
004% I and pg's thyroids showing only very shght hyperphsia 011% 1
on the dry basis Feeding stabihzed 10dized salt to these ammals com
pletely elmnated the hyperplisia of the folhculw epthehum and m
creased the 10dme content of the glands so that fen contuned less than
0 2% and none less than 012% (3)

Iodine ewsts m the thyrord m 2 nomber of forms not ll of whch
have yet been 1dentified Those which hive been detected are morgrmc
wdide thyroune, 3,53 tmodothyronme monotodotyrosine, duodotyro
sme  polypeptides contumng thyroune and thyroglobuhn 1norg'z:hnc
1odide constitutes only about one tenth of the total 10dine present i the
norml gland whereas thyroglobulin the thyroid collod which 1s thefe
storage form of the thyrord hormone contamns a very Tugh proportion o
the total 10dine of the normal gland (96) Thyroglobuln 13 1 very Lx;g:
molecule, comparable m size to gimmn globulin of blood phisma 1}1:
1t 15 not yet clear whether 1t 15 2 chemical entity mn the sense that d:
crvstalline blood protems are entihes Thyroune wd duodotyro;m‘eMe
not appear to evst 1 the free state 1n sigmficant concentrahons bu o
bound 1n pephde hnhage to the polypeptide chamn of th? proéem I
wmounts wnd proportions of these ammno aads and therefore 11: ‘hnd
content of thymglobulm vary with the supph of 1odine to é h eﬁ '
The natne protemn of the thyrord gland must thus be considered P
manly 1s a storage form of odme
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The thyrord gland serves four mam functions with respect to jodine
Furstly, it traps with very great efficiency the morgame 10dide of the
body obtamed from the food and from the reversion of tissue and
arculating hormonal 1odine dunng the course of metabolsm  Secondly,
it oudizes this jodide to 10dine, mcorporates the wdine mto tyrosme
to form duodotyrosine and couples two molecnles of duodotyrosme to
give thyrouine  These two processes are under the control of thyrotropin
Thirdly, 1t serves as a reservorr for thyroid hormone, which it fixes
and stores as thyroglobulin, and regulates the rclease of this hormone
mto the erculation, lso under the conirol of thyrotropm (40, 44 96}
Fourthly, on the basis of recent evidence, 1t forms 3,53 trnodothyronne
and releases this hormonally active compound 1nto the circulttion (40)
Stated 1n the sumplest terms, the functions of the thyroid gland are the
formation the storage, and the release of the jodine contayming hormone
or hormones These can only proceed without compromise m funchion
or adjustment m thyrord morphology when the gland 1s supplied with
sufficient sodine

Certam factors 1nfl g the ac lation of odide by the thyrowd
and sts conversion mto orgameally bound rodine are discussed Jater m
the section dealing with 10dine metabohsm but a detailed consideration
of the enzymatic and chemical mechanisms mvolved m the four funchons
of the gland which have just been mentioned hes outside the scope of
this book  An appraisal of recent work on the biachenustry of the thyroid
gland, i which these functons are cntically discussed has recently
appeared by Gross and Pitt Rivers (40)

3 Blood Iodine

Extremely vanble values ranging from 3 to 30 pg per 100 ml, haw;
been reported for the total 1odme content of the whole blood of normad
humans although a lugh proportion of these values hes between 8 an‘
12 pg per 100 ml (25) Very sumlar average concentrations of to;a
10dine occur m the whole blood of most ammal species, but the mnd1
vidual vanability 1s so great that sigmficant species dufferences if th?
eust are duficalt to detemune The consumption of diets especially
rich m 1odine due to the mclusion of Jarge amounts of sea foods or
seaveeds results m total blood r0dine levels lugher than normal A
sumlr nise acurs when lodides are bemg admmstered Them;;eu‘t:c
doses of 1odide (eg 1 g of Nal) my raise the level temporanly by
several hundred per cent (96)

a  Clucal Diagnosis  Attempts to use
tions 1n the chinicnl diagnasis of thyroid disease

total blood 10dmne determind
and m studying thyrord
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function hwe been disapponting This was due until recently to the
tedious and unsatisfactory nature of the mcthods avaulable and to «
fatlure to realize that total blood sodinc 15 composed of at least two
distinet fractions morganie 10dide nd proten bound 10dine which do
not varv m the syme way with varying thirod actinaty  Tomzed (in
orgamic) 10dine 1s normally extremely Jow 1n the blood (1-2 pg per 100
ml) as n all extrathvrodal tissues  Moreover, this fraction remnuns
approumately constant 1n different states of thyroid actaty (96) 1t
e howerer ncrense markedly when evogenous 1odine enters the
orgamsm as m the treatment of thvrod dyvsfunction with 1odide  Salter
and Iis colliborators (95) have drawn attention to the “false” inerense
m protun bound jodine leading to dingnostic confuston, which can oceur
under such conditions unless appropnate precautions are taken in the
wnabvtical procedures emploved

The protem bound todine fraction of the blood 1n contrast to the
morganic 1odine fraction s ven sensitive to changes i the level of
thvtord actmity  Evccedingh delieate and relatnely ripid catalyhe
methods of deternumng proten bound rodific m 1s httle 1s 05-30 m]
of serum or plismt are now walble (23 99) The development of
these methods wlich make use of the power of 1odide to catalyze the
reduction of cene {0 cerous 1ons by arsemous oid represents as was
mentioned earhicr, i ady inee of ven great significanee to n amproved
undarstanding of the relition of blood 10dine levels to thyrowd activity
Serum or plisma 1s almost v nably uscd for these determinations
rather than whole blood although s ports on the distrsbution of rodine
between the red cells and plsma are conflicting (89)

b Proten Bound lodine  The protun bound (PBI) or the serum
preaipitable 1odme (SPI) of normal humn bluod serum or plismn 1s
much less vanable when esimated with modern methods than the total
blood 10dine as found by carlier workers with the less satisfactory
methods then awulible The Limits of normility may be stated as 4-8
#g per 100 ml with 1w men v alue lying between 5 tnd 6 ug per 100 ml
(42 89) (I 22) Shghtly lower norms (34 ue per 100 ml ) eust i
the mouse rat dog and domestic fowl (109) and also i adult sheep
(112) and dairy enttle (66 69) In beef cattle the nwerage PBI appears
to be still lower (2-3 pg per 100 ml) judging by the results of one
mestigation (69) but a hiter study disclosed mean values for Hereford
"ad Angus bulls vers close 10 4 pg per 100 md {59)  Sygmficant e
ferences between the sexes or among the dury breeds hve not con
sistently been obtuned but there 15 1 Iughly sigmficant decrense with
agen dairy cattle
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Lewis and Rlston (66) suggest from the results of therr nvestigations
that the normal range of PBI concentritions of dairy ammals of various
ages be tentatvely set as follows calves under 2 davs §0-180 ug per
100 ml mumals between 2 days and 12 months 3 $-12 0 rg per 100 ml,
13-24 months of Age 35-100 pg per 100 ml and cows over 24 months

LNorma)
T Hypothyroid
E=THypenthyrod

Number of po ris

2 15 20 2 28
P8I ug /100 ml

Fr. 22 Distubution of proten bound jodine (PBI) m normal subjects
and m pattents whose thyrotd disease was confirmed by « satisfactory response
to appropnate treatment {Hallman et ol 42)

30-80 pg per 100 m! In a later more detailed study these workers
(67) found the PBI values of young calves to be much hugher dunng
the first 48 bours post partum than at any later tme Ths was shown
to be due to the ingestion of colostrum which contams relatwvely luge
amounts of protemn bound 10dme dunng the first 12 hours after calving
(67) The mean PBI of the serum of 7 calves within the first 12 hours
af buth. before mgestwng any colostrum was found to be 89 pg per 100
ml compared with 150 pg per 100 ml for the sume 7 calves after
nursing  This represents a statistically sigmficant increase of 66% The
magmtude of the age changes m the plasma PBI of calves up to 18
months of age are given m Table 37

In mn PBI levels do not appear to be sigmficantly wfluenced by sex
or by 1ge althongh a entical series of values for mfants and very young
cluldren such as was quoted for calves in the preceding pwagraph does
not seem to have been carred out Menstrual changes we small and
inconsistent but there 1s a sigmificant nise m PBI dunng human preg
nancy Hememann (47) Hallman (42) and ther collaborators have
shown that as early as the third week m human pregnancy PBI valu:s
nse shuply to levels m the upper range of normal or even to 1;;&5
which outside of pregnancy are charactenstic of hyperthyresdism  Thes
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huwe shown further that sf such « nse does not occur the pregniney
1s kel to end m abortion This nise in PBI levels 15 not attended by
any chmeal evidence of excessne activity of the thyrod and occurs
well before the nerease i BMR of pregniney  This interesting phe
nomenon 1n pregnant women nd the position dunng pregnancy in other

TABLE 37
Cusancrs N e Coneentration of Praswa Protee Bounn lonive wrra
Amancine AGe oF Cauves {67)

Number of Number of Average

Afc calves determunations pe% s
Under 24 hours 22 22 148 53
24-48 hours 8 8 108 23
3~ 4davs 8 9 79 42
5- 7days 9 9 76 41
8-30davs 24 3 69 36
1- 3 months 18 18 62 26
4- G months 11 17 81 34
7-12 months 21 27 73 18
13-18 months 10 27 68 27

speaies deserve further study  Limited evidence suggests that no such
nse in PBI occurs mn pregnant cows (65)

The relationship which custs between the level of thyroid activity
and the level of PBI i the scrum of humans 1s however of the greatest
nterest and wnportance  The highly sigmificant increase 1n levels above
normal n hyperthyroid states and equally sigmficant depression below
normal 1 hypothyroid states have been demonstrated by many workers
(89 96) (Fig 22) The nse m hyperthyroidism and the fall 1 hypo
thyroidism allustrated i Fig 22 occur even when these conditions
are not ted with corresponding changes 1n the BMR  Such
changes in PBI do not normally occur when hypometabohsm and hyper
metabolism are not of thyroid ongin It 1s therefore obvious that PBL
determmations carncd out with proper preciutions are n extremely
valuable aid 1n the chimeal dingnosis of thyrord dysfunction Rapport
and Curbis (89) are careful to pomnt out however that “dingnosis of
thyroid dysfunction cannot be made from 1t [PBI] alone any more than
a diagnosis of acute appendicaitis can be made from the total and dif
ferential leucocyte count

Attemp'*s have been made to use PBI determmations in immature beef
cattle to predict future live waght guns (59) Hypothyrowdism has been
assoctated with dwarfism and hence low rite of gun (16} and it would
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expected that there would be an optimum PBI level commensurate
1 sabisfactory growth and efficiency of feed use 1f flus Jevel 15 an
¢ of thyroxd activity A highly sigmficant correlation between rate
netibolism m male beef calves and their plasma PBI levels has been
erved and also between the efficiency of gan m 10 Hereford bulls

thewr PBI levels (59), but very much further study 1s necessary
re the value of PBI determmations m the predction of future gains
f other production potentials 1n farm ammals can be assessed

The Cureulating Thyroul Hormone

or years the nature of the circulatmg thyroid hormone has been the
ect of speculation  The organic 10dine of the plasma 15 nondrlyzable
1s Ioosely bound to one of the plasma protems E wly evidence that
unin carried the 1odmated compounds has been disproved and 1t
seems that small amounts of « globulm contamnating the albumm
ally constitute the binding protem This was demonstrated by the
of a combination of paper electrophoresis and wtoradiography with
ral huran plasma, with and without added synthetic radipthyroxne
ugh activity (33) Both the natural and the radiothvrovine were
d to be associated with a protem having a mobihty sumilar to that
globulin  Of great mterest 15 the report that trnodothyronme does
appear to be specifically associated with this protemn m the arcula
(40)
ollowing the mvestigahons of Taurog and Chaikoff (110) Landlaw
), and others 1t became generally accepted that thyroxine (bound
rotemn) was the circulating hormone and that this compound con
tes the PBI of the serum, or at least the effective part of it This
lusion Tequires revision m the light of the demonstrabon of the
 thyroidal activity of trnodothyromne and of its presence i addstron
hyroxme n the plasma (39) Whether thyroune 1s the precursor
modothyromme 1 the thyroid and 1s 1itself physmloglcally mactive
hether both compounds possess actvity independently of their rela
to each other, remans to be determmed For the present as Gross
Pitt Rivers (40) have stated, the circulating thyrond hormone must
egarded as bemg composed of both thvroune and trnodothyronine
 this connection 1t should be mentioned that thyroid ‘hormone 15
ric term ndicating any substance that wall reheve human myxedeI:la
whose admmstration causes a spectfic series of bologreal eyenf1
amber of such substances are known of which truodothysomne ;\“
owne are the most potent examples These substances vary m t z“'
acal and chemical constitution but all contamn a single common
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denommator winch 1s essental for physiological activity  Thus 15 the
chemienl group known as thyronme (sec p 266) All thyroactive sub
stances contun the thyronme nucleus and a0l those prepared from
natural sources or with 1 substantinl degree of actvity contun 1odine
substituted 1n the anner aromatic g Remonal of hoth the outer 10dine
atoms (3 5 ) from thvroune results 1 1 loss of 907 of the actaty (2)
Thesc frcts mdicate the ¢ssentinl nature of both 1odine and thyronine
m the throd lormone  although both tetribromothyromne and tetra
chlorothyronte exhibit weak thvroadal actiaty

5 Jodinc in Mdh

The total 1odine content of mulk 1s laghly varable in all species
studied  Values have been reported for cow s milk ranging from 0 to
100 pg per 100 ml Some of the reported vanabihty 1s undoubtedly
assocaated with analytica] errors and wath contumination but the level
of dictiry mtake of rodine 15 the mun determiming factor In fact the
1odine concentration of the milk produced 1n 1 given locality has been
shown to be quite 1 good index of endemic gorter merdence m that
regron (79)  Todide supplements are capable of rusing the level of
1odine 1n mlk far above normal Such treatment of dairy cows has been
suggestcd miny times s n effcetive means of rusing the 10dine mtake
of cluldren and of pregnant women n goitrous areas

The great vanability 1 1odine concentration 1n midk makes 1t difficult
to determme “normil levels A range of 3-8 pg per 100 ml  however
mcludes 1 Ingh proportion of the /alues obtuned for normal cows
mik 1 varous investigations Thus Lewis and Ralston (67) in the
United States reported 2 range of 67-136 pg per 100 ml for the total
10dme of mne healthy cows recewving normal rations unsupplemented
with 1odized salt or mineral mixtures Orr wnd T eitch (78) 1n England
raised the 10dine content of milh from 4-7 g per 100 ml to 33 pg
per 100 ml by adding 018 g 1odine as RI daily to the diet of the cows
and Blom (12) 1n South Afrnica found that a supplement of 01 gkl
duly raised the 10dine content of cows milk from 1 normal 2-7 pg per
100 ml to 51107 g per 100 m! Therapeutic doses of 1odide of 1 g
or more given to lactating women can result m milk contumng several
muthgrams of yodine per 100 ml (96)

The 10dine content of goits ewes and human milk appears to be
very similar to or perhaps shghtly higher than that of cows milk but
the values reported are so vanable that valid species comparisons appear
tmpossible  Salter (96) quotes values of 5-24 wg per 100 ml for the
1odine content of human colostrum and 4-8 ug per 100 m! for human
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mik once lactation 15 established The position of colostrum and true
milk m respect to 10dine concentration 1s curious m that there 1 ap
preciable evidence for several species that milk 15 richer m thus element
than colostrum Thus 15 not supported by a recent study (67) mn which
the total 10dine of the colostrum of five cows ranged from 20 pg to over
35 pg per 100 ml, whereas the later mulk of the same five cows ranged
n 10dine content from 72 to 136 ug per 100 ml This question mernts
further mvestigation with modern methods of analysis especially 1n view
of the possible importance to the newborn of the colostral 10dwme sug
gested by the work of Lewss and Ralston (67) with cows

Much remans to be learned of the forms m which 10dme ewsts m
milk It has been shown that milk 10dme occurs almost entirely in the
skim mulk fraction and not m the fat and that 1t 1s precipitated with
the nulk protemns No thyroune like fraction can be 1solated from milk
and the normal bovine mammary gland has been shown to be impervious
to thyroxine (90) Normal cows milk on the other hand contams one
half or more of 1its total 10dme m organic combination as determined
by the standard procedures used for estimating serum PBI and cows
colostrum contams an even lugher proportion of its total 10dme n this
form (67) * The nature of the orgamc 10dme of milk and colostrum
presents an mtnguing problem, especially as neither milk nor colostrum
possesses calonigene properties

6 Iodine m Eggs

Considerable attention has been devoted to the 1odine 1n hens eggs
mamly because 1t supplies the whole of the requrements of this element
for the developing chick embryo but also because of an mterest 1n eggs
as a source of 10dme 1 human dietanes On average diets, hens eggs
usually contamn a total of 0004-0 01 mg 10dine most of which 1s Tocated
mn the yolk (93) The amount however 1s highly dependent upon the
intake of 1odine by the hen In goitrous areas rodmne may be present
n much smaller quantities than those Just quoted (50) but by feeding
the hen sufficiently large amounts of 10dme 1t 15 possible to mcrease
the 10dine concentration m the egg as much as one hundred tumes the

normal levels (113) Eggs containng a total of 1-3 mg of 10dime have

1 h i! 33 hnique capable of separat

® By the use of 2 p p
ing mz))’nmodotymsme duodotyrosime thyroane and sodwm todide from Sdkllﬂl n;lln.l:
Wrght ef ol (116a2) have been unable to detect the presence of any 1o mx;e c m
pounds other than 1odide m the milk of goats treated with 257 labeled rodocast

or sodmm 10dide
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been produced by these means and  1odized  eggs have been used m
certam reas for therapeutic purposes

W Physiological Functions of lodine and the Thyroid Hormone

Since 10dine 15 an essential component of the thyroid hormone and
no other function for this clement 1s known 1t follows that the physio
logical functions of 1odine are identical with those of the thyrod
hormone  Tlus hias been established as a result of studies correlating
the effects on ammals of naturally occurrng and artificinl jodine defi
cient diets and of those of thyrmd removal or hypofunctioning of the
ghnd not condiionced by laek of 1odine  Studies of hyperfunctioning
stites have 1lso contnibuted to n understainding of the relationship that
easts between 1odme and the functions of the thyrord hormone At the
same time 1t 1s neeessary to emphasize that many disorders of the thyrod
glind imvolving 1 deficient or n cxeessive production of thyroid hormone
are not conditioned by varitions in supplies of dietary 1odine  In these
cases 10dine metabohism 1s clearly mvolved but 1t 1s secondary to the
glandular dysfunchion Such dysfunctions he lrgely outside the scope
of 2 test on nutntion and are only considered msofar as they throw
Iight on the nutntionyl physiology of 1odine

The studies just mentioned have revealed that the thyroid hormone
and therefore 10dine 15 concerned with 4 vaniety of metabolic processes
It 15 apparcnt that this hormone (1) exercises control over the rate of
energy metabolism or level of oudation of all cells (its calongemec
effect) (b) nfluences physical and mental growth and differentiation
or maturation of tissues (c) affects other endoerme glands especially
the hypophysis and the gonads (d) influences neuromuscular function
mg (e) ffects arculatory dynamies (f) has an effect on the ntegu
ment and its outgrowths hur fur and feathers and (g) mfluences the
metabolism of the food nutnients ncluding varous minernls and water

Many of these functions nre related and mterdependent Indeed the
great vanety of thyroid cffects 15 generally interpreted as mdicating that
the thyroid hormone his 1 single pnmary function that of controlling
the rate of cellular ovidation nd that all other effects are secondary
manfistations of 1 disturbance m this function affecting vanous spe
calized processes Most of the cardiovascular abnormnliies of hypo
or hyperthyroidism can no doubt be related in this way to lowered or
heightened metabolic rate but some of the thyroid effects re not so
easily related to the calongeme effect This question 15 considered
further 1n the section deiling with the mechanism of action of the
thyroid hormone
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1 Metabolic Processes

As mdicated above the primary and fundamental function of 10dne,
through 1ts presence m the thyroid hormone, 15 the control of the rate
of cellular oudation This apphes 1n all vertebrate orgamsms The rate
of energy exchange 1s conditioned by the thyroid hormone and the
quantity of heat hiberated by an organism at relative rest 1s decreased
by deficiencies and elevated by excesses of tlus hormone After total
thyroidectomy the basal metabolic rate gradually falls to about one
half of 1ts normal value but can be raised by the admimstration of thyro
active substances 1 proportion to the amount and the potency of the
materals which are used  Similarly 1n endemic gorter or mn expenimental
10dme deficiency where the production of thyroid hormone 1s limited
by lack of 10die, the basal metabohc rate of ammals 15 lowered In
these latter conditions the admmmstration of either thvrowd substance
or 10dme restores the normal basal metabolic rate

The calongemic action of thyroid hormone 1s evidenced by its effect
on the oxygen consumption of excised tissues and organs Laver, hidney
muscles and other tissues from 1odimne defictent or thyroidless ammals
consume less oxygen than normal whereas comparable tissues from
hyperthyroid ammals show an oxygen consumption greater than normal
(15) Tissues excised and cultured n vitro are not affected by thyroxine
which suggests that tssues maimntamned apart from the orgamsm are
deprived of some orgamsmic factor which 1s essential for the action of
thyroid hormone

Disturbances mn the metabolism of water, salt protens carbohydrates
and lipoids have been observed m ammals with hypofunctiomng and
hyperfunctiomng thyroids In the former condition there 15 an increased
retentton of salt and of water mostly extracellular 1 location and a
considerable reduction 1n plasma volume A pronounced water and salt
dwresis accompanied by an ncreased plasma volume follows the
admimstration of thyroid hormone Increased mitrogen excretion also
takes place largely as a result of the greater breakdown of cells

The role of the thyroid m carbohydrate metabolsm 15 far from clear
but 1its effect on hipord metabolism 1s mdicated by the relation betw een
the Lipoid concentration n the blood and the functional state of tlui
gland Hyperthyroid states are accompanied by low blood cholesterot
levels and hypothyvroid states by above normal levels of this constituen
1 the blood Chmcians have recogmzed for many years that the meta\I
bolic rate 15 1 general, mversely proportional to the blood cholestero
concentration
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2 Growth and Differentiation

Deprving a voung mmmal of thvroid hormone by surgerv or ablation
or by feeding dicts low 1n sodine or Ingh 1n goitrogenic agents greatly
retards general growth as 2 result at least i part of delyed osseous
development  The dwarfism produccd n rats or birds by total thyroid
ectomy 1t an early age 1s very marked although not so severe as that
produced by hypophysectomy In human infants athyrcosis leads to
the tvpe of dwarfism known 15 erctimsm which at one time w1s common
m gowtrous regions  Even m cretins admmstration of dried thyrod can
result 1 sncre1sed grosth nd similar results hive been obtuned
10dme deficient areas with children who have failed to grow normnally
becuse of lesser degrees of hvpothvroidism  Definite retardation of
growth m voung people goes hand m hand with gotter 10 severcly
gotrous reas  In such arers 1odine administration dunng adolescence
mereases the rite of growth as well a5 reducing the size 1nd nadence
of goiter Many Swiss records could be aited to support this statement
but perhiaps the most stnkang e those taken from the Bern Secondary
School and submittcd to statistical analysis by Stocks (105) Measure
ments of haght waght and thvroid size of 1130 growng guls from
this school were obtaned for 1 yeir before and for 3% years after treat
ment with 1 regular weelly dose of 2 mg sodium 10dide 1 tablet form
Large nd remarkable creises in mean growth rtes amounting to no
less than 3 em and 3% kg 1n excess of the mean growth curves were
found over tius period for girls with pronounced goiters and simululy
highly sigmficant mncreases lthough progressively less mn extent from
cuch treatment of girls with moderate to small goiters The actual i
creases in mean height and weight of all treated girls above the values
for gurls whose treatment had not yet begun were as follows

Increase in Increase in

height (em ) weicht (ke )
Inlyear 1000 %0148 0926 0144
In2years 1602 + 0212 1578 + 0208
In 3 or more ycars 1629 = 0284 2021 * 0276

Retardation in general growth as 1 result of thyroidectomy or severe
depnivation of jodine 15 1ccompamied by a delay m almost all develop
mental processes This 1s seen m 1ts most striking form 1 the effect of
thyroid subst on the phosis of amplibian Inrvae which 1s
of parhicular 1nterest because 1t provides ewidence of a distmetion
between the growth and the differentiation effects of the thyraid
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hormone It seems that the hastemng of metamorphosss of frog tadpoles
brought about by thyrod substances 15 not due to a mere smulation
of metabolic rate For wstance the dimtrophenols elevate metabohsm
m tadpoles but they do not hasten their development nto frogs 'The
relation of the thyroid hormone to maturation or development 1s ap
parent however m all species A hypofunctioning thyraxd retards mental
development 1o the human species and resuits m depressed reproductive
actvity or farlure 1n the development of the male and female gonads
and the secandary sex organs of the young of all burds and mammals
These Intter effects of thyroid msufficiency are considered in the follow
mg sechions

3 The Neuromuscular System

Human hypothyrotdism 1s characterized by retarded mental develop
ment 1n the young and mental dullness and apathy m both young and
old In hyperthyroidism, by contrast there is emohonal mstabhby,
nervousness, md umtability, accompamed usually by muscle tremors
hyperactivity of the sweat glands, and mcreased penstaltic actwty of
the nteshmes These effects are talen as ewidence that the thyrod
hormone affects both the central nervous system and the autonomic
systern  Numerous expermments on ammals have, 1n fact, demonstrated
that the thyrowd secretion sensitizes the nervous system  Moreover, 1t 18
well known that hypothyroids have a lowered resistance to narcotics
and mncreased thresholds to hght and sound stimuhr Durect expenmental
support for such an effect has been provided by clectroencephalographic
studies demonstrating that m myxedeme and other thyroid deficrencies
the cerebral cortex ongmates fewer alpha waves per second than the
normal bram The electrncal activity of the bram can be returned to
normal by the admmstration of thyrone, or can even be mcrcqseg
beyond normal if sufficient thyroid hormone 15 grven Ross and Schaa
{94) found a good correlation between the BMR and the rate of emana
tion of alpha waves from the nervous svstem .

One of the simplest and most obvious examples of the influence t}‘:
the thyroid hormone on nervous hissne functiomng 1s that aﬂ'ectmgt xe
respiratory centers Following thyroidectomy, or i the hypothyrod state
whatever 1ts cause the respuratory centers mn the medulla are less senst
twe to carbon dioxide and the rate of breathing 15 duninished Treatf
ment with thyraid substance or thyrovne results n a raprd restonho; :c
the sensitmty of these centers with an increased respuratory ratf‘a) e
mechanism mvolved sn this sensihizing of the nervous system Dy
thyroid secretion 15 unknown but 1t seems probable that 1t 15 not un
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connected with changes in the rate of oxidation of this tissue, such as
hue already been demonstrated for the brun m different thyrod
states {20)

From the ewhest times stitements have been made ssoerting stu
pidity mental dullness or lach of intelligence with the madence of
goter  Controlled studies using modern intelligence tests or similar
ratings hnve however given vers varable results when these have been
apphed to school children with normal shghtly enlrged or markedly
enlwrged thyroids  Thus Shee (1001) working m an aren of high
endermie gorter an Irelind found 1 sigmificant inverse correlition between
mtelligence 1nd established goter whereas Stocks et al (106) could
not find amy evidence that proficiency an school work 1s lowered m ado
lescents wath enluged thyrowds

4 Relation of the Thyrowd to other Endocrine Glands

Complex interreltionshups are characteristic of the activities of all
the endocrne glinds  With the thyroid such interreltionshups are con
spicuous and far renching m their physiological effects The normal
production storage and rclease of the thyroid hormone n which a
senes of complicated biochemical processes mvolving 10dine 15 1nvolved
are believed to be governed by 21 deheate balance and nteraction be
tween the thyroid hormene and thyrotropin of the anterior lobe of the
hvpophysis Increasing amounts of thyroid hormone result i atrophic
changes m the antenor hypophyvsis and dimimnish the secretion of thyro
tropin  Thyroidectomy or hypothyroidism resulting from adequate
1odine or from treatment with goitrogemc substances and the conse
quent dimimshed thyroid output stinulates the anteror pitwtary to
produce and release ncreased amounts of thyrotropm  When bodils
needs for thyroid hormone cannot be met as m 10tine deficiency this
increased amount of thyrotropm stimulates compensatery enlwgement
of the thyroid gland Such an enlargement, or gorter 1s an attempt to
merease the secretory surface of the thyrowd follicles evidenced lusto
logically by hypertrophy and hyperplasia

The thyroid pituitary interrelationship 1s shown further by the effects
of hypophysectomy and of parcnteral admumstration of thyrotropin
Hypophysectomy results 1n atrophy of the thyroid glind because of the
withdrawal of thyrotropm from the orginism  This can be prevented
by the rdmmstration of switable pitwitary extracts whereas the admms
tration of such extracts to the normal ammal produces gross enlirge
ment of the thyroid and increases the flow of blood to this gland It
has been shown moreover that thyrotropmn produces hypertrophy of
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thyrod cells when these are grown s vitro m blood serum (1) The
interesting question of direct thyrotropm effects on metabohsm inde
pendent of the thyroid Les outside the scope of this book

Markea cytological changes 1n adrenal cortical cells have been ob
served 1n hoth hypo and hyperthyroidism (26) Thyroidectomy 1 the
rat 15 followed by a reduction m the size of the adrenals, whilst ad
mimstration of thyroid hormone by mouth or parenterally will result n
adrenal cortical hypertrophy (53) Conversely, hyperfunction of the
adrenal cortex may result 1 a decrease m thyrod function, presumably
due to a decrease n thyrotropin, and the admmstration of epmephnne
may mduce hyperplastic changes n the thyroid (101) In the adrenalec
tomized anmumal the uptake of I3 1s increased followimng the admmustra
tion of adrenalin, whereas 1 the intact rat such treatment 1s followed
by a decreased uptake

An interrelationship between the thyroid and the sex glands 15 estab
hshed by a wide range of data In the human orgamsm, collowd goiter
not mfrequently develops during puberty and hyperthyrordism 15 not
uncommonly precipitated at the menopause Cretms are usually sterle
and mvariably fail to develop normal sexual vigor, with a delayed
maturation of the gemtalia In all birds and mammals thyroidectomy
at an early age 15 followed by a long period m winch the gonads and
the secondary sex organs remain m an mfantile condition

Thyroid gonadal nterrelationships can be very conspicuous mn some
types of birds due to plumage changes as well as to effects on other
secondary sex characters In the Brown Leghorn male for nstance
total thyroidectomy 15 followed by a long period n which the testes
rematn small and free from spermatozoa The comb decreases m size
molting 1s mhibited and the charactenistic male plumage pattern 1s Jost
Admmustration of estrogen to such ammals does not induce the fem}z:le
plumage pattern as 1t does m normal males which suggests that this
pattern results from the svnergistic action of the thyroid and ovan;n
hormones (11) These gonadal effects of thyrordectomy m birds can be
overcome by treatment with thyroid hormone

Other mamfestations of a relation between the level of thyrord actvity
and the functioning of the gonads or secondary sex glands occur ;n
farm stock and these are of considerable practical mmportance }l:

oitrous regions reproductive failure revealed particularly m the burt
& & P d; and often the only
of hairless, weak or dead young 1s the outstanding ¢ thoond
symptom of 1odine deficiency and consequent impaurment g ug: <
function m farm anmals A seasonal reduction in egg pro d:wfve
poultry or m sperm production m rams assoctated with periods of very
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lugh environmental temperatures has nlso been related to 2 mild hypo
thyroid state but there 1s no evidence that they are necessanly duc to
reduced takes of dictary 10dine Admmstration of appropnate doses
of thyroproteins (but not of yodine) prevents these depressions n e
productine functioning and admmstration of thiouracil enables them to
be smulated (14) 1t has been shown further, that thyrowdectomy
reduces milk yield i cows and goats and that treatment of normal
ammals with thyroune or thyroprotemns under certun condibions can
mduce sigmbicant ncreases m milk production and changes in milk
composthion  The practical possibilities of thyroprotens m ammal pro
duction and the question as to whether these effects are merely secondary
to the calongeme action of thyroid cnnot be considered here

5 Lffects on the Infegument

Hypofunctiomng of the thvroid whatever ats cause 15 frequently s
sociated wath changes 10 the shin hur or feathers some of which have
already been referred to  Cretins extubit 4 pale gray skin lacking
mobility and their hrur 1s usually dry and scanty In myxedema drymng
roughening and thachenmg of shin nd shedding of the hair are chirac
tenistic symptoms  Paglets born an goitrous areas are harless and have
thick puffy shins In birds the reltion of different levels of thyroid
activity to the molting process and to the form structure and pigmenta
tion of the feathers can be particularly striling  Thyroid gonadal rel
tions are intimately concerned 1n these changes as was mentioned 1n the
preceding section Thyrotdectomy reduces the growth rate of feathers
mntubits moltng and results 1n a1 Joss of the charactenstic male and
temale plumage pattern (11) Excessive thyroid hormone on the other
hand reduces the growth rate of the feathers and accelerates molting
The plumage responscs vary with the speces and the breed and
feathers on different parts of the bodv do not respond alike

6  Mechanism of Action of the Thyrowd Hormone

It 15 generally nccepted that the thyroid hormone controls tissue
metabolism through the regulation of various enzyme activities but the
mechamsm through which this 15 achieved 1s still not understood It
could act through the indirect release of some unhnown metibolically
active substance but the mo-e likely alternative 1s that it causes the
release of coenzymes protem camers or other substances needed for
many of the energy transforming processes of the cells Direct mvolve
ment of thyroxine mn an enzymc system has howcver never been demon
strated Indeed Barker (9) has statcd 1t scems quite doubtful if
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1s evidence that physologielly actine compounds are less completely
and more slowly 1bsorbed than inorganic forms of this element and that
the rate of absorption vanes somewhat with the metabolic level of the
subject  Absorptton 1s faster for example 1 the normal than m the
hypothvroid mdinidual  Morcover a substantial proportion of the dose
(11-60%) appears m the fcees all of which 15 organteally bound (55)
From work done with dnodotyrosine and thyrounc it sccms that some
of the orgamenlly bound 1odine 15 absorbed as such and the rest 1s
broken down to sodide m the alimentary tract Most of the iodine
normally entering the circulation myy  therefore be assumed to be m
1ome form and the prinaipal factor determining the rate and extent of
its passage nto the blood 1s the thyroxd state of the mdividunl  Lattle 15
known of other factors affecting r0dine assumlition other than hugh
Jevdds of dietary ealetum wluch possibly depress 1odine absorption  The
question 1s considered agun m Section VI of this chapter

2 The T'ate of Absorbed lodine

Absorbed inorgame rodide disappears from the blood at an exponential
rate which 1s the sum of the individual rates of removal by the thyroid
by the hadneys and by other tissues  Lach of these takes place at rates
proportional to the concentration of 1odine 1 the blood (55) An idea
of the rdatne importance of these three pathways ¢ be obtamed
from the fact that m normal human adults the thyroid accumulates
1odide 1t the rte of about 25% per hour the hidneys excrete 1t at the
rate of about 6% per hour and the rest of the tissues of the body at
about 1-2% per hour (55) The remarkable concentrating power of the
thyroid the “odide trap to wluch enrher reference has been made
vanes greatly wath the activity of the glind  In exophthalmie goiter the
rate of accumulition by the thyroid approvmates 20% per hour or 8§
fimes the rate of the euthyrord individual  Although rodine 15 rceumu
Iated faster and to 1 larger degree by the thyroid mn hyperthyroidism 1t
15 soon Jost as the hyperactive gland expends 1ts synthesized hormone

The appearance and disappearnce of tracer 1odide n the thyroid
affords a uscful means of apprusing the actwaty of the gland and various
tests imolving the use of ' have been evolved for the dingnosis and
treatment of thyroid dysfunction The tests were at first confined to
direct measurement of the proportion nd the rate of uptike m the
thyroid In general 1t was found that normal people concentrate less
than 407 of the dose and thyrotoxic pitients concentrate more than 40%
However the considerable overlpping which 1s generil in these tests
greatly limts their uscfulness



290 9 10DINE

The best determination of function n an organ which 15 removing a
substance from the blood 15 its plasma clearance The thyroidal 10dide
clearance,” defined as the volume of plasma cleared of its 1odide per
minute, has been extensively studied m man In the early stages of
nveshgation calculation of this clearance requred the simultaneous
determination of the thyroid and blood 10die but improved techmiques
have been developed 1n which measurements are made over the thyroid
and over a part of the body which does not concentrate 10dine, such
as the thigh (77) In normal individuals the thyroid clears an average
of 10-20 ml /min, whereas the average evophthalmic goter clears as
much as 130 ml /min (96) The diagnoshe sensiwity of this index can
be gaged from the fact that the maumal accumulation 1n Graves disease
rarely exceeds three times the euthyroid level On the other hand, the
thyroidal clearance test and indeed all tests with radioiodine are much
less sensitive to myxe dema than to thyrotoxicosis—so much so that many
workers have reported difficulty in distingwshing myxedema from the
normal (115) For this purpose, as 1s shown below a method which
uses the 2448 hour jodine excretion appears especially valuable

Todine enters the thyroid gland as 1odide and at normal intakes 1s
rapudly meorporated mto orgamc combinations through the series of
transformations mentioned earlier When an excess of 10dide 15 available
a large amount may remamn 1n the gland for some time before orgamc
transformation oceurs  Following the mitial period of concentration after
admimstration of a tracer dose, the 10dine 15 slowly released mto the
crrculation and the content in the normal thyroid falls by about 0 6%/day
m thyrotoucos:s the rate 18 about 10 tumes as great (86) Within 2
few days the plasma activity mses to a steady value which 1s mamtamed
for some time  Almost all of this activity 15 due to protein bound rodme
presumably as hormone (86)

3  Excretion of lodine

Orlly admumstered 10dide as stated above 15 almost completely
absorbed with very httle of 1t appeanng m the feces This mdicates that
the Midney 15 the mamn pathway of excretion of odide Studies with
racioiochde have shown that some of the absorbed iodide 15 excreted
mto the stomach but since the gastric 10dine 15 not recoverable 1n t{’he
feces 1t must be reabsorbed farther down the gastrointestinal tract ( 62)
Excretion of 1odide 1nto the stomach may therefore be considered as a
mechanism for conserving rodine by delaying its passage to the kadneys

consequent excretion m the urme
an'c;‘he e\:c?-euon of the 1odine of organic 1wdine compounds has been
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stuched by means of Iibeled thyroun both at and 1bove physiological
levels At hugh dose levels the absorbed thyroun 1s partially detodinated
n the tissues and the 10dine exereted 1n the urme s jodide  Part of
the thyroune 1s also taken up by the Iner and excreted through the bile
mto the feces unchanged or n orgmenily bound form  The proportion
of the admustered orgamic sodine appearing in the feces may be very
hugh under such conditions At physiwological doses which presumably
more nearhy represent the position m the normal anmnnl the hver still
plavs 1 part in exeretion 1nto the feces via the bile as desenbed above
but much less prominently (38) The thyrounc 1n this case appers to
be largely deiodinated dunng the course of metibohsm and the result
mg rwdide which escapes the nghly efficient thyroid trap 15 excreted
i the unine  The quantity of 10dide excreted m the unne of man thus
genertlly reflects the tmount wluch 1s not taken up by the thyroid gland

An inverse ratio between thyroid uptake and unnary excretion of
1dme has repeatedly been observed mn man (88) and has been demon
strated 1n rats (G3) In one expenment with this latter species the
chimination of radiolodine into the urne withun 24 hours of admnustra
tion w1s about 907 m normal ammals and 20% 1 10dine deficient animals
The corresponding thyroid uptates were 8% and 55% respectively (63)
In human adults the proportion of an oral dose of labeled 1odide excreted
m the urne of hvperthyroid patients has been shown to be very
much lower than it myxedemt cases or in normal wdividuals  Ths
finding 15 brcdly sllustrated 1 Table 36 taken from the pubhcation of
Raben and Astwood (88)

TABLE 38

PercenTAcE oF Onat Dost or LaneLep lopioe Excrerep mv Tie Unine (88)

Range of radio Range of radio-

Numberof  1odine excreion  Number of  10dine excretion

cascs in 48 hours cases n 24 hours

Normal 15 53-84 23 42-80
Myxedema [} 72-92 10 48-93
Hyperthyroid 26 6-32 34 543

It seems thercfore that an indirect estmation of thyrord function
can be made by determinmng the urnary excretion of radiotodine after
a standard interval of ime  Such a suggestion was made quite early n
the applicrtion of radioiodine to the study of thyroid function (51)
Uninary estimations of this nature suffer from less drawbacks than the
thyroid clearnce tests mentioned previously, but they are potentrally
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maccurate because they fail to take mto account the wfuence of rena
clearance Collecting the urme over three to six successive periods ha
been shown to ehmnate this uncertainty (30) Further the “T° inder
caleulated by Fraser ef al (30) has been shown to be virtually inde
pendent of the renal condition and to be closely correlated with “early
thyroid clearance tests mn patients with established diagnoses ranging
from defimte and shght my<edema, to normal and probable and definite
thyrotosacosts This T° mdex or the extra renal disposal rate indey
0-8 hr % X 100
[ (8-24hr %) % (0-48hr %)

of Fraser 1s more sensitive than the crude urnary output espectally m
the diagnosis of myvedema It 1s apparent that this radwsodme test 1s
an extremely useful addition to the various laboratory estunations m
cluding BMR, plasma protem bound wdne (PBI), and plasma choles
terol determmatons which are available for the dagnosis of thyrod
dysfunction that cannot be made on clmical grounds alone

YV lodine Requirements

Actual needs or requirements of 10dime have been difficult to assess
because, there 15, as yet, no wholly satisfactory method It becomes
advisable therefore to outlme the methods now used and to estimate
their lumitations before giving the range of “needs so far found with
ther aid  Four main methods have been used

1 Methods

The first of these mvolves compansons of the eshmated amounts of
1odine mgested and excreted by individuals mn nongoitrous ares and
mn areas with varymg degrees of gotter maidence The annual 1odme
mtakes m one gotrous and 1n one practicallv gorter free area m Switzer
land were estimated by von Fellenberg (28) to be 47 and 114 mg
respectively On these figres the daly wdine regurement would be
less than 20 pg which m the hight of other evidence to be press.nteg
appers extraordmanly low This method of assessment can be muslea |
mg both because of the greit fuctuations m wdune mtake from foo!
and water and because of the difficulties associated with delmeating
borderlne states of deficiency Determmations of the average darly
urmnary losses of 1odine are more satisfactory as they provide a pamci;\
larly good mdey of odme mtake m a given area Calculations m; 12
1n this way from unnary losses give a duly sodine requirement for adul
humans of between 100 and 200 pg (24)
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A second method of arrving at mmimum jodine requirements 1s by
means of 1odine balmee expenments These have been valuable but
have gien extremely vamble results In addition to the difficulties
mherent m all balance expenments with the trace elements—such as the
small 1mounts normally retuned by the body in companson with the
amounts ingested the influence of v inable body stores of the clement
m question nd the difficulty of diseniminating between the unabsorbed
and the absorbed and re exereted components of the fecal excretion—
there re speainl problems wath odine Exeretion of this element occurs
to 2 vanable evtent through the skin and lungs s well s in the unne
and feces These must be tihen into account Turther the efficrency
with which the thyroid salvages yodine from the breahdown of 10dme
compounds i the bodv nd the amount of 1odine relewsed bv the
destruction of tissue  particularly the muscles are amportant factors
determining, the net jodine balince  Von Fellenbergs ely balinee
studies revealed low retentions and consequently low requirements
Scheffer (100) found that equilibrium could be maintamed in normal
subjects 1t intakes of 54~155 pg I per day indicating 2 mimmum 1odine
requirement for 1odine balince of about 54 pg  Cole and Curtis (22)
found that four human adults remamed m equilbrnum or posiive
balance when the mtahe of 10dine was 39-162 g /diy  Studies made
on normal persons muntuned At rest i bed under controlled hospital
conditions and subsisting on 1n 10dine low diet indicated 4 basal human
adult 10dine requirement ranging from 44 to 75 ug duly and averaging
67 pg daly or approumately 1 pg per kg body weight (29) These
requirements are comparable with those of Scheffer and those of Cole
and Curbis but they were obtuned under controlled basal conditions
and tike no account of mdividual actinty or stresses associated with
ordimary custence The question of additional jodine requirements to
cope with such factors 15 considered lter

The rate of thyroune formation and decay has also been used as a
means of asscssing 10dme requirements  This method suffers from the
senous disability that the extent to which 10dine contuming cnd products
of thyroxine decay can be reutthzed by the thyroid 1s unknown Plummer
and Boothby (85) found that the daily rate of thyroune decay in human
adults ranged from 200 to 400 g and Thompson nd co workers (111)
concluded that 300 to 400 pg thyroune was necessary to muntun =
normal basal metabolic rate mn mvxedematous patients at rest mn bed
It can be calculated from these results that the amounts of thyroune
supplied to the cwculition by the thyrod gland to mamtain normal
metabolic activity 1s equivalent to 130-260 pg 1odine daily A somewhat
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sumlar techmique has been appled to the sheep The daly thyrod
secretion rate 1n this species was found, by the use of mjectons of 112t
and of r-thyroune, to range from 50 to 500 pg 1. thyroune daily for
chfferent groups of sheep under varymg environmental conditions (48)
Assuming 1o reutihzation of 10dine from the breakdown of thyroxne
whach 15 justified only by the absence of specific expernimental evidence
to the contrary, this represents an iodine requirement of 32-320 pg daily

A rather more precise, but still somewhat arbitrary, means of assessing
mummum 10dne requirements 15 through the use of 10dine defictent duets,
to which graded amounts of 10dme are added This method has been
used with success with rats and chucks for which diets have been devised
contaiming as httle as 0025-003 ppm 1odme, free from goitrogeme
substances and satisfactory mn other respects (32 83) ‘These duets are
capable of supporting good growth, but 10dine supplementation to give
an over all mtake of approumately 100 pg /hg raton (01 ppm) 1§
necessary 1n these species to prevent thyroid enlargement

2 Muumum Requirements

Two cnteria may be used in determimng mimmum 10dine require
ments, namely, those Just necessary to mamtain a concentration of 01% I
i the moisture free thyroid gland or those necessary to prevent any
significant enlargement of this gland Levme and associates have set
the mimmum requrement of the rat as 09 pg I per day by the first
criterion and 1-2 ug /day by the second (64) If these two measures
are taken as limts, 1t can be calculated that the rat requires 2040 pg I
per 1000 food calories consumed On the same basis the average human
adult consummg 3000 calories daily would require 60~120 pg I per day
This range includes most of the estmates made from balance expen
ments but 1t 15 lower than the estmate made from a vanety of mvesbga
tions by Elmer (27) who gives the optimal requirement for humans as
100-200 pg I daily

Whether Levines critena can be apphed to species of ammals other
than the rat and human beng 1s not known These workers (64) suggest
that unti} precise data are obtamned for different species of ammals

20-40 pg /1000 calores of the ration 1s considered as the m1mmuén
10dine requirements of farm animals 7 Although this statement was made
n 1933, precse data are stll not avarlable The fact that gorter does
not commonly occur among hvestock i many parts of the world where
1t oceurs to a mild but defintte degree m the human population suggefsts
a lower requirement per umit of the diet or per kg body weight for
farm stock than for man but when the very different dietary habits



V  IODINE RFQUIRC\IENTS 293

of these species are tiken mto ecount such 1 deduction becomes exceed
mgly dubious

A further pont of possible 1mportance 1s that in humws nd dult
rats energy mtahe nd heat production are nearly the sune whereas in
farm ammAls gross energy intihe frequently greatly exceeds heat produc
tion The requirement for odie 15 more properly related to heat produc
tion than to energy intahe af 1t 15 assumed that the destruction of
thvrounc 1s proportional to the metabolic rate 1t mnduces  Mitchell and
McClure (75) have caleulated the nmummum iodine requirements of
vanous classes of farm stock by applying Levines standards to estimates
of heat production They obtuned the following results

Animal Body waght  Heat production Todine requirement
(cnl) (pg 7dyy)
Chicken 5 235 45-9
Sheep 110 2500 50-100
Pig 150 4000 80-160
Cow m milk (401b dul) 1000 20 000 400-800

These estimates of requirements compare extremely well with the
mimmum consumption figures gnven by Orr and Leitch (79) for the
same spectes n nongortrous wreas exeept for the cow It appears that
the cow ordinanly consumes very much more 10dine than 1t requines

The 10dine requirements of the normal healthy resting adult may
be greatly increased i vanous functional actvities and disturbances
Strenuous physical exercise fever or nfection crease the demand and
there 1s evidence that the requirement 1s greater 1n pregnancy nd lacta
tion The loss of 10dine in milk can result m depletion of the mothers
wdine resenve inducing a negitive 1odine balance winch should be
compensated for by an merensed 10dine mtike (27) The sigmficint
nse in the protemn bound 10dine of the serum which occurs m human
pregnancy has been mentioned carlier  Evidence for other species ap
pears to be laching hut 1t 15 sigmificwnt that the most obvious signs of
1odine d ficsency in farm stoch 1n goitrous wens are the birth of dead or
weak calies lambs and foals ind of hurless piglets In fiet 1n many
such areas the only discermble disabihity suffered by these ammals 1s
that imposed by the stress of pregnaney At the same time at should be
pomted out that there 1s direct expeniment il evidence that the mummum
1odine requirement of the rat 1s no greater dunng pregnaney and Incta
tion than 1t 15 during growth when both re expressed as the proportion
of 1odine 1n the diet necessary to prevent thyrowd enlargement (83)
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The problem of the requirements for growth compared with those for
adult mamtenance requires much further study Growing human babies
have been stated to need 2244 pg I daily and older children somewhat
more (96) Numerous surveys m gorter areas mn different countries
have disclosed 2 much higher mcidence of visible gotter m growing
children than 1n adults in the same region

In the above consideration of 10dme requrements the nature of the
rest of the diet 15 assumed to be satisfactory This 1s not always the
case 1 practice High mtakes of caleum are known to raise 10dine
requirements and a marked excess of such elements as arsenmc and
fluorme for which there 15 some evidence of 10dme antagonism may
also affect the position These factors together with a consideration of
the significance of vanous goitrogens in foods, are discussed m appro
prate sections later, but 1t can be stated with confidence that the Jevel
of mtake of 10dine itself 15 ordinanly of overwhelmmg importance 1n
determining thyroid function Lattle 1s yet known, however, of the forms
of 1odine 1 foods 1 relation to 10dine uptake and a great deal remawns
to be learned of mummum 10dine requrements of cifferent species at
different ages and i varying functional states

Yi Sources of lodine

Normally the food 1s by far the major source of 1odine m the animal
body Iodmne 15 also obtamed from the drmking water and from salt
Only where the salt has been specially 10dized does the mtake from this
source usually make an appreciable contribution to the daily supples

1 Iodine in Water

Contrary to popular belief the water supply does not contnbute
1mportant amounts of 10dine to exther human beings or farm stoch except
1n unusual circumstances The 10dme content of the drinking water is
nevertheless a frequently used and valuable index of the 1odme content
of the rocks and soils of a region and hence of its vegetables fruts
grams and pastures The 1odmne content of the water has bee;l
correlated with the mncidence of goiter in many areas Thus Young ef a
(117) obtaned the following figures

Todine n water Gotter maidence
Area (ug /1) (%)
Somerset villages 29 56

Suffolk willages 82 3
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Rupzis (60) i Latvin reported the following differences between
gotrous and nongoitrous reas

Todine in water

(pg /1)
Gonter arens 01-20 (12 supplies)
Nongoiter areas 20-150 (49 supplies)

AMam more examples could be ated to illustrate this difference be
tween the potable waters of goitrous and nongortrous regions  An ndica
tion of the relitive ummportance of the water supply 15 a source of
nutntional sodine e be given from the oft quoted findings of von
Tellenberg (28) This worker determined the 1odine intake provided by
representatine foods and by water 1n an average dailv diet 1n 1 nghly
gottrous township and n 2 gouter free township n Switzerland  Von
Fdllenberg s data are as follows

£ Todine in quantities of food stated

Chaux de Fonds Stgnan
Gouter free Goitrous
Bread 300 g 49 24
Potatoes 500 g 35 20
\ egetables (mixed) 300 g 42 31
Mk butter and cheese
15 hiters {milk equivalent) 135 45
Apple (or other frmit) 300 ¢, 18 03
Fat 60 g 06 086
Water 2 hters 28 01
Coclung salt 10 g 0 o
Totah WY b2

It will be noted that the dnnking water supplies less than 10% of the
total daily 10dine intake 1 both areas

2 lodine tn Foods

Todine 1s greatly concentrated in various forms of manme hife especially
scaweeds although according to Orr and Leitch (79) sea water itself
1s not particularly nich in this element contaming only 17 to 18 pg /1
Figures as hugh as 024 1 on the fresh basis have been recorded for
some seaweeds Manme plankton 1s also very nch in 1odine but the
contribution of this 1ode to human and stoch populations 1s largely
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ndirect, through acting as a source of nutriment to fish Remmngton et ol
(91) have shown that the effect of manme plankton and sea water,
thrown up m the spray, upon the 1odme content of soil and crops 15
neghgible, except for a very narrow coastal stip The 1odine contents
of sea fish and shellfish are igh but very vanable Monter Willams
(76) claims that 400 ug I per kg for sea fish and 900 pg /kg for
shellfish are reasonable representative figures for these species The
hver o1ls of many sea fish are exceptionally nich m 10dme Levels as
hugh as several hundred parts per milhon have been reported (46)

All plants contam iodine mn amounts ranging from about 2 ag /Ag
(0002 ppm ) or less, to several hundred tmes tlus Jevel Real species
differences 1n 10dine concentration appear to exist but the 10dne content
of land plants depends far more upon the available 10dme m the soil
than 1t does upon species Wide vanation in the 10dine content of the
same species grown in different localities 15 an outstanding feature of
available data Attempts to correlate the total 1ode content of the
so1l and that of the plants grown upon 1t have not been very successful
In Table 39 soil 1odmme and pasture 1odine values taken from New
Zealand and from England are presented, together with soil pasture
10dme ratios These figures which are extracted from the pubhcation
of Russell (95) illustrate the great vamability which can eust The
10dine content of vegetable crops and of pastures can be marhedly
mcreased by appheation of 1odides to the soil or by ferthzation with
manures that are naturally nich i 1odme, such as seaweed Chilean
mtrate or guano There 1s some evidence that the effect of such
fertihzers 1s due both to the provision of addihonal easily accessible
sodine and to 1ncreased absorption by the plant of 10dme already present
n the soul (50)

Some 1dea of the extent of the varaton n the jodne content of
pasture plants growing under different conditions can be obtamed from
the data of Table 39 Plant matenals used as human food are equally
vanable 1 10dme content Thus the followmg wide ranges of values
are quoted m the comprehensive review of Orr and Letch (79)
lettuce 50-620 wheat gran 1-64 water cress 190-450 and nuts”
15-200 pg I per hg Momer Wilhams (76) states that the avera%e
values taken from varous parts of the world are 25 pg I per kg T}?r
cereals 30 pg/hg for vegetables and 10 pg/hg for fruits g m;
varabibty from sample to sample, within the same class of éoo s "
15 50 great however that wverage values have hittle meamng an: car]:l;a
be apphed with any confidence to particular dietanies  One gefnera =
tion that appears permissible 1s that ammal products apart from
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fish shellish milk from cows receving 10dine supplemented rations
and eggs from hens whose dicts hase been similuly supplemented are
appreeibly lower sn 1wdine than vegetable foods

TABIT 39
Yopinr 1% Soits Anp PAsTURrs AND THrIR RELATIONsur (93)
New Zealand (50) Derbyshire (79)

Sol 1 Pasture 1 Soil ¥ Soil T Pasture [ Soil I
(ppm) {(ppm) Pasture [ {ppm) (ppm) Pasture [
2614 0072 367 343 079 43
200 0048 417 358 084 43
130 0077 169 480 036 133
36 0032 113 808 030 269
15 o024 146 493 021 235
373 025 49
798 033 228
523 034 154

According to Hercus and Roberts (50) who conducted a detarled
suney of the 1dine content of foodstuffs raised in goitrous and non
goitrous distnicts 1 New Zenland the foods which contamn most 10dine
arc n order of ment fish green vegetables whole cereals milk meat
and root vegutables and those wlich make the greatest contnbution to
1odine int1he 1n 1 normal well balanced diet without large amounts of
fish are vegetables mnd milk  This clum recewves some support from
the dith of von TIellenberg quoted earher obtamed under different
dictary conditions 1n Switzerland Apart from sea fish and shellfish
and such an unusual food 15 seaweed which does not form A regular
part of the diet of most peoples no clisses of ordinary foodstuffs are
markedly and consistently superior to others 1 1odine content In
contrast to the posiion with won and copper 1t 15 the source of the
foods composing a given dietary and not the proportions or choice of
such foods which largely determines the over ll 1odine mtake Intensive
food consumption surveys carned out i Australia have faled to disclose
dietary differences betwecn goitrous and nongoitrous areas (19) or
within a mild endemic goiter wea betwcen those households with
goitrous children and those without (80) At the same time 1t 1s neces
sary to point out that the food pattern of households at the time of
survey may not represent the conditions winch prevuled dunng the
peniod of development of the goiter  Nevertheless it can be asserted
that the residents of an endemic goiter region cnnot normally obtun
sufficient 10dine for their full requirements by a more judictous choice
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induirect through acting as a source of nutriment to fish Remungton ¢t al
(91) have shown that the effect of marme plankton and sea water,
thrown up 1n the spray, upon the 1odine content of soil and crops 1§
neghgible, except for a very narrow coastal stip The 10dme contents
of sea fish and shellfish are high but very vanable Momer Williams
(76) claims that 400 pg I per kg for sea fish and 900 ug /kg for
shellfish are reasonable representatine figures for these species The
Liver oils of many sea fish are exceptionally nch i 10dime Levels as
high as several hundred parts per million have been reported (46)

All plants contam iodine m amounts ranging from about 2 pg /kg
(0002 ppm ) or less to several hundred tumes this level Real species
dufferences m 10dine concentration appear to exust but the rodme content
of land plants depends far more upon the available 10dme m the soil
than 1t does upon species Wide vanaton mn the 10dme content of the
same spectes grown n different locahties 15 an outstanding feature of
available data Attempts to correlate the total 10dme content of the
so1l and that of the plants grown upon 1t have not been very successful
In Table 39 soil 10dine and pasture 10dine values taken from New
Zealand and from England are presented together with soil pasture
10dne ratios These figures which are extracted from the publication
of Russell (95) illustrate the great vamabibty which can eust The
1dine content of vegetable crops and of pastures can be marhedly
mcreased by application of 10dides to the soil or by fertihzation with
manures that are naturally nch m iodme such as seaweed Chilean
nitrate or guano There 15 some evidence that the effect of such
fertilizers 15 due both to the provision of additional easily accessible
10dine and to mcreased absorption by the plant of 10dne already present
m the soil (50)

Some 1dea of the extent of the varmtion m the 1odme content of
pasture plants growing under different conditions can be obtamned from
the data of Table 39 Plant matenals used as human food are equally
vamable m 10dme content Thus the following wide ranges of values
are quoted m the comprehensive review of Orr and Leitch (79)
lettuce 50-620 wheat gramn 1-64 water cress 190450 and nuts”
15-200 pg I per hg Monter Wilhams (76) states that the average
values taken from various parts of the world are 25 pg 1 per kg ’If}‘:r
cereals 30 pg/hg for vegetables and 10 pg/hg for fruts dtu;
variability, from sample to sample within the same class of soo s "
1s s0 great however that average values have Iittle meaning an 01;;
be applied with any confidence to partcular dietanes One gefnera -
tion that appears permussible 1s that anmal products apart from
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fish shellfish milk from cows recawving 1wdine supplemented rations
and eggs from hens whose diets have been similarly supplemented are
appreanbly lower m 10dine than yvegetable foods

TABLL 39
Joorke ¥ SorLs anp Pastuncs Anp micir Revatiovsme (93)
New Zealand (50) Derbyshure {79)
Sol 1 Pastute 1 Smil Soil 1 Pasture I Soll
(ppm) {ppm) Pasture {ppm) (ppm) Pasture T

264 0072 367 343 079 43
200 0018 417 358 084 43
130 0077 169 480 036 133
36 0032 113 808 030 269
35 0024 148 493 021 235
373 025 149

793 033 228

523 031 154

According to Hercus and Roberts (50) who conducted a detailed
survey of the 10dine content of foodstuffs rmsed i gortrous and non
gortrous districts n New Zealand the foods which contain most rodine
are m order of ment fish green vegetables whole cereals mulkh meat
and root vegetables and those which make the greatest contnbution to
1odine mntake 1 a normal well balanced diet wathout large amounts of
fish are vegetables and milh This clam receives some support from
the data of von Fcllenberg quoted carlier obtamed under different
dietary conditions n Swatzerland  Apart from sea fish and shellfish
and such an unusual food as seaweed which does not form a regular
part of the diet of most pcoples no classes of ordinary foodstufls re
marhedly and consistently superior to others in 1odme content In
contrast to the posihon with 1ron and copper 1t 1s the source of the
foods composing a grven dietary and not the proportions or choice of
such foods wluch largely determmes the over all 10dine intake Intensne
food consumption sun evs carned out in Austrabia hve failed to disclose
dietary differences between goitrous and nongostrous areas (19) or
within 2 mild endemic goiter area between those houscholds with
gotrous children and those without (80) At the same time 1t 1s neces
sary to pomnt out that the food pattern of households at the time of
survey may not represent the conditions which prevailed during the
penod of development of the goiter Nevertheless 1t can be asserted
that the residents of nn endemic goiter region cannot normally obtam
sufficient 10dine for their full requirements by a more judicious chorce
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of foods grown within that region Only by the mmportation of a sub
stantial proportion of the food consumed from areas adequately supphed
with 1odine, or by the general use of 10dized salt or the adoption of
some such control measure, can the position m such 1 region be remedied

Japan represents an outstanding example of a goiter free area which 15
geologically low m 10dine whereas Formosa which 1s sumlarly low m
wdme has a high mcidence of goiter among 1ts population The absence
of gotter m Japan 1s beheved to result from the consumption of large
amounts of 10dme rich seaweed which are imported mto the country 1
considerable quantittes The Formosans have not developed a similar
taste for seaweed or they do not consume 1t 1n the same large amounts
as the Japanese Equally interestng but less stnking, 15 the postion
of the mhabitants of the Great Salt Lake area of North Amenica The
water of this lake 1s as high in 10dine as that of the ocean (74) and
yet, unlike the ocean, 1t supphes neither fish nor vegetation for human
consumption The high incidence of goiter n this area 15 undoubtedly
contributed to by the absence of 1odine nich manne foods such as are
available on the sea coasts where there 1s 2 minimum of endemic goiter

3 Iodine Supplementation

Since madequate dietary mtakes of wodine have been established as
the primary cause of endemic goiter the obvious method of preventing
the disease 1s by providing additional 10dine  This has been recogmzed
from the time of the first clear appreciation of the relation of this ele
ment to goiter although some of the earher methods of goiter prophy
lawis such as hanging an 10dine impregnated wooden pendant from the
neck or leaving 1 few drops of a solution of 10dme 1n a saucer 1 the
bedroom or schoolroom can hardly have been very effectve The
principal methods of 10dme supplementation that have been used and
are shll used to an extent that depends upon the social and economic
conditions of the area are (a) the addition of 10dine to mumeipal water
supplies (b) the admumstration of 10dized tablets as candy to school
children (c) the forhfication of vegetable foods through the application
of 10dme rich ferthzers or of milk through feeding 10dine to the cow
and (d) the use of 10dized table and coolung salt meluding the use of

salt i the baking of bread
su?Il']he first three of %}zese methods are troublesome depend for thelg
success on the cooperation of a number of people or authonties dzmI
are rarely completely effective They are not now used a great e.e\t
Jodized salt, on the other hand 1s umversally recogmzed as the mos1
economical convement and effective way of supplying supplementa
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1odine  Even this method docs not prevent goiter 1n all cases because
some mnduviduals cither do not use any salt at all or consume 1t 1 1
suficient quantiies  The ancorporation of 1odized salt into all bread
baked appears to be 1 laghly cffective menns of overcoming this difficulty
where as in Western commumities bread is 4 umversal item 1n I diets
In some countnies such as Indin and Mewco, where estensive goitrous
areas eust programs of 10dimzation of salt have met wath major techmenl
difficulties assocated with the problem of producing and distrbuting
dry fortified salt and of muntuning the stability of the added odide
In more aghly developed arcas of the world these problems have been
largely but not yet completely overcome and iodized salt has now
been mtroduced on 1 communty scale under official wuspices i many
countries  Tvpical datn showing the reduction mn goiter incidence follow
g the mtroduction of these measures are given 1n Table 40

Todme 1s usually added to salt erther as sodium or potassium rodide
or more recently as sodium 1odate  Potassium 10dide has an advantage
over sodium 1odide 1 being nonhygroscopic but both jodides possess
the disabihty of being unstable to moisture heat and sunhght If the
salt 15 pached dry and kept dry m an impervious contaner ats 1odide
content remains fauly stable for many months When these conditions
cannot be met the very much more stable 10date should be used

The desirable level of 1odmization wath 1odide or iodate depends
upon the daily 10dme requirement and the average daily salt ntake The
latter vames greatly among mndividuals and among countries In the
Umted States and New Zealand the average consumption of salt per
head 1s onlv about 6 g daly n European countres 1t 1s somewhat
higher but m hot humd countries such as southern Indin 1t may ap
proach 30 g daily Clearly a lower level of 10dimzation 15 necessary m
these countries to supply the same average amount of 10dime The actual
recommended 10dide content of salt varies widely In the United States
1tas 1 part ain 10000 1n New Zealand 1 part in 20 000 1n England 1 part
m 50000 and in vanous European countries erther 1 part in 100 000 or
11n 200000 Fortunately the thyroid gland 1s capable of adjusting to
wide varations 1 sodine supply and talerates a considerable excess of
1odide so that these wide vartations in 1odide concentration have lttle
significance  The 1deal of course would be to 1odinate at just that
level which would be adequate for the prevention of goter m an area
taking into account the st habits of the people According to the
Endemic Gorter Study Group of the World Health Orgamization which
considered all wulible evidence the daihy intake of 1o0dide necessan
for this purpose 15 100 ug (163) Thus allows a certamn margm of safety
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and 15 far below the level which has given nny touc effects On this
basis a level of 1odimzation of 1 part m 10000 and an average salt
consumption of about 6 g duly such as occur 1n the Umited States
provide 2 very considerable excess of 1odme

The need to apply goiter preventive mesures early 1 hfe has been
emphasized by manv wnters The earher todine prophylaus 15 apphed
the greater its efficicy  Todized salt 1s lughly effective in the presention
of endemic goiter but 1ts curative effect depends upon the charncter of
the goter as well as on the age of the patient at the time 10dine therapy
15 mstituted  In patients wath collord goiter 10dine administration can be
of great value but i older patients with gosters of long stainding, in
which there are extensne pathological changes hittle improvement can
be expected (27, 79) Prevention 1s thercfore essentinl in 10dine deficient
regions by the continued use of sodized salt throughout life but
particular by 1ts commencement duning pregnancy and childhood when
the demands for 10dine are at their greatest

VIl Gortrogenic Substances in Food

Dietary factors other than lack of 10dine have long been suspected
to play some role n the pathogenesis of endemic gotter although 1t 15
only within recent vears that the nature and mode of action of a
number of antithyroid gents some of which oceur naturally 1n foods
have becn revealed In an overwhelming proportion of cases endemic
goiter can be associated with an absolute deficiency of :0dine in the food
and water supply but cases of nontouc thyroid enlargement occur
sporadically where 10dime ntakes are well above those found adequate
under other conditions and certain diets apparently contmmng sufficient
todine for normal requirements have been found expenimentally to
induce hustological alterations m the thyroid such as result from absolute
odine deficiency  Intensne mvestigation of such diets has been ex
tremely fruitful 1n unraveling some of the secrets of the thyroid relating
to 10dine utihzation and have provided a number of compounds of great
therapeutic value in the trc itment of condihions associated with hyper
functioning of the thyroid gland  Nevertheless the problem of simple
goiter not due to 10dine deficiency remams far from sohved

1 Influence of Elements othcr than lodine

Excessnely hugh dictary intakes of arseme and possibly fluorine may
be sigmficant factors 1n the production of goiter where mtakes of 10dine
arc low or marginal Cotrogeme effects from thus cause are of rare
occurrence  they apparently do not occur where 1wdine mntales are
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normal, and they can be prevented or overcome by adequate 10dine
supplementation This question 15 considered more fully when dealing
with arseme and fluorne i Chapters 12 and 10 respectively There
1s a considerable volume of evidence also, that Iugh or relatively high
mtakes of detary calowm mav be goitrogente, possibly by reducing
10dme assimilation The vanous findings with caleium are, however, by
no means completely concordant and the mechamsm by which this
duetary factor exests its goitrogeme effect 15 not yet clearly estabbshed
High proten and Ingh fat diets have similarly been associated with the
production of goiter (34), bt 1t a5 the gortrogeme effect of certam
vegetable foods which has attracted the most attention and has been
of the greatest scientific and prachical value

2 Cabbage and Brassica Seed Gorter

The first defimte evidence of a gostrogen in food was obtamed for
tuitously by Chesney ef al (18) who observed the development of large
goiters m rabbuts fed a rahon consisting predominantly of fresh cabbage
and who showed that the glandular enlargements could be prevented by
a supplement of 75 mg 10dine per rabbit per week Thev also noted
great mdividual varabibty m susceptibibty to the cabbage dict and a
marhed seasonal difference in response These onginal observatians were
soon confirmed and estended 1 different parts of the world and “cabbige
goter” became a popular subject of mveshgaton Within a few years
1t was shown that other members of the cabbige famuly or Cruaferae
were gortrogenie and that species other than the rablt were affected
Thus Blum (13) found that cabbage was goitrogeme in sheep goats,
pigs and geese, giving nse to glands four to six times the normal size
and that kale caulflower, hohltrabi, and turmps were all capable of
producimg thyroid enlargement m rabbits

During this time attention was turned to the seeds of Brassica species
and to the gotter producing possibahbies of plants other than memberi
of the Cructferae fanmly The seeds of cabbage rape mustard, swede
{rutabagas) turmp and chou moelher when fed to young rats were
found to produce thyrords three to four tunes larger than i the controls,
even though the rodine tohe was adeguate (58) Of the greatest
ymportance was the finding that added 1odine 1 contrast to the posion
with “cabbage gomter had only a moderate or mcomplete nhibatory
effect on the size of the Brassica seed goiters Ewvidence was also 0
tamed that a number of other vegetable foods mcluding soybeins
peanuts lentls peas and even strawbernes pears and carrots Lrnav
possess a certam degree of antithyroid actwty 1n the rat the chick or
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mman (13 35 73 114) Toods reported to be gotrogeme an liboratory
ammals are given 1n Table 41 taken from the publication of Astwood (5)

TABLE 41
VEGETABLES FOUND T0 Br GOrTROGFNIC 1N LanoRaToRry ANIvALS
Food Author Date

Cabbage Chesney et al (18) 1928
Brussel sprouts and cauliflower Manne ctal (70) 1929
Rohlrab Stiner (104) 1933
Soybean and peanut McCamson (73) 1933
Turnip and seeds of mustard

rape and cabbge Hercus and Purves (49) 1936
Raddish Indmn (54) 1940
Seeds of rutabaga chou moclker

soft and hard turnip hennedy and Purves (58) 1841
Rale mangel red cabbage

lentils and peas Blum (13) 1942

3 Nature and Mode of Action of Gaitrogens

Speculation as to the nature and mode of action of the goitrogenic
compounds n foods began immediately after the ongmal observation
of Chesney and co workers mn 1928 but substantial progress was not
made until a remarkable series of investigations was undertaken by
Kennedy Purves and others mn New Zealand m 1941 These workers
found that (a) bvpophysectomy would prevent the development of
gotter 1n rats fed a rape seed diet (b) small doses of thyroane would
sumlarly abolish the thyroid hyperplasia (c) 10dine would only partially
overcome the effects of such diets even when admistered n large
doses and (d) the thyrotrophm content of the serum of affected amimals
was as high as that of thyroidectomzed ammals (37) These findings
clearly ndicated that rape seed produces thyroid enlargement by 1n
terferng with the production of thyroid hormone In this way the
piturtary 1s stimulated to mcreiscd thyrotrophin secretion with result
mg folhicular hyperplasia This continues until the diet 15 changed or by
pophysectomy performed since the thyroid 1s unable to respond by
incresed hormone production A sumlar mechanism has been demon
strated for the artificial antithvroid comp ds of the a benzene and
thionamde senes (7)

The chemical niture of the compound or compounds responsible for
the goitrogeme effect of Brassica seeds defied scientific attack for a
number of years hennedy (57) no doubt stimulated by the finding
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that phenylthiourea would produce hyperemic goiter m rats (92)
produced evidence that allylthiourea was a potent gotrogen and sug
gested that 1t might be the active agent of Brassica seeds ‘This sug
gestion proved to be mcorrect, since thiourea denvatives could not be
1solated from such matenals Yet these important findings were of the
greatest sigmficance as they were diectly responsible for the great
developments 1n the production and study of antithyrad compounds
contaming the thionamide grouping cluding thiouracil durmg the
ensuing decade In 1949 Astwood and hus associates (6) isolated and
1dentfied the new compound 1 5 Vinyl 2 Thiooxahdone from rutabagas
and wholly or predommantely accounted for the antithyroid activity
of Brassica seeds by the presence of this compound m a combmned
mactive form (36) The structure of this compound and of the th
onarmde grouping characteristic of the antithyroid compounds men
tioned earlier are as follows

{{T H

2 H.C—N,

\C 8 \C s
/ -

RS HL=C—~C—0O
H H

Thronamide grouping L o-vinyl 2 thigoxalidone

=0NS)

Viny! thiooxal:done 1s about one fifth as active as thiouracil and shghtly
more active than propyl thiouracil m man It has been demonstrated
m the edible portion of white turmps hale and rape and i most
members of the Brassica famly but not m any other famly Nor has
1t yet been detected 1n the leaves of cabbage This 1s a cunous and so
far baffing fact It 1s possible that the samples of cabbage exaruned
were nongoitrogenic in view of the well established marked varrability
1 the goitrogenicity of cabbage from different Jocalities at duifferent times
of the year It seems much more hkely, however, that antithyroid com
pounds other than wvinyl thiooxahdone are present in the leaves of
cabbage especially as “cabbage goiter can be completely mhibited by
iodine feeding whereas Brassica seed goiter due to thioovahdone can
only very partally be abohshed by these means -

The 1sothiocyanates (mustard oils) received early attention as possibie
gortrogens because they are charactenstic constituents of the cabb;ge
famly but they were found to be mactive The cyamdes were then
nvestigated  Vanous cyamdes were found to be goitrogemic by st:imc
nvestigators but not by others The most plausible explanation of dis



VII  GOITROGENIC SUBSTANCES IN FOOD 307

crepancies of this kind scems to hie 1n the different ammnl speetes upon
which they were tried It as probable that the eymdes depend for their
antithvrond effect upon comversion to thioeyanate, which has been shown
to occur m some species for example xabbits but not n chickens (102)
Thiocyanite was subscquently shown to be 1 goitrogen (8) and to act
by ihibiting the sclective concentration of 1odine by the thyrod
Thiocy wnate has no measurable effect on the synthesis of thyroune as
thioovalidone and thiournal have and induces goiter only when the
10dine ntike 1s low or margmal  Moreover, 1ts goitrogenic effect like
that of cabbage e be completely overcome by the administration of
1odine It 1s doubtful however af cabbage contuns sufficient thiocyanate
or thiocyanate producing substances to account for its goitrogenic achon
The problem of cibbage gmter which was responsible for mitating
so much outstanding research thercfore rem-uns unsolved

4 Practical Dietary Considerations

It 1s necessary to stress that goitrogen containing foods produce goter
only when gren persistently and m abnormal amounts Where these
foods are consumed 1n normal quantity and are coohed 1n the ordmary
way gorter 15 not Iihely to develop The cooling of vegetables contain
g thioovahdone either whole or 1n chunks prevents any goitrogenesis
presumably by destroymng the enzyme which hberates this substance
from 1ts mactive precursor (36) The body does not appear to contun
any enzymes which are capable of so acting although if the vegetable
15 ground or allowed to stand in water for some hours before cooking
st 15 posuble that suffcient hydrolysis rmght take place to allow ap
preciable amounts of the actnve compound to be formed Where the diet
1 composed wholly or very largely of gowtrogenic foods such as turmips
or cabbage the amounts of antithvroid material mgested may be suff
cient to cause goiter but this occurs only under very abnormal circum
stances Examples of such eating habits forced upon certain commum
ties 1n Europe during the recent war which were accompanied by an
mereased nomdence of goter have been desenbed (18 34}  There
1s no worth while evidence that the goitrogenic property of members of
the Brassica family 1s of any real sigmficance 1n the amounts ordmankh
present m human diets even vegetanan diets  As has been stated (4)
“The devotion to cabbage shown by the British people (who have for
genentions regularly eaten large quantines of the olne-colored sogay
mess constituting the less worthy half of two vey ) should have provided
some evidence 1f tlus were so”
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CHAPTER 10

FLUORINE
I Introduction

Fluorme has puticular wterest 1s o trice clement because of the
umque dual role 1t perforn n human nutnhon~as the cause of wide
spread fluonne mtovication od as a preventive factor, m nppropriate
doses, m the maudence nd sev nity of dental canes Al of the essential
trace elements evert toxic effects at suficiently Ingh levels of mtale
but fluorine 15 unusual 1 that the margn between mtahes which confer
physiological benefit and those which duce touc symptoms s ex
ceptonally nurow  Moreover, mn spite of the undoubted benefits con
ferred upon teeth by fluorme unequivocal evidence that thus element
15 a dietary essential even for dental health, has not vet been produced

For many jyears, biological attention was almost entirely confined to
the towic aspects of fluorme Chrome endemic fluorosis of man and his
domestic 1mmaly was shown to otcur 1n certun areas mn 2l five con
tents and a vast amount of datr was accumulated on the fluonne
content of racks, soils, waters and plant and ammal tissues and on the
dietary and other factors wnfluencing chrone fluorine toniein A verv
different sct of conditions was revealed from those which operate n
endemic selemum or molybdenum poisomng where ligh concentrations
n the plant materals consumed as food represent the mam source of
the touc element In endemic fluorosss it 1s the water supphes, together
with surfice contammation of plants with fmonne fumes and dust, that
provide the greater put of the toxic mtakes by man and beast

The discovery m 1931, that fluorme plays a part in the prevention of
human canies which arose from epidemuological studies of “mottled
enamel, a manifestation of chronic enderme fuoross 1n man gave great
additional stmulus to wvestgatons of the physiologieal sigmficance of
fluorme  These mvestigations, mcluding the many collateral studies with
Inboratory ammals, are outhned m the sections whach follow

i Fluorine as an Essenhial Element in Nutrition

No convinong evidence has yet been produced which wmdicates that
fluonne performs any essentinl function 1n the nutrihon of plmnts or
microorganisms L ong before the present wterest this element
relation to dental canes arose, the view was furly widely held that 1t

312
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was an essential element m ammal nutrition  concerned espeerilly with
the formation and structure of teeth This view seems to have ansen
by teleologieal rewsomng from the constant presence of fluorine 1n the
bones and teeth as well as i other tissues and organs notably the
thyroid and epidermal structures This was shown by Gav Lussac and
Bertollet as long ago as 1803 and has been amply confirmed with the
more sensitne nd rehable methods of estimation deseloped since that
time  Numerous attempts to demonstrate directly an essential function
for fluorme by the usc of fluorme Jow diets have nevertheless not been
completely successful

Sharpless and MeCollum (93) aobtuned just s good growth and re
production with no abnormakities 1n tooth and bone structure or com
position other than low fluorine content 1n rats fed 1 lughly punfied low
fluonne diet as n rats on the sxme diet to which 10 ppm fluonne had
been 1dded  Evans and Phallips (21) found that 1 minertlized milk diet
contaming 16 ppm F on the dny basis and supplying only 2 pg or
about 50 pg per kg body weight dmly was adequate for the growth
general well being and reproduction of rats through five generations
The bones nd teeth were strong smooth evenly and well cilafied
and there was no deplebion of fluorine stores or mncrease in demand for
this clement throughout the five generations Morcover additionnl
fluonine as graded doses of sodwum fluonde produced no discernible
mprovement 1 the anmals Lawrenz (44) camed 14 pars of rts
through a feeding penod of 207 davs on diets contuning 047 and 25
ppm F on the airdry basis The rats were produced from mothers
that had themschves subsisted on 1 low fluonne diet and they contuned
only 08 ppm fluonine it Inrth compired with 5-7 ppm 1n the bodies
of young produced on A stockh diet of naturil foods No sigmficint
differences w the rate of growth or the drv weight of the skeleton or
teeth were exlubited by the rats on the two dicts ind no signs of
malnutnibion or abnormahties i the teeth of those on the fluonine low
basal diet were obsened These findings do not of course prove that
fluonne 15 a dispensable element in the nutntion of this species but
they do ndicate that 1f required at all the mimmum requircment must
be less than 05 ppm of the deet

A new approach to the problem has been offered by McClendon and
Gershon Cohen (54) These workers descnbe a method for growing
green feedstufls and veast m water culture made “fluonne free ” A
basal diet of matennals produced 1n this wav from which fuorme was
clumed to be absent was fed to weanhng rats for 66 days The swme
et grown in the same wav but with added fluonne was fed to con
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trol animls for a sumlar peniod The control amumals av eraged 1281 ¢
hve weight and 05 carious molars per rat at the end of the experiment,
whereas those on the Auonme free diet weraged only 512 g Ine
weight and had 10 2 canous molars per rat at this tme These differences
are so great that they can hardly have been due to chance but the
whole experiment would be more convineing 1f actual fluorme analyses
of the diets and of the animals had been cimed out and presented
The possibility that the differences between the groups were due to
factors other than fluonne cannot entirely be excluded Nevertheless
the approach used by these workers 15 extremely interesting ~nd mght
well be extended to mclude a number of other trace elements

W Chronic Fluorosis of Livestock
1 Sources of Tluonine

The ubiquitous occurrence of flnorne in soils plants and dnnking
wafers ensures 1 contmuous ntake of this element by all animal species
The amounts mgested from these sources are normally too small to
constitute a sertous health hazawrd Pastures and hay crops usually
contain no more tha 1-2 ppm T on the dry basis although levels as
Ingh as 9-13 ppm have been recorded (52) and similar levels m
grasses watered by highly fluonded water m Queensland have been
abserved (38) The cereal grams may contun up to 3 ppm F but
levels of 1 ppm or less, are more common (55) These concentrations
reflect the imuted ability of most plant spectes to absorb this element
from the soil even where fluonine cont uning fertilizers are apphed The
contrast m this respect to the postton m endemc selemum porsoning
where very high concentrations mn the herbage of affected arets are
characteristic has alredy been mentioned

Surface supplies of drinking water for domestic or stock usage also
wormally contamn mappreciable quantities of fluorme even m rock
phosphate regions hke Morocco or Tennessee or in areas charactenized
by high phosphate soils (52) Intakes of fluonne sufficent to mduce
chrome endemic fluorosis are thus confined to paticulr regions where
the waters are naturally high m fluonne or where the herbige 15 con
taminated with phosphatic rock dusts or with emanations from certan
sndustnal plants or volcame eruptions The addttion of fluorne bewmg
minerals as caleum and phosphorus supplemcnts to farm rations may
also result m excesstve ngestion of fluorme It was mn fact the use of
rock phosphate wn this way which provided the first evidence of a
#tuorine problem i ordmnary feeding practice
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The problem of fluorine intovication from mdustrial sources hes rather
outside the scope of this text It has been thoroughly discussed by
Roholm (89) m Ius clssical monograph on thus subject and more
recently by Agate and co workers (3) The reltion of fluorosis to
emanations from voleame eruptions 3s of speenl interest because ths
source provided the earliest known records of fluorosis i erther man or
ammals (89) The other sources of fluorine that have been mentioned
we however of much greater general sigmficnce to the problem of
chromie fluonine porsoning

For mamy vears a disense of eattle sheep horses and man known as
“darmous has been recogmzed in parts of North Afnen This disease
w1s shown by Velu (103) to be duc to fluonne poisoning consequent
upon the contammation of the herbage and the water supplies with
phosphatic dusts blown from the phosphate deposits and mnes of the
area  Neither the herbage plants nor the water supphes are snherently
lugh m fluonne despite the phosphatic character of the soils It 15 the
continuous physical contamination of the environment with fluonne con
taming rockh dusts which supphes an overwhelming proportion of the
fluorine ngested (27)

North Afnican and North Amencan rock phosphates mvanably contun
3-4% fluormme and products made from them such as superphosphate
and dicaluum phosphate retain a varying proportion of this fluorine
of the order of onc quarter or less Special defluornating processes hive
been developed for these matennls in recent years but ground rock
phosphate from the above sources can definitely be njunous to stock
m the amounts ordinanly employed as mneral supplements to farm
rabons (80) No such cwidence eusts for roch phosphate and ts
products obtamed from the Pamfic and Indian Ocean 1shind deposits
which supph phosphate to Australin and New Zealwad (981)  These
rack phosphates contain on the average onh 15-25% fluonne depend
mg upon their source (981)

In North Amenca fluonne-contaimng phosphatic supplements are a
suffictently senous source of fluonne to farm antmals to warrant control
measures hnuting thear fluorine content  The following tentative regula
tion has becn promulgited m the Umited States

“The fluonne content of any mineral or mneral mictures that are to
be used for the feeding of domestic ammals shall not exceed 0%30% for
cattle 0357 for sheep 044 for swine and 067 for poultny ™

The remuning major source of fuonmne 1s the water suppls  This 1s
easth the most important and widespread source of tovce quantities of
this ddament Chronie «ndemie fluorosis of sheep and cattle from ths
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cause occurs over farly extensive areas m the Umted States and many
other parts of the world High fluonne waters are usually from deep
wells or bores 1 which the fluorme comes not from leachings from
surface zones but from deep seated rock formations This apples to
the deep wells supplymng fluonded water 1n Texas and to the thermal
bicarbonate artesian bore waters of Queensland The levels of fluorime
1 these waters are very vanable but oniginal concentrations of 2-5 ppm
are most common 10-14 ppm occur not mfrequently and where
evaporation has taken place m troughs and bore dramns levels as high
as 40 ppm have been recorded (38) Since the water consumption of
grown sheep mn these areas approvimates 4-5 gallons weelly, or about
25-3 kg daily it will be seen that the fluonne intake from such waters
can be quite lugh At 5 ppm 1t will amount to 125-15 mg daly and
at 10 ppm, to 25-30 mg daly

2 Mamfestations of Chronic Fluorosis in Livestoch

Observations of ammals suffering from endemic fluorosis and from
expermmentally mduced fluorosis have enabled the symptoms of chrome
fluorine porsonmg to be clearly delineated For some time which may
amount to a year or more m herbivorae, no 1ll effects can be discerned
from the continuous ingestion of amounts of fluonne that eventually
prove serously touc (75) This 1s due to the buffenng effect of the
sheleton, m which most of the mgested fluormne retamed by the ammal s
deposited The fluonine content of the bones and teeth mcreases m
proportion to the amount duration and contmaty of ntake (23) and
the store of fluorme m the skeleton can merease to ten times that of
normal ammals before morphological changes mn the banes appear (see
Table 42) This immobihzation of the greater part of the absorbed
fluorine continues until a saturation state 1s reached The absorbed
fluorme 15 then free to exert general toxic effects rapid metabohc break
down occurs, and death ensues

Before this stage 15 reached vanous chnical mamfestations of chrome
fluorosis become apparent The teeth become modified m color shape
size onentation and structure The masors become pitted the molars
abraded and 1n some cases there 1s exposure of the pulp cavities due
to fracture or wear Well defined exostoses develop mn the jaw bones
and long bones and the jomnts become thickened malang movement
difficult and pamful It must be emphasized that these dental abnormal
ties occur only m anmnals exposed to excess fluorine mngestion pror to
the eruption of the permanent teeth—mottling of the teeth m farm stock
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cause occurs over farly extensive areas m the United States and many
other pats of the world High fluorme waters are usunlly from deep
wells or bores n which the fluorine comes not from leachings from
surface zones but from deep seated rock formatons This apples to
the deep wells supplying fluorided water mn Texas and to the thermal
bicarbonate artesian bore waters of Queensland The levels of fluonne
in these waters 2re very variable but ongmal concentrations of 25 ppm
are most common 10~14 ppm occur not infrequently and, where
evaporation his taken place m troughs and bore drans levels as lugh
as 40 ppm have been recorded (38) Since the water consumpton of
grown sheep n these arets approumates 45 gallons weekly or about
253 kg daily, 1t will be seen that the fluonne intake from such waters
can be quite lugh At 5 ppm 1t will amount to 125-15 mg daily and
at 10 ppm, to 25-30 mg daily

2 Manifestations of Chromic Fluorosis in Livestoch

Observations of ammals suffernng from endemic fluorosis nd from
expenimentally induced fluorosis have enabled the symptoms of chrome
fluorine poisoning to be clearly delneated For some time which may
amount to a year or more 1n herbivorae no 1l effects can be discerned
from the continuous ingeshion of amounts of fluorme that eventually
prove senously towe (75) This is due to the buffering effect of the
sheleton 1n which most of the ingested fluorne retuned by the ammal 1s
deposited  The fluorine content of the bones and teeth increases m
proportion to the amount, duration and contmnuity of mtake (23), and
the, store of fluonme 1 the sheleton can mcrcase to ten tmes that of
normal ammals before morphological changes 1n the bones appear (sce
Table 42) This immobbzation of the greater part of the absorbed
fluonne continues until 1 saturation state 1s reached The absorbed
fluonine 15 then free to exert general toxic effects raprd metabohc break
down occurs and death ensues

Before this stage 1s reached vanous cliueal manifestations of chrome
fluorosis become apparent The teeth become modified 1n color, shape
size onentation and structure The ncisors become pitted the molars
abraded and m some cases there 15 ¢xposure of the pulp cavittes due
to fracture or wear Well defined evostoses develop 1n the jaw bones
and long bones and the jomnts become thickened making movement
dufficult and punful It must be emphasized that these dental abnormt
ties occur only 1n ammals exposed to escess fluonne mgestion prior o
the eruption of the permanent teeth—motthng of the teeth m farm stoch
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25 i human bemngs 15 not observed when the high fluonne mtike
begins after the deposition of the cnmel

TABILC 42
Tm Mcay Friorne Coxtent or Tiie Oreans axp Tissues oF Sirers (33)

Shecp consuming ~ Shecp consuming

water contuning water contuning

Normal Sppm Ffora 10ppm Ffora
sheep  penodof 2 years penad of 2 years

Thssue or organ (2sherp)  (1#sheep) {14 sheep)
Lner 35 19(10~ 32) 24(10-81)
Ridney 42 123(62~262) 200(54-434)
Thyrod 30 68(46~100) T6{(60-130)
Pncreas 28 20(10~30) 32(13-52)
Heart 30 20(10- 24) 23(10~ 60§
XMuscle { gastrocnemus ) 20 19(16- 30} 22(10~ 35)
Wool ~ T1(16-1186) TE(14-124)
Femur 223 1222 1931
Tina 200 829 1322
AMandible 220 1610 2177

2nd meisor 86 903 1231

2nd malar 100 636 930
Dentine 210 149 1847
Enamel 60 613 T3

@ Measured m ppm F on dnv matter of soft tissues and on dnv 1t free bony
tissues

The gross dental lesions and bone and joint abnormalities may severely
Iwut the wmmals capauts fo gather wnd masticate fodder m the ficld
Anorcua and unthnftiness are eneral growthas poor and oss of wer it
and emenition occur n mature smmals Vool production 1s reduced m
<hiep and malk production mn et These anse directly as a result
o wmd i proportion to the reduction m food consumption  There
appears to be no speafic functional impairment of these processes or
of reproduction 1n the fluorotic ammals cxeept in severedy affected cases
The poor Tunb md ¢alf crops that characternize flocks and herds 1n
endemic flnorasis rers are the result of mortality of the voun, at or
war il duc to the mprovershed condition of the mother rather
thn to U falure of the reproductine process atself  There 1 ittle or
no pheental tramfer of fluonne from the mother to the fotus and no
apprectible amount of fluonne 15 transmitted thron b the milk (3S)
Newborn wd suckling wmunals do not therefore edubit the svmptoms
of chromc fluorosiy m endemic fluoross areas 1 the same was tht o
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born and suckhing ammals are affected with selemum porsoning 1n
endemue seleniferous areas

In horses (103) and m pigs (42) climcal signs of chrome fuorosss
simlar to those Just described for sheep and cattle have been reported
Such symptoms have also been produced in small laboratory ammals by
fluorme feedmg In rats and puppies anema occurs as an ~dditional
symptom, owmg presumably, to the bone lesions extending to the
marrow, so reducing 1ts capaaity for blood regeneration (8) Anemia
15 ot a conspicuous feature of chrome fluorosis 1n farm stock

These chimeal symptoms of chronic fluorme poisomng are insufficient
of themselves, to perrit a secure diagnosis  For tlus recourse must
be made to fluorine analyses of tissues Frankln (25) has drawn atten
tion to the close similanty 1n sheep between the dental 2bnormahities
resulting from calem deficiency and calerum phosphorus mmbalance
and those occurring m chrome fluorosis the simlanty in cattle betw een
the syndrome of osteomalacia and that of chrome fluorosis has been
powted out by Indian workers (53a) If fluorosis 1s acquired during
the period of tooth formation the condition of mottled enamel 1s specific
but 1f exposure to fluorine occurs after the teeth have erupted motthng
does not occur although the erupted teeth may acquire addihonal
fluorine

The most reliable criterion of fluorosis 1s the fluorine content of the
bones and teeth This of course can normally only be obtamed post
mortem Fluorme estimations on the blood 1nd unne of the hving ammal
also have some diignostic value provided 1t 1s appreciated that these
gwe an estimate of the contemporary level of ingestion or excrehon of
fluorime and are not necessanly evidence of the eustence of fluorosis
Thus Majumdar ef al (53a) observed a two to four fold mncrease n the
fluorne content of the blood of cattle recerving 160 ppm fluornne
therr ration, the rise being from I pg /ml blood to 37-46 pg/ml It1s
of particulr mterest that this nse occurred within two months or less
of the commencement of fluorime feeding before there was any chmeal
evidence of fluorosis

A direct correlation between the fluonne content of the urme and the
concentration m the drinking water has been demonstrated m man (56)
and the use of the fluorine concentration 1n the unne has been recom
mended «s 1 mews of diagnosing subchnical fluorosis mn cattle (9)
Presumnbly this would apply also 1n sheep although such 2 reltionship
does not seem to have been studied in this species In advanced
fluorosis 1 cattle urmary fluorne concentrations of 16-68 ppm hue
been reported compared with normal concentrations of 2-6 p pm Such
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Ingh levels may persist in the unne for many months after removal of
the ammals from the source of the fluorne because of slow sheletal
decontaminition

3 Muumum Harmful Leucls of Tluorine

The mimmum lesels of fluorine intake from the food and water
supply which will produce harmful effects on the anmal or the max
mum levels compatible with their continued growth and well being
depend upon 1 number of factors The most sigmficwt of these are
the species the chemical form m which the fluonine 15 mgested the dura
tion and contmty of the mtihe and the nature of the rest of the diet
The number of espenments in which all of these factors are controlled
or are comparable, 1re so few (cxcept for the albmo rat) that precise
statements of the maumum safe or the mmmum deletenious intikes of
fluonne are not possible for f im ammals  For human beings 15 15 shown
Iater the mmimum towie levels are better defined

2 Species Dafferences All workers are in agreement that poultry
are much less susceptible to chromc fluorine poisoning than wre mim
mals Speaies differences among mammals are of doubtful sizmficance
A maumum mnocuous level of 0032-0042% fluonne s rock phosphate
for growing chickens wd of 0033-0070% for laving hens has been
reported (25 32) The borderhne towaty level of fluonne as rock
phosphate for cattle sheep wnd pigs 15 about 0017 or 100 ppm of
the tottl drv ration (GS)  Thus level of intike m1y be associated with
some damage to dental structure 1n sheep and cattle 1f continued from
an earh ge for several vewrs but there 1s no effect upon appetite
gener1l health or reproduction n females  The relatnely lngh fuonine
tolerance of poultny  compared with that of mimmals 15 due very largels
to poorer bsorption of this clement from the digestive tract  From the
results of ntripentoncal njections of fluonide 1t seems that more effcc
tine chmmation ma also be a factor of some mmportance m these species
(36 77) A speaes diffcrence i the susceptibility of the enzvme svstems
miolied m cellulir metabolism has not been demonstrated but cannot
be exeluded from consideration

When the fluonne 15 mgested from fluonded dnnlung water tovie
eflects are produced 1t much Jower intakes than these  Domestic ammals

wre less susceptible to water borne flnondes than man but there 15 con
sderable disagreement 1n the reported mummum touc levels  ottled
enunc) his bern obsened 1n cons limited to dnnln,, water contamin,
45 ppm T (13) the consumption of water containing 7 or 8 ppm F
s been reported to induce no visible effects upon the teeth of sheep
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tures Wlong lnes of weakness The dental lesions of fluorotic ammnls
then hmit food consumption and utihzation and constitute the mun
reason for the ympured growth and wool production charictenstic of
endemic fluorosis i sheep  Such effects have been reported 1n sheep
m Queenslaind not onhy where the water contuns 10 ppm I or more
but ns montioned nbove where it contuns 5ppm At this ltter level
the dental lesions obtuned in the pen fecding expenments just described
were very shght

b Rewtiee Touaty of Different Tluonne Compounds  The criticnl
levels of fluorine 1n the rition referred to at the beginmng of the
preceding section relate onhy to rock phosphate  These levels would
need to be greathy reduced if the source of fluorme were the hughly
soluble sodium fluonde  Comversely  they would hue to be greath
mcreased 1f the fluonine was in the form of the reltnely nsoluble
cileum fluonde  On present evidence it seems that cryohte and rock
phosphate are roughly equnalent i touicity per umt of fluorine

The relabve toucities are not constnt but vany greath with the
amounts fed such that the lowcr the amounts fed the less the vanation
m touaty  Mitchell nd Edman (68) guve the following companson
betwcen sodium fluonde and rock phosphate s they affect the rat

Fluonne as rock Touc equinlent of F
phosphatc (ppm ) as sodwm fluonde (ppm )
14 14
100 50
600 200
36 H00 900

At the Jevels of fluonne of sigmificance i human nutntion differences
n touaty relatable to the chemcal form of the fluonne are probably of
Ittle importinee  In sheep and cattle Diowever the fact that the tonoty
of fluorided waters 1s greater than that of the same daily fluorine mntake
from roch phosphite 15 at least parthy due to the difference n the
chemieal form  In artesuan waters the fluonne presumably comes from
parent nuncrals as caleum fluonde but 1n these waters the element
occurs as 1 much more soluble Suonne salt or salts probably as a result
of reactions msolving hcarbonate at hu_h temperatures and pressures
(35) A touaty of the more soluble wmorgamc compound of fluonne
Ingher than that of the less soluble 1 to be expected when they are
ngested 1 amounts 1bove the solvent capaaty of the ammals di_estive
fluds Further the manuer n which the fluonne 1 adiunistered affects
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the assinulation and hence the toxierty of different fluorine compounds
At low levels the fluorine of sodium fluoride and of cryolite was found
to be about 20% more assimilated by the rat when vdminstered m the
drmbing water than when consumed 1 the same amounts 1n the solid
state 1n the food

¢ Duration and Contimuty of Intake The very considerable capa
aty of the bones and teeth to immobilize fluorine before morphological
changes ippear i these structures makes 1t possible for anmmals to
mgest, with perfect safety, amounts of fluorine which eventually prove
seriously toxic The length of time over which such amounts of fluorine
can be tolerated depend pnmanly upon the species, the level of ntake,
and the nature of the fluormc compound, 1s has been pomnted out It
depends also on the continuity of imtake The fluorine deposited 1n the
skeleton 1s not stable but 15 m dynamic equlibrium with the body
tissues and fluids so that during peniods of Jow fluorne mntake the sheletal
stores are slowly depleted providing an opportumty for further 1m
mobihzation of fluorine during any subsequent pertod of high mtake
The physiological effects of intermuttent dosage of a gien level of
fluorine should therefore be less than those produced from contmuous
dosage

This has been convineingly demonstrated i the growng rat, using
synthetic cryolite as the source of fluormne (47), wnd has been shown
by Harvey (39) to be a factor of the greatest practical importance mn
sheep mn the endemic fluorosss areas of Queensland This worker
compared the effects on three months old Jambs of continuous exposure
for 30 months to water contaming 10 ppm F of alternate exposure to
and protectton from such water for three monthly pertods nd for six
monthly perods and of alternate exposure for sin months and protec
tion for three months The lesions of fuorosis were pparent m the
meaisor teeth of all sheep but they were mmimal m the group alternately
exposed to and protected from fuorine 2t three monthly mtervals The
fluorine concentrations 1n the bones and teeth were also least m this
group These findings offer 2 practical means of 1t Jeast 1 partial protee
won of stock 1 fluorosis 1reas where some surface water can be pro
vided especially as the concentrations of fluorme m the naturally
fluonded water m the field are genernlly Jower than the 10 ppm em

loyed by Harve
P dy Th}elz Eﬂeclyof the Compositron of the Diwet ‘The effect of other
dietary components on the tovicity of fluorine has been stuched largely
with the rat The mitigating effect of calcum salts has been r}emcn1
strated m this species by several groups of worhers Lawrenz anc



ttchell (45) showed that with diets contaming 9-10 ppm F an
srease 1 the dictary concentration of ealeum from 023% to 073%
hosphorus remamning constant) depressed the total retention of fluo
e by 10 to 13% m growing rats and to 4 greater extent the deposition
fluonne 1n the teeth and soft tissues  Increasing the phosphorus from
4% to 0712 while the caleium remaned constant did not apprecnibly
>dify the fluorne retention  Raganathan (84) clumed that caleum
tate gluconte phosphate oxide carbonate nd chlonide were equally
ective an mitigating the tove effects of fluonne 1n rats and that the
lts of mignesium offer some protcction but those of brum and
mmnum offer none

This finding with respect to aluminum 15 not in accordance with the
sults obtuned by other workers Sharpless (92) noted 1 marked
eviatng effect of dummum tnichlonde on the towaty of sodium
onde n rits Sumilar fwvorable effeets from alumium salts have been
ported by others with this specres (105) and with cnttle (53) From
meral balance studies conducted with sheep Becker and co workers
03) conclude that the alummum functions by reducing the Absorption
fluorine from the intestinal tract  Apparently caleium salts function
the same way  although Harvey (38) found that rusing the crlemm
neentraton m the diet from 02% to 08% with calcum carbonate, or
lfate or with bonemenl was completely meffectve i combating
torosis 1n sheep on waters contamning 5 or 10 ppm F This worker
und further that supplementing the low protemn basal diet of cereal
aff with a protemn concentrate was equally meffective although it
duced better growth in the anumals

Fluonine 1 Anymal Tissues and Flds

The untversal occurrence of fluorine 1n low concentrations 1n soils and
ods ensures 1its continual mgestion by ammals and 1ts presence has
‘en demonstrated 1n all animal tissues and flds  Under normal condt
wms where the intakes are small an equiltbrium evsts between the
nounts assimlated and the amounts excreted so that there 1s little
‘cumulation within the tissues  The soft tissues hive little affimty for
wrnne and rarely contain more than 94 ppm on the dry basis m the
ymal ammal. The bones and teeth avidlv combine with absorbed
sonne as would be expected from the known affimbty of apatite for
us element and the probable apatite structure of the mamn mmeral
mponent of these tissues Normal concentrations of fluorine in the
omes are 100-200 ppm on the dry fat free bisis with usually some
hat lower levels 1n the teeth
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1 endemic selenosis areas newborn limbs and calves m endemic fluo
rosis areas do not exlubit amy symptoms of posomng nd do not begin
to ncquire exeess fluorme until they commence consuming fluonde con
taminnted food or water There 15 therefore no advantage m weamng
early but trasfer to fluonne free water and food before the young
ammal begins to supplement its mother s milk with apprecinble quantt
ties of water 1nd food 1s clerly adwisable wherever possible 1 endemic
fluorosms regions

Unbike mill eggs myy tequre sigmficint amounts of fluenne from
hens consuming ligh fluonine rations most of which 1s deposited in the
volk probably mn combinition with the complex volk Iipids  Fluorine
occurs m the yolk of eggs from hens fed normal fluorine low diets to
the evtent of about 08-09 ppm (78) The concentration 1n the yolk
mn be mcreised to an werage of 3 ppm when the hens diet 1s supple
mented with 2¢ rock phosphate so that it contuns 007% I (78)  Similar
increases were obtuned by the intravenous mjection of 003 mg sodum
fluorde 1mto hens every fifth day (83) but nnother group of workers
found no more fluorine i the eggs of hens subsisting on 2 ration con
tummng 29% rock phosphate than when the hens ration contuned 2%
bonemen! (28) It should be noted that the fluonne values reported
this Itter study were very much lower than those obtuned 1n the ex
penment with rock phosphate quoted earher

tV  Fluorine 1n Human Nutrition
1 Normal Fluorine Intakes

Estimates of the average daily intake of fluorine by adult humans 1n
areas affording no unusual exposure from industmal sources or from
fluonde beanng waters range from under 05 mg to over 1 mg (50 51)
The pnneipal factors determining the magmtude of the mtake are the
fluorne content of the local water supply and ats level of consumption
and the amounts of tea ind of se1 foods mcluded m the dietary In
ifants certain prepared baby foods ugh in powdered bone mny lso
constitute an exceedingly important source of fluorme (34)

The emphasis upon water supplies 1 public health studies on mottled
enamel and canes prevention 1n which the water contains about 1 ppm
or more of fluonne has tended to create the impression that the dninkung
water 15 the principal normal source of fluorine i human nutntion For
the overwhelming proportion of mankind the food and not the water
1s the mamn source of this element m the diet An averige duly take
of 12001500 ml of water contanmg 1 ppm F would supph adults
with 12-15 mg F wluch 15 more than would normally be ingested
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the food But most domestic water supplies contam appreenbly less
than 1 ppm F, unless artifiennlly fluonded Concentrations rangmng
from 1 tice to 02 ppm have, m fact, been reported for the nataral
domeshe water supphes of most large cibies where the position has been
mvestigated  Such waters would, of course, contribute relatively small
amounts of fluorine to the duly diet

Very few foods, with the excephon of set fish and Bsh products con
tun mare thwn 1 ppm F and most of them contam less than 05 ppm
(57) The quality of the diet, mn ordmnary nutntional terms, has there
fore little direct nfluence on the magmtude of the fluorme ntale al
though the proporion of particulw nutnents notably caletum  may
affect the assimlation of ngested fluorme  Sea fish and fish products,
such as fish paste contam much higher concentrattons of fluorine, of
the order of 5-10 ppm McClure (§7) has estunated that 50 g of
canned sardine my provide 08 mg fluorme The very lugh fish diet of
the mhabitants of Tustan da Cunha, where the water contains only 02
ppm T, has been suggested as the cause of the relatively ngh meidence
of mottled teeth found 1 that population (99)

In miny commumbes te1 1s the dietary item of the greatest sigmfi
cance m deterninming the level of fluormne intake Iluormne concentra
tions of 100 ppm or more m tea, espectilly China tea, about twa
thirds of which passes mto the mfusion are not uncommon (33 37)
One cup of tex my increase the fluorme of the diet by 02 mg (37) so
that under Enghsh and Austraian dictary habits 1 mg of finorme duly
can be mgested by adults from this source alone In the balance studies
of Him and Smith (35) 1t was found that the average fluonne mntahe
of three young women rose from 429-792 pg daly when the subjects
were constuming 1 normzl (tex free) det to 1900-1368 pg daly when
this diet mcluded 13601815 ml of tea miusion per day

The ouly other normal food ttems hkely to contribute mijor wumounts
of fluorine to human cietanies are those contammg bonemeal or other
fluorine bearing phosphates such as the acid calelum phosphate used m
balang powders which may be mide from rock phosphate  These ma
terials are not usually cc d m lrge ts n adult diets but
therr crpraity to merense fluorine utakes greatly was demonstrated
the epennment of Ham and Smith (34 35) mentioned tbove 'The
average fluorme mtake of young women on t normal dict was found to
nse from 499-792 ug duly to 946-1435 pg daily when this diet ws
supplementcd with 70 g /dty of 2 propnetuy bbby food contumng
powdercd beef bone wnd carrying 11-12 ppm F Such products C"lr:
contribute the major part of the fluorne mgested by mfants, so muc
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50 that thair mclusion my ruse the level of fluonine i the duly diet of
four months old nfants to as ngh or higher (407-706 ng ) than that n
the much larger 1mounts of food consumed by dults (34)

The fluonne content of edible foods grown n arcas where the local
water 1s 1bove normal m fluarine content or where phosphatic fertilizers
arc used 15 not appreciably greater than normal but small merements
of fluorme m1y be added to certun foods when they are cooked
fluoride waters (98) Nor as was mentioned previously 1s the fluorine
content of milk signsficantly mcreased beyond normal levels by Ingh
fluorine ntakes The mcreased fluorine content of eggs from fluorine
fed hens would not greath nfluence flnorine mtakes from most diets

2 Fluorme Retention

Evidence from limited studies of human bones indicates some reten
tion of fluorne from normal dicts during life Glock et al (29) found
the fluorme content of the fat free nib bones of children up to 15 years
to be 002-0 057 and that of adults 22-68 years of 1ge to be 006-031%
None of these individuals had been exposed to abnormal amounts of
fluorine  Samples of the foot bones of three mdividuals 1ged 17-23 yers
were shown m a later study (35) to contan 0016-0023% F compared
with the very much Iigher figures of 010-024% for sstmilar bones of
three indmiduals aged 78-82 vewrs These findings suggest that human
beings ave able to retan fluorne from ordwnary mtikes but they do
not show whether such retention 1s continuous or constant throughout
Ife  Considerable experimental evidence obtamned with the rat indicates
clearly that this species has a much greater capaaity to retamn fluorine
dunng growth than at matunty The growing rat can accumulate
fluonne 1n 1ts bones and teeth at a comparatively rapid rate durnng
growth but reaches a relatively constant level of sheletal fluorne at
matunty  This 1s mamtained throughout the remammg years of life so
fong as the fluorine intake remarns stabilized (48 110) A similar rela
tion between age and fluorine retention 1 the human spectes receives
some support from balance studies mentioned below but many more
studtes with sndividuals of different age groups must be carned out
before this can be established with certainty

Fluonne balance studies with human adults are somewhat at vanance
on the question of the levels of intake at which appreciable retention
occurs  McClure and co worhers (65) mamntain that the adult human
bodv elimmates the major portion of food and water borne fluarine
with essentially no retention when the quantities mgested are less than
45 mg daily In therr expenments body sweat was found to contam
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3 TI'luonnc and Dental Canes

1 The Human Cancs Tluorme Relationshup The first suggestion
of 1 relationstup between the fluonide content of domestic waters and the
madcnee of canes came s« result of the remarkable senes of epidemio
logical mvestigations begun m Colorado m 1908 followed by studies
of the effects of changed water supph and of fluonne ingestion
Inboratory amumals which revenled the effect of excessne quantities of
fluonine n the dnnhing water upon the inadence of mottled enmel
m mm  Inadental to these stuches 1t was noted that dental canes
madenee was Inghest m commumties whose water supply w s free from
fluondes wnd pproached 1 mummum n communties whose water
supplies contuncd approumatcly 10-15ppm I Appreciable motthng
does not normally occur at these concentrabions which have come to be
regrded 1s optimal (20)

The ecustence of 1 close mverse relatonship between the carnes
mcidence of man and the fluonne content of the water supply has been
firmly estabhshed by epidemiologienl studics in the Umted States (15
17) Greu Bntun (108) South Africa {(74) and India (95) In one
of the most importnt of these intensity of dental canes attack m 12-14
vear old school cluldren 1n eight suburban Chicago commumties was
mversely correlated with 00 to 18 ppm I' m the dninking water (17)
Dean and co workers (15) obtuned confirmatory results mn a Iater
mestigation i olng 4 425 cluldren aged 12-14 years Iiving an thirteen
aitics of four states of the United States A graph summanzing the
results of these studies with school chuldren s presented by McClure
(58) 1s gnvenan g 23

Trom the results of Deans epidemiological studies cited above Hodge
(10) obtuned hinear relationships between the number of DMF (de
cayed missing qnd filled) teeth or the degrce of mottling per 100
<huldren from 12 to 14 vears of wge and the lognihmm of the fuonde
content of the dnnling water  The two hines mtersect at vbout 1 ppm
fluonide 1n the water indicating that this concentriion may be deseribed
as “the pomnt of maximum health with mwumum safety  This concentrn
tion must be subject to vantion dependmg upon envir 1l tem
peratures which ffect the volume of watcr consumed and upon the
fluorine content of the rest of the diet

The major beneficial effects occur when the fluorine 1s ngested during
the formatne period of the teeth A 60-657 reduction 1n dental cartes
expenience and 1bout a 757 decrease n firt permanent molar loss has
been observed to bu associited with fluonine mgestion at the recom
mended levcl throughout tlus early perod (7 16) Dcrtherage (19)

>
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3 Reduced solubility and surface changes in enimel and dentm are attributed

to finonde reactions on dental tissues in titro

4 Flionde may affect oral bactenil activity and exert antienzymatic effects

possibly fmolved 1n causation of dental canes

5 The amcloblasts {enamel forming cells) arc extremely sensitine to fluonne

b The Mechamsm of the Antt Canes Action of Tliorine  In spite of
the very considerable volume of research undertahen a1 completely satis
factony (xplnntion of the ant canies action of fluorne has not vet been
produced  The possibihty that the presence of fluondes i the oral
cwty alters bacterial metabohism and inhubzts enzyme actiaty 1s super
fially attrictine  Tluonne s 2 powerful anticnzymatic agent and
1odorcctic aad also an active antienzymatic substance nhibnts cares
when ndded to food (63) Turther injected fluonde wiich does not
enter the oral cavity 1s not cnes inhibatory (6)  On the other hand
the effect of fluonne on salvary amylase as shght (59) and fluonne in
saliv1 15 not correlated with angestion of fluornine (60)

Attempts to demonstrite differences in the fluorie content of sound
and canous teeth have not been successful - An early report by Armstrong
and Brelhus (4) supported the view that the enamel (but not the
dentine) of canious tecth contuns less fluorine than that of sound teeth
but thus has not been confirmed by Iater work at least as apphed to in
dividunl teeth  McClure (61) analyzed the enimel and dentin of several
hundred sound and canons tecth showmng ne evidence of fluorosis
from nearhy 100 ndmiduals  Sigmficmt differences 1 fluonine content
were not revealed as 1s shown by the following figures

Sound teeth Enamel 00102 = 0004% F Dentm 00241 = 0001% F
Carnous teeth Fnamel 00098 = 0003 F Dentin 00225 =+ 0 0007% F

The possibility remuns of an increase of fluonne in the entire dentition
which might account for an over all reduction 10 dental ¢ ines expenence
but mdiidual canous teeth m 4 dentiion clearly do not consistently
carry lcss fluonne i the dentin or enamel than do sound teeth More
aver the best analytical procedures have so far faled to reveal an m
crease in the fluorine content of teeth treated topically with fluonde (5)
although most of the studies of topical apphications of fluonde to tooth
surfaces hve demonstrated remarkable canes preventive effects (43)

The most Iikely explination scems to be that fluonine mfluences the
plasical and iochermeal properties of teeth and particularly of enmel
surfaces tn oo perhaps by the surface dsorption of minute amounts
of fluonne (too small to be detected with evisting techmques) by the
hydrovyapatite of the entmel with the production of 1 protective layer
of acid resisting fluoriptite  This hypothesis finds some support from

-
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supervision by the State board of health It should not be undertrhen
unless this can be provided  How much reduction 1n the prevalence of
cantes will actunlly be realized n a particular commumty will vary
nccording to Jocal conditions  The procedure will supplement but not
supplant other dental health measures "

The success of water fluondation led to numerous attempts to achieve
the same results by the admimstration of fluonde contumng tablets
(101) ‘There seems no obvious reason why dietary supplements of
fluormne should not be just as cffectne m caries control s fluonded
water Great erre should however be exercised in their use and a really
satisfactory demenstration of the value of fluonde tablets has yet to be
made In connection with dietary sources of fluorine 1t 1s extremely
nteresting to note that tea n the quantities normnlly consumed by
adults m some commumbes can supply just as much fluonne duly as
would be supplied by the consumption of wter, in ordinary quantities
contammg 1 ppm I' In such communities however the children up
to aight years old whose teeth are susceptible to fluoring dnnk very
httle ten Under these conditbions no effect on canes ncidence 1n the
vopulation from te1 drinking would be expected  Beneficral results have
m general attended the topical applications of sodum fluonde and other
fluondes (43) but as McClure has stated  while the use of fluonde
topically seems extremely promising vanations in the procedure in the
solutions used ete need to be studied”

Deliberate fluondation of water supphes suggests the possibthty of a
cumulative toxic fluorosis At the moderate levels associted with canes
prevention where adequate control 1s mamtuned the toxic hazard
appears to be neghgible Most of the fluorme balwnce studies with
human subjects described i the previous section ndicate that the
amounts of fluorme retamed by the body from dietary mtakes up to
45 mg are evceedngly small It was found further 1 an extensive
survey of the fluorme concentration of unne specimens of mgh school
boys and of young selectees of the armed forces of the United States
that upward of 90% of water borne fluonde (in concentrations ringng
from 05 to 45 ppm F) 15 ehmnated 1n the duly unne of teenage
boys and young men (64) No effect upon the age height weight rel
tions and bone fracture histories of these individuals from the fluonde
waters was apparent (62) Further population studies are mecessary
for a completely convincing answer to this question but 1t seems highh
unlkely that the continued ingestion of domestic watcrs contuning
10-15ppm T presents any public health problem
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severels fluorotic areas of North Western Cape Province i South Africn
(74) and of the Madras Presidency 1n Indin (94)

Changes m the size or shape of the alfected tecth are of rare occurrence
m mottled enimel areas  The only oral abnormality commonly en

Iy

0o

Fic 24 Types of mottled enumel found among the nitive born inhabit
ance of certain sections of Anizona 1 No motthng 2 \ild mottlng 3 \Mod
«ratcdy severe mottlng 4 Severe motthng  (Smuth and Lantz 98)

countcred other than those described 1s a tendency for the teeth to
erupt somewhat later than :n unaffected arens (A similar del1y i the
eruption of the mcsors has becn reported (38 76) mn fluorotic sheep }
A tendency towards gingvis 1s 1lso apparent i severely affected cases
Ints mild forms mottled cnamel has httle public health sxgnlﬁm;cs»
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and eroded teeth At over 6 ppm  ccording to Ockerse, 100% of
children are badly affected (73)

¢ The Removal of Fluorides from Water  The formation of mottled
enamel can rexdily be prevented but there 15 no known cure once defec
tve entmel hns been formed Tt as possible to bleach the disfiguring stun
temporanly with oudizing agents but the primary defect an the enmel
15 permnent  Prevention has been accomplished 1n some loeahtics by
simphy changing the water supphies but this 15 not always practicable
Vanous methods of treating the affected waters by physieal or chemrent
means to cffect removal of the toue fluorides have therefore been tried
Even boiling for 2 few mumutes 15 resonbly effective i reducing the
fluorine content of fluonded water provided that the water 1s not left
m contct with the preapitate formed (100)  Such treatment 1s clearly
mpossible on 1 lirge serle

A sanety of chemienl compounds ncluding alummum sulfate act
vated 1lumint actisated magnesiwm oude and activated carbon has
been used in filters (see van der Merwe 102) but they are nerther
relinble nor cheap The great affimty of fluonme towards the tertiary
phosphates has been explotted with more success 1nd at less cost H
Adler et al (1) found that a tricaleium phosphate which was essentially
2 mnture of hydrovy apatite and tnenleum phosphate was very satis
factory for the remoyval of fluonde from water when used 1n conjunction
with a filter bed Van der Merwe (102) advocates the use of an active
defluonmzing agent denved from commercial superphosphate and draws
attention to the possibiiies of the much cheaper naturally occurnng
waselite—an amorphous phosphate of won and Alumnum

d. Tluorotic Ostcosclerosis and Industrial Fluorosts Genernlized
skeletal sclerosis 1s not generally associated with the consumption of
fiuondes m the dnnling water In fact only one 1solated case has been
rcported in the Umted States (48a) A suggestion that residence for
3040 years 1n a district supplied with water contaming 34 ppm F
may lead to disturbances in ossification and to early spondylosis de
formans has also come from England (41) Osteosclerotic symptoms
have been reported however 1n severely affected endemic fluorosis areas
m South Afnca (72) and i India (94) although 1t 1s not certam that
water borne fluonide 1s the sole factor mvohed

The umique character of the ¢ndemic fluorosis m the \Madras Prest
dency 1s worthy of further mention Shortt et al (94) report that ths
condition 15 prevalent among natises who have been subjected for pen
ods of 40 years or more to the mfluence of drnking water contuning
comparatnely large quantitics of fluonme  In the 1mtnl stages motthng
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CHAPTER 11
SELENIUM

1

Interest m as a trace el t 15 almost entirely confined to
its toxie propertres m ammals Conclusnve evidence of an essential fune
ton for this element w plants, ammab, or microorgamsms has not et
been produced although field obser 2tions suggest that st myy be essen
tal for certaw plant species known 15 ‘ncheator plants It has been
reported that selemum 15 1 shmulating 3f not w essent] element for
these specics (57)

Selemum was shown to be tosic to ammals as early as 1842 {21) and
the abuity of plnts to absorb selentum from soils to which st had been
added was first demonstrited m 1880 (5), but not unti} 1833 (47) and
1934 (3) when the naturally occurring diseases of Ivestoch known as
“atkal diserse” nd “bhnd staggers were shown to be manfestations of
chronic and of 1cute selemum posoning respectnely did this element
attrct much biologieal attentron An understinding of these senous field
problems was wital to the contmued settlement and development of
large arers m the semiand Grew Plams of North America where
selemum poisomng m hvestock was enzootic  In consequence, intensiné
studies of the distrstbution of selensum in rocks soils, plnts and anunal
ussues were undertaken the alsorption excrehon tovie properties and
made of action of this element and ats compounds m anma] species
ncluhing man were mvestigated and prophylichie measures were
sought The results of these studies are outhned m the follow g sections

I "Alkal Disease" and "Blind Staggers™ of Livestock

1 Historical

The fust wthentic written record of selmum possonng m Inestock
appears to be that of Madison {see Moon 31), who reported m 1856,
the occurrence of a fatal disease 1 cwalry horses consumng natne
vegetahion at Fort Randall m Nebrasht This disease ws characterzed
by loss of hur from mane and tul wnd soreness of the feet Soon aftes
settlement of this put of the Nosth Amencin continent towwds the
end of the mmneteenth centur) losses of grazing stock and of stoc} fed
gramns and roughages grown 1 the rer were evpersenced from an un
fnown milady with symptoms sumlar to those observed w M.:uz;xons
horses Earhy settlurs gave the nime afkal chsease to thn conditont
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becwse of their behef that 1t wis ciused by the alkah”™ (lugh salt)
waters and seepages of the wrer The name has persisted although the
theory behind 1t has long been disproved At about the same time that
the first reports of alkal disease in farm stock appeared serious losses
of grazing stock from another and equally baffling disease were reported
from parts of Wyoming to which the more descniptive name of blind
staggers was gnen  For many vears these were regarded as unrelated
maladies and were imvestigated mdependently i Wyommg and South
Dikota

Intermittent v estigation of the two diseases was undertihen Almost
from the beginming of the contury (31)  Suspeeted ciusal agents such
1s “uUkab” waters ergot vanous molds and poison plants were ehm
nited 1nd the cnzootic and nonmnfectious niture of the diseases was
estiblished  From 1829 when R W Franke began actne work on the
alkali discasc problem at South Dalot1 substantinl positve progress
began to be made  Tranke carcfully desenbed the symptoms of poison
ing 1 different farm amimnls tested feeds from affected areas on Inbora
ton, ammals and showed them to be toxic and deduced from the nature
of the symptoms the possibihty that the diseise was caused by the
presence 1n these feeds of wseme thalhum or other less common tovc
clements (31) Speciabists of the US Department of Agneulture were
then called inte consultation 1nd 1 systemahie search for trace elements
w gram which Trnke had found to be toae by bionssyy led to Robin
sons discovery of the prescnee of selemum (47)

Subsequently all the cereal gruns shown to be touic by Franke were
found to contain selenum 1nd high concentr tions of this element rel
tive to those of disease free arcas were detected 1 the soils and plits
of the known nffected regions  The possibility that other toxic elements
were 1lso imolhed such as tellunum molybdenum and arseme which
were found to be present 1 some selemferous soils and plnts (3), was
not dispelled until Franke and Potter (13) demonstrated that the add:
tion of sodium selenite or selenate to an otherwise normal diet induced
symptoms 1n the rat which appered 1dentical with those produced by
the natural toucant Further Franke and Punter (12) removed nely
all of the selcnium from a hydrolysite of 4 sclemferous protem and
found that the hydrolvsate 5o treated w is no longer toue

Durng this time Beath and co workers m Wyoming were making
detmled studies of the chermenl and physiologieal properties of severnl
native species of the genus Astragalus wluch they suspected to be s
sociated i some way with the accurrence of bhind staggers In 1032
Taboury 1n T rance pubbished Ins reserches on the occurrence of selem
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The Jower Jimt of sclcnum touaty to ammals that s the mimmum
level at which this element will accumulate n the hissues and produce
the charactenstic signs of sclenium porsoming 1 pl 1ced by Munsell et al
(40) at 3-f ppm Se  Such levels of sclemum m rations bised on
selcmferons gruns have no dddctenons effects on the growth of clucks or

Fie 27 Dcformed cnck suffunng from sclenum powsoning  (Photo hindly
supplied by Dr O [ Olson)

on the hatchabulits of ¢ggs but it more than 2% ppm the meat and
eggs contun concentrations of sclentum 1 excess of the suggested
tolerance linut for foods (35 40) At a level of 5 ppm  hatchalulity 1s
reduced shghtly and 1 10 ppm 1t 15 reduced to zero ( 44) Symptoms
of chronic pmsoming i rats ind dogs are common when the rations
contan 5-15 ppm Sc nd subacute symptoms re produccd when the
levelis 15-25 ppm or more  Almost complete refusal of food and deith
m a short time was obsenved (37) n dogs guen nitions to which 20
ppm Se 15 sodmm selemte wis 1dded Young pigs fed sclemferous
com contuntng 10-15 ppm S devclop typerl symptoms af posomng
within 2.3 wecks (37)  Presumibly 1 Jonger penod of fcuding of
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The testing of hur has proved of more practical value than the testing
of blood because of the ease with which har samples e be collected
m the field by chipping and ean be despatched without deterioration
to the Inborators

Samples of haur from cattle from nonselemiferous areas that 1s, areas
where alkal disease had not been reported gave values ranging from
under 1 ppm to shghth over t ppm Se (41) All of these samples
were collected dunng the fall when the lghest values would be ex
pected  From these results Olson ef al (41) conclude that except
during the Jate winter wnd ewrly spring months an average sclemum
content of Jess than 5 ppm (i the hur) mdicates alkal disense
symptoms should not occur m 2 herd By contrist from samples tiken
severd times throughout one vew the average selenum content of
the Dair of 28 v arhing eattle on 1 ranch where selenium porsoning had
long been 2 problem w s well above thus figure  Individual values varied
over a furly wide range and there was 2 defimte sersonal varation wath
an inerease 1 selenum content throughout the growing season followed
by 1 dechne which probably reflected shedding of old hur  Excluding
the first ssmplings the selemum content of the hwur of these mmals
werged over 10 ppm  The werage values obtuned i this study
extending over 17 months re prescnted m Fig 28 Olson and co workers
suggest from dat1 as yet unpublished that the values are appheable to
prgs as well as to eattle

Seea mco le tothar ppm

ol

PR - g £ 2 n 3 o2 wl
S 332 F 8288522223324

Fic 28 The average schnum contnt of the haw of cattle grazng a
stlemferous range (Graph Jundly suppled by Dr O L Oben)



Telentyy,, an, Calmen, of AR}, Iy Dyse, se

ee Seise ap, bl Bger, result g, Eestion o
forages amns contammg t ts of g eny 1ese oy,
It fro the Erongy he py. on soyl¢ hugh 4y

Vailp, )/ [? Seases ¢, b OVercome 1 selen,f
eroyg rende,, for tock tmengg [¢ ( it g,
osorp el b ants g, that g, Centrqy, 1S 10 the Whole
Pl not re. Munoys 1, €. ) re 2 S0rptigy,
O prom, Cretion ¢ eleny, ima], ‘urioyg

0, 1
amoungy do not Tewch o e nop Tetuneq m the tissyeg or (¢) nlypy
or Nt onize the tovie effecys of Selengyy, Withn ¢, body Bissues o

s

flurg,
Onl, olvmg [¢ St of €se o, ernaty e o
een o, d Ssfu] ough S Were Fiseq that Sulfyy
Um oils Would hane lenium, sorpy by plan nd e,
tiop shoutg b ade Tely, the Second ., gy, f
ent o the teres rvork Promopy, elentym,
Ceretiop M el trag, f 0beng, ats ang
085 fed 1 seIemferous Tton of bromobenzene CZene o naph
thaIene to Steers grazmg on selemferons Tinge “as foung 0 Increqge
e unmry sel, N Ulput ¢ )
ect of Sulty, itrop, Selen, Crous s, ddition of
sulfy, Utureg d o0 ¢, ch sp i, Selenqge 0 addeq
Was gp, Y Hurd rer ¢ by th Ption rdded
selen, Y plants esult of ths findyy,, Phlicatioy o lfur
{0 5oy i Yocateq f pr Yengy, Oduction of touic
Vegetap, Ortunate), les of e sulfur ¢,

effec

Dty seIemferous Soils shoy, ¢, L‘onclusne]y that Such treatmen, Was

effecty, undey ¢p condityop Which XI5t 10 the Ulecteq €35 Frante
ulf,

nd py, ( ded ¢ sulfy S 8ypsum ¢, sorls
n 4 foy,, aj uled ¢, Te 1bitioy leniym, SOrption
"} corn Plang, I8 nog Uneyp, W Of the fae
that Such gq,) 8enerq), Ireqd, Satupqte, Vith sulfy, e form
f um T o Ortion of B aifapl Selenium 4
thesa soxls reqy 1 nic combzmtwn rgan, 'Pounds of
selen, e unpyl, ly be g, ¢ affectaq by Izanges he morgane
Sulfyr selen, t
b 7, e Y Factors Selentyyy, OiS0nng Early 1
the 1, estigy f S Were m, to fin et
actor o facg huc} Would n duce the touc:ty of selemf



1 ALKALI DISFAST AND DLIND STAGGFRS OF LISVESTOCKR 355

erous diets (31)  Vanous feeding trals with rats which included
miner1l nd tamin supplements gue negitive results but sclenmm
paisomng w1s found to be less severe on hugh protem rations than on
those with low or normu protan contents  This finding wis Inter
substintiated and extended by Smuth and others (27 50 52) Thus
10 ppm of wheat selenium fed m a4 diet contuming 107 protemn was
found to be lighly tauc to rats whereas the same amount of selemum
fed 1 m 1socalone dhet contumng an additional 207 proten as cisemn
searcely produced any tonic cffects (50)

The protective effect of ngh protan mtakes 15 not confined to c1sem
although there 15 some disigreement among different workers on the
potency of vanous protem sources Tor example Smith (52) has shown
that wheat protesn Iactalbumm ovalbumin zen yeast protun desic
cated Iner, 1nd cven gelatin afford protection agunst the tovie effects
of sclemferous wheat on rats Movon (37) on the other hand found
crude e1sem nnd hinseed meal to be the only commercinl protems to
prevent the charactenstic ner lesions m rats while dried Iiver punfied
casein and whole milk powder gawe good growth but fuled to prevent
or alleviate pathological lesions of selenum poisoning and meat scraps
tankage and corn gluten meal nerther mduced good growth nor pre
vented the lesions of selenium posoning  Further 1n experiments with
dogs 1t ws obsery ed that Iinseed meal and dned liver gave good growth
and protection 1gunst the effects of selemum but crude casen tankage
and corn gluten meal were completely meffective (37)

These findings revenl species differences which invite caution 1 ex
tending such treatments to farm ammals without further experiment
ton especrally as the mechamsm of the protem selemum 2ntagomsm
1s unknown It seems Likelv that this ntagomsm 1s related m some way
to the inlubiting effect of selcmum on certain dehydrogenating enzymes
mentioned previously and that the sulfur contaimng amme aads play
some part i the pratem effect Even m this latter respect however
the position 1s not entirely clear Thus Smuth and Stohlman (52) found
nerther cyvstine nor methiomne 1s such to be of value n alleviating the
tovaity of selemum and Klug et al (22) showed that dietary methionne
at levels of 05-20% was weffective 1 the protection of rats agamst
selemiferous feeds whereas Schultz wnd Lewis (49) demonstrated 2
gencﬁcml effect from methionine when added to 1 methionine deficient

et

¢ Arsentc Treatment of Selemum Powsomang  In 1938 Movon (32)
reported the alleviation of sclentum powsomng in rats by wsemte  This
surprising finding arose from expcnments designed to test the effect of
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various elements 1n the drinhing water on the tovetty of a selemferous
diet At 1 concentration of 5 ppm  fluorine, molybdenum, chromum
vamdium  cndmum, zine cobalt, nickel and uramum were all found
to cause mncreascd mortihity, lead had no effect and tungsten decrensed
mortility and prevented to a hmited extent, the typreal liver lestons
but arseme, 1t 1 Jevel of 5 ppm 10 the dnnking water completely
prevented all symptoms of selentum posoning (32, 37)

Arsenic hs since been used successfully to counterict selentum poison
mg m pigs dogs chichs and cattle (37, 38) Sodium arsemste and
arsenite arc equnlly potent but wsemc in the form of certun orgme
compounds 1s less cffective and arsemic sulfides (AsS and AsS;) are
weffective (37) Either 5ppm or 10 ppm arsemc ns sodium 1rsemte
m the dnnking water completely prevents any sign of selemum poison
g erther on natural seleniferous diets or on diets made equally selemt
erous by additions of sodium selenite or the selentum anilogue of
cystine (37) These levels of arsenic produce no signs of arsenic porson
g either when consumed with control drets or with selemferous diets
and they afford protection agunst much higher mnthes of selemum than
those which wall wathout arsemc, mduce some signs of selentum porson
mg  Nevertheless, arsenic 15 sufficently tovic to ammals to make its
general use on farms and ranches somewhat impractical  For this reason
arsente compounds of = lower order of tovicity nmely arsihic acid and
3 mtro 4 hydroxyphenylarsonic, huve been tried on the rat (16) Both
these compounds give partial protection agamst chronte selensum poison
g mn rits but even at the hughest levels which hwve been used (rsrmilic
acid 0025% and 3 mtro 4 hydroxyphenylusome nad 0009%) complete
protection has not been observed

The wsenic selemum ntagonssm cnnot be explaned m terms of
reduced selenturn absorption or ncreased excretion, since the selenium
content of the blood and tissucs of arsemic treated ammnls 15 not sigmfi
cantly dsfferent fram that of untreated animals show ing signs of selenosis
(23 46) It appeus to be due at least m part, to the relese of the
mhibition of sucaime dehydrogenase brought tbout by selemum (24)
The hver sucaime dehydrogenase levels of rats fed selemfcrous diets
are reduced, and en be restored to normal, after 2 short penod of
depression by the mclusion of arsensc 1n such diets Whether the achon
of arsenic m alleviatmg chromic selenium poisoning 1s due wholly 0
this effect on sucanic dehydrogenase remuns to be determmed
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it Selenum in Plant Matenals used as Foods

The concentration of selemum m plnts «ancs from amounts too small
to be detected by nlable metheds of awalyas to laels as ngh as
screryd thousmd parts par mulhion This wide vamation results from
the operiion of 1 great many factors among whach the phat speeics and
the amount and chemieal form of the selonmum m the soof upon which
the plnt 1s growmg are the most import int

1 The Influcnce of the Sclenwm i the Sod

A gearral relationsinp eusts between the fotal concentration of scle
mum i the soil and the selemum content of the phints growing thereon
Sclemum free sorls naturdiy produce sclemum free plnts wd soils
high i selemum tend to produce phints which are abso gh m ths
element  But sols of relaneh ngh selemum content we known wiich
do not produce plants hugh enough m seleniam to be imunous to ammnls
(25) Amlysis of sols for total selenum s thercfore not an entirely
rhiable indes of the tovioty of the herbage Nevertheless soils contun
ing more thwn 05 ppm selenum are regwded by Movon (31) s
potentialhy dangerous

Of far greatar sigmfieince than total selemum i determiming the
coneentrition 1n the plnt 1s the chemieal form or forms i which the
sclemum aceurs in the so}  Dafferent selemum compounds vary greatly
m therr walibility to crop plints Sclemferous soils mav cont un soluble
selenates wiich are reacdhly ibsorbed by plnts selemtes which are
moderatch well absorbed or ansoluble basic on sclemte which does
not appenr to be absorbed at all by ordinary crop plants although at s
bl taken up by certun converter plants Orgamic selemum com
pounds Wso eust i sclentferous soils These appear to be well absorbed
by plants (34 53) Smce the proportions of these vamons chemicnl
forms of selemum can vy markedly m different seleniderous sords and
the mailbulity of these compounds to plnts 15 so different the con
cenfration of selomum i amy particulir plint species will obviously not
he h\ghl) correlated with tota soil sclemum  The great vanntions which
<an aceur between the selomum content of the plint and that of the
soil upon which the phnt was growing are sllustrated 1 Table 43
Presumably these vanations we prmanty A reflection of differences
the types of sclenmum compounds present m the soils

2 Species Diffcrences

The plint genus or speens 15+ further factor of very great sigmfl
cince 1w determmmng the selemum coneentrition of vegetation growing
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upon 1 particular sol  Miller and Byers (30a) divide plants into three
classes 1ccording to thewr capacity to assimlate selemum (1) those
showing a hmited tolerince for selemum and absorbing only small
amounts (up to 1bout 5 ppm ) from selemferous soils, most grasses
and garden vegetables belong to this class (2) those which absorb
moderate amounts (up to <bout 30 ppm ) without mjury to them
selves all the cereals (d also omons) belong to ths class and (3)
those which absorb selenium readily and may accumulate up to several
thousand ppm 1n their bissues These latter are mostly perenmal plants
of the orders Legununosac, Cruciferac, and Compositae, and m particu
lar some species of the genery Astragalus Stanleya Oonopsis and
Agylorrhiza They include the important converter plants, whose special
sigmficance to the problem of selemum poisoming m the field 1s discussed
below Included also are certain plint spectes, known as mdicator”
plants, which grow only whera there 15 selentum i the soril Data show
mg these species differences taken from the pubhcations of Franke and
Monon, of Byers and of Beath, as presented by Punter (42), re gnen
m Table 43

The selensum contents of plant matenals in the second and third of
Miller and Byers classes are considered more fully n the separate
sections which follow In relation to the first group of low selemum
plants 1t may be mentioned that Movon ¢t al (34) found a number
of grass species growing on selemferous sails i South Dakota to wverage
only 1-5 ppm Se An exception to the generalization that grasses tahe
up comparatnely hittle selemum from such soils was provided by Western
wheat grss ( Agropyron smithu) which contams the much Ingher werage
of Il ppm Se Simlarly, garden vegetables were found by Smith and
Westfall (51) to be generally Iow 1n selemum These workers obtained
the following values beans, 04-20 beets 0-12 cibbage 045 carrobs,
04-13 peas 04-20 potatoes 02-09 2nd tomatoes, 0-12 ppm Se
On the other hand onions growing under the sime conditions ranged
selenum content from O to 178 ppm  winch brngs them smto the
second group of plant species

3 Selemum wn Cereal Grains

Special mnterest attaches to the selemum content of cereal grams btff
cause of thewr importance 1n the rations of pigs and poultry m selen
erous areas and their possible sigmficance as a source of selenium 1r;
human dietines Robmson (48) determned the selenium content 0
wheat from vanous parts of the world ncluding nonselemferous are1:
in the Umted Stites The samples rnged from 01 to 19 ppm bu!
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the lighest amount of selenum found m any sample grown outside the
North Amernien continent was 15 ppm  The maamum selenium con
tent of composite samples of Saskatchew in wheat was also found to be
15ppm but one individual sxmple contuned as ighas40ppm (56)
Tt 1s apprrent that smnll concentrations of selentum  with oceastonal
values as high as those found 1n sclemferous arens are of widespread
oceurrence 1 this cereal A simlar ringe of data does not appear to
be wulble for other cereals but species differences are small judging
by the evidence from selemiferous arcas Thus the following figures have
been reported (54) for the selenum content of cereal gruns grown m
selentferous districts wheat 11-188 corn 10-149 barley 1657
oits 20-100 md ne 09-38 ppm Values as ligh 1s 30 ppm hwe
however been reported for samples of selemiferous wheat from South
Dakott (37) and Hurd Rarrer (19} produced wheat contunng 220
ppm Se by adding sodum sclenate to soil m the ghsshouse

Most of the selenium m wheat corn and barley 1s associnted with the
protein (43) and 1s therefore well distributed throughout the grun
Anlysis of the mll frictions of four wheats of grently different selemum
contents revealed n all eases the ughest concentrations 1 the bran
which was also ighest in mtrogen content and substanbially higher
concentrations an the shorts (pollird) than in the flour (Table 44)
These findings are probibly of considerable importance from the stand

TABLI 44
Serpnitat DisTunuTion? 1N StLENiFERous WreaT (36)

Sample Whole Patent All flour

number gramn flour fractions Shorts Bran
1 48 40% 41 55 59
2 58 402 405 63 87
3 233 1909 1908 248 334
4 80 3328 5338 T2 B4

¢ Measured n ppm on the dry basis

point of human nutrition 1n selemferous areas since normally the bran
and pollard fractions of wheat do not constitute more than 1 minute
proportion of human dietaries

4 Selemum in “Converter and Indicator Plants

The great differences 1n ability to tihe up selemum from the soil that
east among different plant species assume speaal significnce in the
case of a few species belonging to genera which have nlready been enu
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merated, known s ‘comverter plints These spectes do not oceur, or
we very rare m nonselemferous ares, for which rewson they are some
umes called wdicator plants  Such plints not only ~bsorb and ac
curmtlte very Jarge amounts of selemum but they are eapable of domg
50 on soils that contun this clement 1 msoluble or relatisely msoluble
forms These forms of selenium cnpot be absorbed by crop plants and
other specics No sansfactory explanttion of the specil ability of
converter plnts to absorb arge amounts of selemum 15 avaulable

In certun of the converter plnts 1 proportion of the selenum s
volatile and therefore escipes mto the atmosphere but most of it 35
returned to the soil 1n an organic form upon the death of the plants This
orgamic selemum then becomes avultble for absorption by crop plants
In other words converter plints convert selentum that 1s not generddly
walable mnto selemum that 15 wulble to all types of plints They thus
phy an important dunl role in the mnexdence of selenum posomng m
hvestock m the field Furstly they consttute the type of herbage which
produces blind staggers m stock bectuse the concentrations of selenum
that they carry are suffictently high to mduce this acute mamfestition
of selenosis i grazing ammals  Native stoch usually wod comverter
plants except m tunes of drought or overgrizing but stock brought m
from other 1reas are nat so diserinun iting and deaths frequently result
Secondly, they contarmnate the sos} about them with selenmm thit ¢
readily be absorhed by other plmt species On some soils this may not
be mmportant bectuse the selenum 15 Arendy largeh present m sofuble
forms and concentrations myjuriaus to livestock mry be present i most
or il plnt spectes On other selemferous soils how s er, mjurious levels
of selentum only accur m all plnts by virtue of the presence of con
verter plwts It 15 apparent, therefore that comverter plants can intensify
the seventy of selentum pasoning and extend ats mnedence

Selenium concentratons typical of comerter plants growing on selem
feraus sotls are presented m Tible 43 It wall be noted that the levels
range from under 100 ppm to over 8000 ppm but lie mostly betveen
1000 and 3000 ppm  The ficihity with which these plants absorb msolu
ble selemum from the soil 1s lustrated by 1n expenment cuned out
by Beith ot ol (3) These worlers added finely dvided elemental
selentum plus rotted horse manure, to a selenium free soi} to gwbl 2
fevel of 25 ppm Se, and grew wheat wd 2 converter plnts {Astraga “lx
Disuleatus and A pectinatus) wpon the soil so treated The Asimg.;’ ¢
specses veriged no less than 1150 ppm Se after 3 months gro\\h
compared with 63 ppm 1 the wheat phnts when they were 8 wnc! :5
hgh The abulity of comverter plwts to convert wsoluble selenum mto
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1 form eapable of ~bsorption by wheat phints was demonstrated by 2
further espenment When grown on selemferous shale voung wheat
phuts were found to contun 2 ppm Se whercas simibar phints grown
on the same selemferous shide to whieh finch graund comverter plmts
had been added eontuned 227 ppm Se

I Selemum in Amimal Tissues and Products

No sclentum can b ditected by as nlible mcthods of analvsis m the
tssues or orgws of ammds fod normal selonum free rtions The
concentrations present mn the tissues i selemum posoning depend pr
nanl on the amounts and forms of selemum wdmimstered and on the
length of time of dmimstration hut mdmadual » winhity s etremedy
lirge~too Tirge n frct to permt worth while conclusions 15 to speaies
differences of s such cust The Iughost coneentritions eccur furly
consistenth m all SPeeILs In the Jner mnd hidneys with ocersionad Iugh
ralues 1 the blood panercs sploen md the hoofs of eattle wnd general
b much lower Joveds moother tissues Averge values for scverd spectes
wgether with the rwg recorded are prosented sn Table 45 They
Mustrate the gret wdnadual vunbiditt. mentioned earlier s well s
the general redrtionshup hetween kevel and peniod of selenium mtike nd
the sclemsum content of the isues At intikes that result n symptoms of
chromie schomum powsomng the concentrittons n the tissues continue
to nis¢ for punods of wedhs months or Geen yors depending upon the
dictany oveds of sclumum but thes tand to reach 1 miamum heyond
which (rerction appeirs to hecp pre with absorption  Selemum
not therdfore contimuoush cumulative 1 the tissucs

Undir conditions of acute posomng 1t which pomt the mtikes we
vers Iugh sclemum rerches ft the bssues eveept the hide and hae
with the hughest Tiveds w the ladney Iver Tungs and spleen Its occur
sestec 10 hoss ctive tissues ppe s to bu directly redated to the time of
survis Al of the ammal (30) In the rat gnven 1 single subtovie injection
of sodmm selenite contuning ridiowtne sclenum  the greatest con
cuntritions were found n the lher muscle gistromtestinal tract wnd
blood with lesser wnounts m the tungs wd spleen ind none st all (fter
24 hours) an the sk fur teeth or long boues (28)

Average vilues obtuncd for § steus grazng on sclamferons rnge
for 2 seasons were 30 ppm o the hoof 22 ppm the kudnes ind
}2ppmonthe Iner alion the fresh b AH other parts of the cawrciss
were Jower m sclomum content meluding the muscle which contumned
088 ppm (37) For 30 stecrs which hud been on the same range for
3 sewsony the werage valies were 57 ppm m the Iner 41 ppm
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IV Absorption and Excretion of Selenium
1 Absoiption

Lattle 15 yet hnown of the factars mfluencing selenwsm absorption
ammals and apparently nothing of the mam site or sites of absorphon
of this element within the gastromtestndl trict From the resulfs of
numerous balwce expenments nd studies of the rdatne touaty of
different sources of selenium to lnboratory ammals, however, certam
frcts hwe emerged These studies indicate that selenium 1s riprdly and
efficiently absorbed from naturally selemferous dicts and from soluble
<ilts of selemum 1dded to normal diets Thus Movon (31) found that
rats consummng 1 selemferous wheat rtion contunmng 18 ppm Se,
retuned 1 ther bodies 635% of the selemum ntdhe within the first
week  Anderson mnd Moson (1) observed no difference n retention of
such naturally occurnng selemum and of sodwm selemte admunstered
1t the saume level Smuth ef al (54), on the other hand, using higher
dictary selemum levels obtuned greater retention from naturally oc
curring orgame selemum than from sodwm selenite

The tovietty studies of Miller ind Schoening (29) and of Franke and
Pamter (11) also smply higher absorption of selentum from cereals than
from soluble sclemte These Iatter workers demonstrated the following
order of towety of sclemum from several sources whewt > corn >
buley > selenite > selemte > selemde > metallic sclenum The
diffcrences wmong the three cereals were very small but they were all
defimtely more touc than the morganse salts Such differences n toxiay
cn be tiken to mdicate pnmanly but not wholly, differences m absorp
tion smee sclemum must enter the tissucs to exert its tovie effects The
relrtively low touesty of metallic selensum 15 a reflection of its wsolu
bility and hence poor absorption

The hugh toviaty of the orgamie forms of selentum present m cereal
gramns 15 of great mterest but 1s hittle understood Obvioush such sele
num 1s reachly vhsorbed but the extent to which these compounds e
broken down m the gastramtestinal tract, and the form m winch the sele
mum ctually enters the blood stream are problems awuting solution
In this connection 1t should be mentioned that the toucity to rits of
senies of synthetic orgame selenium compounds, smeluding, selenoditcebic
aad nd + wous selenopropriome nexds, was found to be distinctly lower
than that of selenite (33) Whether this difference 15 entirely due to
lower absorption 15 not known
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2 Excrction

Excretion of selemum takes place through three channels—the breath
the unine and the feces—but only at very igh ntakes are appreciable
amounts exhiled At ordinary ntakes such s induce symptoms of
chrome selentum poisomng the urine constitutes the mun pathway of
excretion  The lnghly odonferous (garhe ike) compound wlich appears
i the breath of ammals suffering from acute selenmuim poisomng has
heen clumed on rther uncomaneing evidence to be methyl selemde
(17) Rats werc found to have exhaled 3-10% of 1 single subtovie dose
of ridiorctive sclemum as sodwm selenate withun 24 hours of njec
tion (28)

When moderite nmounts of selentum are fed to Inboratory timals
for penods of wecks or months an equbibrium i wlich cveretion tends
to balinee absorption 1s soon reached  Tlus suggests that 1 tissue satura
tion process 1s imohed  The time taken for this to occur vanes of
course with the Tevd of intihe  Cats when fed sodium sclenate at
umtform duly rate were found to reach such 1 balanee within 1 few
weehks so that 50807 of the amount ingested w1s excreted n the unme
and only very small imounts m the feces (54) A similar reltion of out
put to ntahe was obscrned when hborators ammils were fed selemf
erous wheat rations (31 51) though m these cases relatively less was
excreted in the unine wnd more was retuned i the tissues  For mstinee
Movon (31) found that rats fed 1 selemferous wheat ration supplying
18 ppm Sc waercted an thar unne 20 2-35 5% of the 'mount mngested
over a siv weehs penod  Duning this peniod the proportion of the
ngested selemum enercted i the feces rose from 16 to 22¢ It appenrs
tht the amount 1 the feces consists lrgely of unabsorbed selenum
smee the results of ijection cyperiments indicate that selentum once 1t
has entered the tissues lenves the body prinaapally via the hudneys

When the admmstration of selcnum 1s discontinued the excretion
level in the unne falls off rapidly 1 the case of morgime compounds
and rather more slowly when food selemum has been given  Most of
the selemum retaned by rats (15) cats and nibbits (54) dunng the
administration of morgame sclentum snlts wns found to be eliminated
withn two wechs of discontinuing treatment  whether this was by
njection or oral admimstration  Anderson and Moxon (1) observed
sumlar rapid escretion of a Ingh proportion of the selemum retuned by
Tats from  selcmiferous wheat ration when these ammals were trnsfered
10 a nonselemfcrous stock ration  Most of 1t was elmnated within two
weeks but a small proportion was retuned presumably m 1 bound
form n the tissues from wluch it was lost slowly over 4 long period
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This 15 of considerable importance from the stindpomt of public health
because 1t 25 apparent that placing ammals on a nonscleniferous ration
for a short pertod before slaughter will greatly reduce the concentration
of selentum m therr tissues and so make them safer for human consump
tion  The admmstration of compounds such as bromobenzene, which
mereases selenum excretion from the ammal body (39), offers a further
possible procedure for achieving this objective

Y Selenium in Human Nutrition

The discovery of chronic selensum poisoning i amumals over consider
able areas of the North Amerncan contiment aroused carly nterest
the possibiltties of such powsoning n the human popultion consummng
the food products of these wreas Surveys of families hving m selemf
erous e, conducted wm 1935 and 1936 (51} gave defimte proof
that selentum was bemng mgested i ppreciable quanbibes but symp
toms clearly pathognomome of selemum poisonng i man could not be
obtamed  Councentrations of selentum ranging from about 10 to 200 pg
per 100 ml of urme were demonstrated 1 o Iugh propartion of the
populition hiving m the selemferous areas, although normal human urme
from mdwidunls hving outside these areas contamns no selemum
Attempts to correlate chmieal evidence of selemum mtoxieation with
the degrec of bsorption as evadenced by uwnnary excrehon did not
vield conclusive results Vague symptoms of il health, particularly
some suggestive of gastnc and hepatic disorders which were bebeved
to have been crused by the selemum ingested were nevertheless ob
served m some sections Currhosis of the hver and damage to the gastrie
mucosa are common symptoms of chrome selentum mtoueation m labo
ratory ammals, but positwve diagnosis of this condstron 1 man 1s €t
tremely difficult 1n the absence of any clear evidence of the symptoms
that anse as a result of contmued mngestion by humans of selatisels
small quintities of this element over long permds Human poisonng
from the wmgestion of naturally occurrg selemferous foodstufls m are;s
where selentum poisomng 1 ammals 1s common cannot therefore be
cud to have been cstablished definitely 4

The very dufferent dietary habuts of mn and of farm stock undoubte d
ly provide the mun reason why the former are relitively httle aﬂefcf:m
by selemum 1n areas charactenized by widespread poisoning of fa
stock  Cerenls conshtute an mportant item 1o the diet of man P’g;l'
and poultry but the Jatter consume mostly whole gruns and tt:n
products such as bran and pollard which, as has been shown C(;mnd
A Tnrge proportion of the selemum e wheat Man on the other ha
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cats verv little of these mill products or of whole grun  Most of the
cereal i human dictartes consists of white flour and refined cerenl
products that are sigmficwnth Jower n selemum content than whole
grun  Values rainging from as low 15 025 to 1 ppm were actually
recorded for bread from selemfcrous distnets (51)

MK meat and vegetables constitute the other mmn rtems in human
dietanes from which selenium could be ingested when these are pro
duced m sclemferous arens  Examination of samples of these foodstuffs
from such areas has shown that mulk 1s unblkely to be m important
source ot supph  Smmth and Westfall (51) obtuncd values for milk
ranging from 016 to 127 ppm Sc¢ The levels 1n meat from selemferous
are1s were much Ingher namely 117-80 ppm  but the rnge 15 so
great that 1t 1s impossible ta draw amy concl 1s to the sig
of this item 1 humn dietanes  The effect of cooking on the selentum
content of meat 1s unknown  All garden vegetables except omons are
charetenstically low m selemum 1s was pomted out earlier Values
abose 2ppm 1re exceedingly rire Morcover 1 the cooking of vegeta
bles much of the selenum 1s removed by treatment with water (4)

Smce there are no other myor items 1 most humn dietwnes and
the dnnhing water i sclemferous areas usually contuns little or no
selenum 1t 15 apparent that the intakes of selemum by farm stock
these areas will normnally greatly exceed those of the human population
If the 1 erage Iimut of tolerance for man be t1hen as 34 p pm of the diet
as has been clumed for amimals 1t follows from the foregoing considera
tions that this it wall be attuned only under exceptional circumstances
and for relatnely short periods It 15 not surpnsing therefore that
endemme selemum poisoning i man has not definitely been estabhshed
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CHAPTER 12

ALUMINUM, ARSENIC, BARIUM, BORON, BROMINE,
SILICON, STRONTIUM, AND VANADIUM

| Aluminum

Despite 1ts abundance 1n the earths crust and m most soils and m
atmospheric dust aluminum 1s 2 small and ummportant constituent of
living matter It 1s not known to serve any useful purpose or essential
function 1n plants, microorganisms or ammals Nor, under any known
naturally occurring conditions does aluminum constitute a towie hazard
to man or his domestic Amimals

1 Alumnum n Plants

Aluminum 15 apparently always present i varable but normally low
concentrations 1n the tissues of the higher plants  Most plants ncluding
the edible grasses and clovers contun 1bout 15-20 ppm of alummnum
on the dry basis, with greater concentrations, usually m the leaves
than 1n the stems (72) Trees and herbaceous species have been reported
to contain much higher levels of this element, of the order of 200 ppm
(65), but Inter spectrographic studies indicate that this figure may be
rather high (66) A few species particululy certan trees and fems
habitually accumulate vastly greater quantines of aluminum thwn those
Just mentioned Values of 3000 or 4000 ppm <re quite common in
these accumulator spectes (37, 86) They are not, however, normally
consumed by grazing stock, so that they do not mduce alummum poson
g as selenum accumulator plints induce selenosis m ammals Luttle
1s known of the mechanism mvolved m the absorption and retention of
aluminum by such species lthough it has been suggested that this
element may be of some value to them (38) Convinemg evidence tht
aluminum 1s essential to the growth structure, or function of plants
generally has not yet been produced

2 Aluminum in Amumal Tissues and Flnds

as
The occurrence of alurmnum m ammnl tissues blood and unne h:

been the subject of considerible controversy, arnsing largely from dxﬂiculs
ties and errors mn the analytical, especnlly the spectrographic, techmqtuen
employed It 1s now agreed that this element 1s regularly present 1

mmute concentrations although there 15 less ngreement on the magn

370
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tude of these concentrations  Estimations of the aluminum n the tissues
of normal rts dogs and man indicate that species dhfferences nre small
and that the lungs are the only body tissue carrying substantinl nmounts
of this element  The luminum of the lungs presumably comes from
atmosphierie dust and not from the food or dninking water  The follow
g men figures taken from the work of Rehoe et al (401) on normal
human tissues agree well with those of Myers and Mull (50) for the
tissues of the dog the rit and man and with those of Wurher (90) for
the dog mmels hadney, 012 heart 056 brun 004 Iner 16 spleen
13 muscle 015 b bone 21 long hone 50 stomach 073 intestimes,
087 and lung 594 ppm Al on the fresh tissuc  The mean value for
normal whole human blood obtamed by hehoe ef al (13 g per 100 mi )
1s considerably lower than most other recorded values except those of
Lewas (45) who clumed that human blood 1s erther free from alumimmum
or contuns onls one part i five or ten million

There 15 no direct evidence that aluminum performs any essential
functions  Hove and co workers (35) attempted to produce an Al
deficient dict for rats but were unsuccessful They concluded that“  of
aluminum 1s required by the rat the requirement can be met by s
httle as 1 pg duly” Balmee expeniments with children and adults
give no indication that alumimum 1s essential i the human diet In fact
Scoulir (69) obtuned negatne balnces 1n more than half the studies
which she made with preschoo! children and several mvestigators hve
actually found shghtly more ~luminum i the feces than was mgested
m the food Thus kehoe and associates (401) found the mean intake
of aluminum from the food and beverages of 1 normal adult Amencin
dict to be 364 mg duly over 28 days and the mean duly excretion mn
the feces over the same penod to be 419 mg  The urnne of the md:
vidual tested contuned t mean of 005 mg per liter mdiciting that
dietary aluminum 1s very poorly absorbed Similar low absorption and
predominant excretion 1n the feces have been demonstrated for the rat
rabbit and dog even when substantiil dietary additions of soluble
aluminum salts are made The possibility ewsts that at least part of the
fecal aluminum has been absorbed and reaches the feces vit the ile
but much more evidence 15 needed on this pomt The net result of the
assumlatory process nevertheless 1s to produce an orgamism very much
poorer 1n aluminum than 1s the food

The nteresting possibthty that alummum may be imvolved 1n the
sucanie dehydrogenase eytochrome ¢ system winch s the chuef mechn
nism for oxidation of succinate in the mmmal body anses from the work
of Horccker et al (36) and from that of Potter and Schneider (58)
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In vitro studses by the former workers reveled that alummnum, chro
mum nd several of the rave eirths promote the reaction between
cytochrome ¢ and its reductnt presumably suceime dehydrogenase
Anbytical evidence, both from the enzyme prep irahons themsehes and
from the wmal body indicates that alumwnum may be the element
mvolved s miee  Proof of such a rehonship between alumpum and
this or wny other enzyme system m the hving 1mmal will have to anat
the development of diets wnd techmques capable of inducrag an alum
num defictency state

3 Alumunum as a Human Health Hazard

The amounts of 2lummnum present m humn dietirtes may be m
crewsed by contwmpation from domestic iuminum coohing utensis
and vesscls used m food processing plints nd by the use of uminum
sultate biking powders Alum was at one time also used 2s 1 bleaching
and mmproving 1gent m flour and bread and as 2 “hardener 1 the
mnuficture of pichles but this practice 15 now largely obsolete Ex
tensnve 1vestigations of this aspect of alummum have demonstrated
beyond doubt that the quntities of dummum mgested by humns from
these sources are usually quite smll and e so poorly absorbed from
the alimentiry tract that they do not conshitute the shghtest hazard
to heith (12) Several mnvestigators have shown that ten tunes the
quantity of alummum likely to be mgested n this way can be tolerated
by man without harmful effects Stll Jurger mtakes of alummum are
known to produce gastromteshnal imtton and cohc and to produce
nekets by mterference with the absorpton of phosphate (19), but the
wmounts required for these effects are far beyond those ever likely to
oceur under ordmary conditions of living  Moreover theripeutic doses
of alummum hydrovide gel used mn the treatment of peptic uleer are
unlikely to reduce phosphorus absorphon to dangerously low le\eI;
because of the lower solubihty of this form of ilumnum comptre
with the sulfite (78)

i Arsenic

1 Arsenic 1n Human Nutrition

Arsenic has long been known to be constantly present 1n all ammal
tissues and fluids 1n consequence of its widespread occurrence 1 mmut(ll-
qumbties n soils and dust nd n plant and amtmal materials consume
s food Estimates of the total amount present i the normal hun\n;m
body not exposed to unusual mtakes of thus element vary greaﬂyiu]\t&:
thout 20 mg or 03 ppm appears to be 1 reason-ble figure for ad
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{77) Ths quintity of arsenie 1s distnbuted furly cvenly throughout the
body without sigmficint concentration 1n any particular organ or hissue
other than 1n the hur and nuls  Normal human hair has been reported
to contun 03-07 ppm and nuls 15-4 ppm arseme (80) In acute
arsemcnl poisomung the arseme content of the nuls may inerease to much
Ingher Jesels  Values of 20-120 ppm huwe been reported (39)

In ordmary human dictanes sca fish especially shellfish and crusta
cewns are the richest source of arseme  Tlas element rarely occurs
most foods 1n concentrations greater than 1 ppm  whereas many species
of bomy sea fish contun 3-4 ppm  oysters 5-10 ppm, nd mussels
as lugh as 120 ppm (39) In crusticewns such as prawns the arseme
content 15 also usually very ligh Levels up to 170 ppm hive been
recorded (16) Fish of the same species from different locahties show
wide vanations i arsemic content presumably due to differences i the
arsenic content of the water and the matenals upon which they feed
Fish and crustaceans from fresh water which 1s normally much Jower
in arseme content than sea water do not contun abnormal amounts of
arseme

The widespread use of arsemcal insecticides particularly those con
tamng lead arsenate may supply appreciible quantities of arsenic to
human foods unless proper precautions are taken to remove the spray
residues by washing  Public health authorities in most countries now
mmnpose regulations specifying safe limuts for arsenic m frnts and vegeta
bles Where lead arsenate spraying 1s practiced for long perods m
orchards the surface soil mav eventually become charged with arsenc
to an citent sufficient to be touic to crops but the amounts of arsenic
taken up by plants even from such soils are neglgible (29)

For many years arseme compounds played a major role n the treat
ment of syphths and small amounts of arseme with won have been
used as tomics in the treatment of human anemits for centuries Con
vinaing evidence of 1ts value when used m this Intter way 15 entirely
lacking There are indications nevertheless that under certain cond
tions arseme may be beneficial to ammals as 15 pomted out below The
well known towic effects of arsenic need not be considered here The only
reported oceurrence of maturally occurning chronic arsemic poisonming
<o far as 1s known comcs from Argentna where several endemic foct
of porsoming from arsenical waters est mn the Cordoba province (32)

2 Arsenic and Growth

Attempts to d rate arseme defi y 1n rats have so far proved
unsuceessful Hove et al (33) observed no improvement n the growth
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hemoglobm level, or the number and fragihty of the red cells when
1 pg or 5 pug arseme per dy was added to a muneralized milh diet
supplymg 2 ug arsemc daly They conclude that of the it requres
arseme this requirement must be less than 2 #g datly " 1t was found,
however, thit assemic supplementation delayed the fall i hemoglobin
level that s associated with removal of the rats from a diet of whole
mih mmeralized with 1won copper, mnd manganese to one of whole mik
alone  Shinner and McHargue (74) also obtamed some evidence of
an eftect of arsense on hemoglobm production hat none on growth Rats
fed a diet composed munly of mmerihzed sham mik powder and suerose
were found to respond, to 2 <mall but sigmificant evtent to arseme
supplements by increased levels of hemoglobin It should be pomted
out that no such cfect from arsenic was obtuned when the rats were
fed 1 mmerahzed liguid whole mulk and glucose diet

A turther interesting finding by Hove et ol (33) was that about §0%
of the arscnic i the blood ws concentrited n the red colls In anema
a £l was observed m the arsenie content of both the cells and plasma
Guthmann and Grass (30) had earher made the mingumg elwm that
the arsepic content of the blood of women nses significantly durmg
menstruation nd pregnincy Normal levels of 64 pg As per 100 mi
of blood were obtuned, compared with most 100 g during menstrua
tion nd ¢ ngh s 220 pg n the Bfth and sixth months of pregnincy
Levels above normal were also reparted for the blood of cancer patients
These observations led the authors to conclude that arsensc 1 directly
related to tssue growth and cell proliferaton A sigmbcant elevation
of blood arseme durmg human pregnncy could not be confirmed 1 &
more recent study {702} but 1 sthmulation of the growth of lssue
cultures {76) and of the rates of growth and metunorphosis of tad
poles (26) by mmute amounts of arseme has been reported

Several groups of workers have demonstrated a smll but significant
growth stmulating cffect of dhetary asene m the form of Smtroii'
hivdroxyphenylarsome ned (wrsambe acid), with chicks (48), turkeé
poults (48} and wewnlng pmgs (13) Increased werght gawns nn]
efficency m feed use were 1lso reported m himbs fed a commercid
mineral and vitamn supplement contuning this arsenic compound (133
In a recent study (11), by contrast potassium 1semte arsnthe acz’,
and arsomc 1cid, fed to wehng Jambs at levels equu lent to 0002
0004, 0006, 0012 and 0024% of arsemc n the whole ration, gne no
wmerease m weight gams compared with controls, either on poor of ]0:1
Iigh quality rabons At these Jevels of arsemic no symptoms of tovoity
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nd no cnanges in the numbers of feeal coceidin trichostrongyle worms,
w clostndin were observed

The pronounced effects of dictary arseme m alleviating the symptoms
»f selenium posoning and so promoting growth and well being
mimals mgesting tovic levels of sclenum were discussed in Chapter 11

3 Arsenic and Thyrod Tunction

The antagomsm between arsenie and selenium s paralleled, to some
legree by an antagomsm betw een arsenic and rodine: Numerous reports
of an arsemic thyroid antagomsm hawve appeared (32), to which bref
reference was made m Chapter 9 (1odme)  Sharpless and Metzger (71)
cumied out eritical expeniments wath rats wlich unequivocnlly estab
ished 1 goitrogenic role for arsemic  When fed 1n nontoxic amounts
(0005% of dict) arsenic was shown to have 1 shght but not sigmficant
goitrogenie effect At 2 level of 0027 arsenic decreased the growth of
rats approumately 507 reduced the 10dine concentration in the thyroid,
nd sigmficantly ncreased the weight of this glhind  Proniding five
tmes the mimmum requrement of 0dine with this level of arsemc
reduced but did not elimimnate the goitrogenic nd the toc effects It
was calculated that 0027 arscnic i the diet more than doubled the
odine requirement

Arsenic 15 known to have 1 retarding effect on several redox systems
probably by combining with sulfhydryl groups (1) It could be argued
that the goitrogenic action of arsenic 1s due to a compensatory response
by the thyroid to the reduced oxidative capacity of the tissues produced
by the arsenie A satisfactory explination of this action of arseme must
however awant further expenimentation and a better understanding of
the action of the thyroid hormone itself at the mtracellular level Mean
while 1t should be appreciated that the goitrogenic action of arsemic
1s neglgible where tlis clement 1s mgested m nontoxic Amounts and
where 1odine intakes are normal In mm 2 goitrogeme effect from
usenie can onh be antipated where the 10dme mtrle 1s low and
the arsenic intahe sufficient to be shghtly toue It 15 sigmificant that a
high 1ncidence of goiter occurs m the Stynan Alps the home of the
arsemc eaters and in the Cordoba Province of Argentinn mentioned
above where chrontc arsenical posoning 1s endemic (32)

Il Barium and Strontium

Banum and strontium cn comvemently be considered together be
cause of the frequency with which they have been imvestigated together
although they differ greatly in therr distnbution 1n living matter  Both
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elements are commonly present mn low concentrations plant and
ammal tissues  The range of strontium mn animal tissues, 1ccordmg to
Gerlach and Muller (24), 1s 001-010 ppm and there 1s no evidence
of accumulatons of this element i any particular speces, organ, or
tissue  Barum has been shown to occur constantly m the chorords of
cattle and other species (61) and remarhably ligh levels have been
demonstrated in Brazil nuts (64 70) The amounts 1n Brazil nuts vary
with the locality 1 which they are grown, but levels of 30004000 p pm
of barum are common (64 70) These accumulations of barum are
not accompanied by unusually hgh concentrations of strontum In
general, the strontum content of Lving tissues 1s sigmficantly higher
than the barium content Sea water contamns 10 ppm strontum com
pared with only 05 ppm of banum (27)

Banium and strontium have been reported to act as plant growth
stmulants (68) but neither element has been shown to be essential to
the growth or development of plants Both are absorbed from the food
and are retained 1n the body to an exceedingly small extent, particularly
m the bones (82)

Within the last few years highly suggestive evidence that banum and
strontium are essential m the diet of rats and gunea pigs has been
produced Rygh (67) fed these ammals on diets lughly punﬁid by
spectal techmques When such diets were supplemented with a “com
plete mimeral mixture, growth and tooth wnd bone development were
satisfactory The omssion of erther banum or strontium from the mmeral
supplement caused a depression in growth The absence of strontium
resulted, further m a semous mmpairment of the calaification of the
bones and teeth and a higher merdence of carous teeth than occurred
m the posiwe control ammals (Sumlar results on the calarfication of
the bones and teeth were obtamed with vanadum These are discussed
mn Section VII of this chapter ) The positton with banum was quie
different In contrast to strontum, evidence was obtamed that this
element mstead of promotng mmeralization effected decalafication
of the osseous tissues It seems, therefore that barum and stronhum
should tentatively be added to the st of essental trace elements u;
ammal nutiton  although confirmation of the important researche; tO
Rygh 1s needed before such an asserbon can be made with complete
convichon
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IV Boron

Although boron was one of the first of the trace minerals found to
be essental for plant Iife and 4 very considerable hteriture eusts on
its distribution 1n Iving orgamsms and ats functions in the higher plants
there 1s mo positne evidence that it performs any uscful or essential
function m ammnls

1 Boron in Plants

Tt 15 almost 1 century since boron was first shown to be present
vhints (89) and by 1893 1ts unrversal distribution throughout the plant
kangdom was established (40} Incontrovertible evidence that this ele
ment 15 essentinl to the higher plants was obtuned i 1923 (85) and
confirmed and extended dunng the following four yewrs (10) Crop
responses to borate applieitions were demonstrated m many parts of
the world duning the ensuing decade and indicitions were obtuned that
boron functions i the transformation and utihzation of earbohydrates
and m respiratory processes

The boron content of plnts vances with the species the part of the
plant the matunty of the plint and the av-ulwble boron in the soil
Legumes normally cary igher concentrations of boron than grasses or
cereals nd the leves are generally ncher in this element than the roots
stems or seeds In the compilttion of Beeson (3) green clovers and
legumes are the plint materials nichest i boron (25-50 ppm on the
dry basis) cereal gruns and hays are the poorest (1-5ppm ) and most
fruits and vegetables are intermediate (5-20 ppm ) Vamation among
samples of the same species 15 considerable owing principally to dif
ferences m the axailable boron m the soil

2 Boron 1n Ammal Physiology

Since boron 1s 2 constant constituent of plant tissues 1t 1s an mevatable
component of humn and ammal diets and finds 1ts way mto all parts
of the ammal body Bertrand and Agulhon (7) ns early as 1912 de
tected boron 1n small amounts m all of the many matenals they ex
ammed and postulated 1ts presence m all ammal tissues Muscle tissue
and most of the organs of the body generally contun less thm 1 ppm
boron but the amounts are rused markedly following the ngestion of
or treatment with toxic amounts of boric acid (57) The lighest con
centration of boron under these conditions oceurs n the bram followed
by the Iiver and the body fat in that order Whether this unusual dis
tribution 1n which higher levels occur n the brun than 1 any other
body organ or tissue ewsts 1n the normal ammal 1s unknown
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the brun to producce serious tovie effects before ehmmnation by the
Jadney s ean reduce the concentrations to mnocuous levels (57)

Y Bromine

Brommne 15 n exeeedinghy interesting trice element because of aits
chemical relationshup to 1odine and of 1ts surpnsing richness m lving
tissues compared with 1odine Whether the presence of bromine 1
lving tissues 15 merely fortuitous owing to passie igestion from sorls
waters and foods or whether 1t has some physiological function 1s un
known Very recent evpeniments suggest that it ean act s 1 stmulint
to seed ridicle growth (9) but incontrovertible evidence that st plys
a utal role i any Tnng process has not yet been obtuned

1 Distnbution of Bromne i Plant and Animal Tissues

Evimmnation of plnt and ammal matenals shows that the food regu
Tuly supplies considerable but highly vanable quantiies of bromine
to the human body  The dnnling water may also supply 1pprecble
amounts of tins element Much less 1s known of brommne mtikes by
farm ammals but owmg to 1its constant presence n plints and the
relatively Ingh levels of ths element i ammnl tissues substantial quant
ties must also be angested and bsorbed by ll farm stock  In general
10 to 100 times as much bromine as 10dme oceurs m foods and water
Thus Damiens and Blugnan (17) give the bromme content of bread as
09-61 ppm and Ford et al (23) gve values ranging from 52 to 79
ppm for untreated white flour Similar levels of bromine m whte flour
{52 and 79 ppm) hae been reported by Winnek and Smith (88)
who also found 40~42 ppm 1 mulk powder and 94 ppm 1 egg
albumin  Manne phints are usully much richer 1 bromine than land
plants and the cereal gruns (1-11 ppm ) are among the lowest of all
matenals commonly used as food (51) Common salt can be 1 nch
source of bromine  One simple of salt was found to contun no less than
1mg bromine per g chlorne (20)

Anmmal tissues are normally 50 to 100 times richer 1n bromine than
they are n 10dine with the cxeeption of the thyrod gland for which
the reverse holds Differences among species at least for the rat the
Pig and man are small and bromine 1s not especnlly concentrated in
any fissue or organ so far exammned (20 83 88) The levels m the
hissues are markedly mflucnced by the level of inttke of brommne either
m the diet or as ndded brormde and by the bromme chlonne rato of
the diet (sce Table 47 ) There 1s 1n interchange between bromide and
chlonde 1n the body flds 1nd tissues so that the admumstration of
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the brun to produce serious toue cffects before ehmination by the
Rdneys cn reduce the concentritions to mnocuous levels (57)

YV Bromine

Bromune 1s an exeeedingly interesting trace clement because of ats
chemieal rddtionstup to 1odine and of its surpnsing richness i hvang
tissues compired with jodine  Whether the presence of bromine i
Iiving tissues 1s merely fortuitous owing to passive ingestion from soils
waters nd foods or whether at has some physiologienl function 15 un
known Very recent evperiments suggest that ot can act 1s 2 stimulant
1o seed ridicle growth (9) but incontroverbible cvidence that at plws
a vital role i any lining process hias not yet been obtuned

1 Dustrbution of Bromine i Plant and Animal Tissues

Eximimnation of plnt and ammal materals shows that the food regu
hily supphes considerible but Inghly vanable quantities of bromine
to the human bodv  The drinhing water may also supply apprecinble
amounts of this element Much less 15 hnown of bromine intales by
fum ammals but owing to ats constwnt presence in plints and the
redatncdy Ingh Jevcds of this element i tmmnl tissues substantial quanty
tics must 1lso be igested and ~bsorbed by il farm stoch  In general
10 to 100 times as much bromine as 10dine occurs m foods and water
Thus Damiens ind Blugnan (17) give the bromme content of bread s
09-61 ppm and Tord ef al (23) gne values rging from 52 to 79
ppm for untreited wlute flour Sumlar levels of bromine 1 wate flour
(52 and 79 ppm ) have heen reported by Winnek and Smth (88)
who also found 40-42 ppm 1 mulk powder ind 94 ppm n cgg
albummn Manne plints are usuilly much ncher i bromime than Iind
plants and the cereal gruns (1~11 ppm ) are among the lowest of all
maternils commonly used s food (51) Common salt ¢an be a nch
source of bromine  Onc sample of salt was found to contan no less than
1 mg bromme per g chlorme {20}

Amimal tissues are normally 50 to 100 times ncher 1 bromne than
they are m 1odine with the exception of the thyroid glind for which
the reverse holds  Dafferences imong spcaics at least for the rat the
mg and man are small and bromine 1s not especially concentrated m
any tissue or organ so fir cxamined (20 83 68) The levels m the
tissues are markedly mfluenced by the level of intake of bromme either
m the diet or as added bromide nd by the bromme chlorne rto of
the diet (see Table 47 Y Theress an mtcrchange between bromide and
chlonde n the body flmds and tissues so that the adminstration of

e
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bromde results i the replacement by bromide of a proportion of the
chlonide of the body, thus mcre 1sing the bromme concentrations present
(47) Conversely, the ndmmnstration of large amounts of chlonde ac
celerates the elimination of bromude, thus reducg the bromine con
centrations present Dosing with chlonde has been recommended as a
treatment for bromide intovication for this reason

TABLE 47
Errrcr oF BroMmve INTAXE anp Br Cr RaTto 0N THE BRoMINE CONTENTS OF THE
Tissues oF Rars (88)

Stock diet Synthetic diet -
20ppm Br KBr 20ppm Br Synthetic diet
Tissues (Br Cl 0009 1} (Br Cl 0021 1) 05ppm Br
‘Whole blood 117-130 336-503 28-14
Harr and shin 4147 90-170 35-54
Liver 26-29 39-130 292-35
Muscle 13-17 41-62 29-62
Radney 65-70 220-230 7-20
Spleen 54-56 160-190 8-32
Bram 25-26 82-89 33-21
Young at burth 85-105 320410 73-14

@ Measured m ppm on the dry bass

The only attempt to produce a bromme low ration and to test 1ts
effects on ammals, so far as 15 known, 15 that of Wimnech and Smith
(88) These workers prepared a specifically punified diet contaming
less than 05 ppm bromme On this diet rats made reasonable growth
over a period of 11 weeks showed no signs of 1ll health, and produced
apparently normal young A similar group recewving the same basal diet
plus 20 ppm bromme as KBr made no better growth and did nlot
differ 1n appearance or reproduction records from the control ammals
The amount of bromme m the young rats at bith was however, very
much lower m the unsupplemented group It 15 mntereshing to speculate
upon the possibility of a bromine deficiency anising m the second generz;1
tion on such a bromme low diet when the bromine stores might be st
further depleted For the present 1t cwn be stated that erther bromu;e 1:
nonessential or 1t 1s required by the rat at less than 05 p pm 1n the die!

2 Bromne and Mental Disease

A great sumulus to mvestigation of the physiology of bromm .
gwen by the work of Zondek and Bier (91) m whch the clam)'l con
made that the blood of depressive psychotics contauns subnorma

e was
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centrations of bromme A further impetus to such work was provided by
the clam of Bernhardt and Ucho (5) that the pitmtary glind contans
fifteen to twenty times the bromine content of blood and that 1 bromme

containing hormonelihe orgamie compound 1s stored 1n the prtwitary and
arculates 1 the blood causing slecp and 1 sedatve effect  Support for
these clams was given by several subsequent mvestigitions The de

velopment of improved methods for the determmntion of bromuine has
provded abundant evidence which completely imvahdates the earlier
work  The Pincussen and Roman method used by these earlier workers
was shown to be unrchable and subject to gross errors The bromine
content of the pitwitary 15 not sigmficantly higher than that of blood (20

83) there 15 no evidence for the eustence of an organic bromine com

pound 1 blood (20 59) and the bromimne content of blood 1s not sigmfi

cantly below normal i mamic depressive states (14 20) Thus Dixon
found the menn bromine content of 10 normal human blood samples to
be 073 mg per 100 ml (range 039-136) and that of 12 manic depres

sine psychotic pitients to be 077 mg per 100 ml (range 072-172)

Using a very delicate micromethod Conway 1nd Flood (15) obtamned
a lower mean figure for normal human blood namely 037 mg bromine
per 100 ml

3 Bromine and the Thyroid

Althougll 1t provides a very obvious field for mvestigation 1 possxble
relationship between bromine and 10dime metabohsm has attracted very
few workers In fact 1t 1s not even defintely established that the normal
thvroid contains more bromime than any other tissue m the body Perl
man and associates (56) studied the distribution of admimistered radio
active bromine and concluded from their data that the thyroid showed
a greater uptike of the labeled bromme than any of the other tissues
tested and that this uptake could not be explaned on the basis of simple
diffusion from the blood serum Baumann and co workers (2) could
find no more bromine 1 the normal thyroid of rabbits than 1n the blood
but glands which were hyperplastic owing to a relative or absolute def
ciency of 1odine were found to be sigmficintly richer m bromine than
the blood These workers argue that thyroid tissue can distingwish only
mmperfectly between bromine and 10dine so that in the absence of 10dine
it seizes some bromine mn its place  When 10dine 15 supplied to ammals
with hyperplastic thyroids they quickly lose the bromme which was
accumulated 1n a futile effort to overcome the lnck of 10dine  Apparently
the bromine accumulated 1n this way cannot be utihized by the thyroid
to synthesize a hormone No inhibition of the development of 1odine
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bromide results m the replacement by bromude of a proportion of the
chloride of the body thus mcereasing the bromne concentrations present
{47) Conversely, the wWmmstration of large amounts of chlonde ac
celerates the elimmnation of bromude, thus reducing the bromme con
centrations present Dosing with chlonde has been recommended as a
treatment for bromide mtovcaton for this reason

TABLE 47
Errzer or Brovane Intaxe ano Br Cr Rarro ov 1ue Brovane Conrente or Tan
Tissves or Rars {88)

Stock det Synthetic diet +
20ppm Br KBr 20ppm Br Synthetio ciet
Trssues {Br Cl 0009 1) {8r CI,0021 1) 05ppm Br
thole blood 117-130 J36-503 28-14
Hair and skin 41-47 90-170 35-54
Laver 26-28 39-130 22-35
Muscle 13-17 41-62 20-62
hadney 83-70 220-230 7-20
Spleen 54-56 160-190 832
Boam 25-28 8289 3321
oung 1 burth 83-103 320~410 7314

@ Megsured m p pm on the dry basis

The cnly attempt to produce 1 bromime Jow ration and to test is
effects on ammals so far as 15 hnown, 1s that of Winnech and Smith
(88} Threse worhers prepared a specifically punified dhet contamag
less than 05 ppm bromme On this diet rats made reasonable growth
over a period of 11 weeks showed no signs of il health and produced
apparently normal voung A simlar group receving the same basal diet
plus 20 ppm bromme as KBr made no better growth and dud pot
differ 1 ppearance or reproduction records from the control animals
The amount of bromme 1 the young rats at buth was, however, very
much lower m the unsupplemented group It 15 mteresting to speculate
upon the possibihity of a hromme deficrency arismg 1 the second generd
tion on such a bromme Jow diet when the bromune stores might be stll
further depleted For the present it can be stated that eather bromune 15
nonessential or 1t 1s required by the rat at less than 05 ppm 18 the diet

2 Bromune and Mental Discase

A great shmulus to mvestigation of the physiology of bromine Wi
gnen by the work of Zondeh and Bier (91) m which the clam »as
mude that the blood of depressive psychoties contams subnormal con
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centrations of bromine A further impetus to such work was provided by
the clam of Bernhardt and Ucho (5) that the mitwtary gland contuns
fifteen to twenty times the bromine content of blood and that 1 bromme
contaiming hormonelike orgame compound 15 stored m the pritwitary and
arculates m the blood crusing sleep md a sedative effect  Support for
these clums was given by several subsequent ivestigations The de
velopment of mmproved methods for the deterrination of bromne has
provided abundant evidence which completely invalidates the earlier
work The Pincussen and Roman method used by these earher workers
was shown to be unrclinble and subject to gross errors The bromine
content of the pitwitary 1s not significantly tugher than that of blood (20
83), there 1s no vidence for the eustence of an organie brormne com
pound m blood (20 59) and the bromne content of blood 15 not sigmfi
canthy below normal in mame depressive states (11 20)  Thus Dixon
found the mean bromme content of 10 normal human blood samples to
be 073 mg per 100 ml (range 039-136) and that of 12 mame depres
sne psychotic patients to be 077 mg per 100 ml (range 072-172)
Using a very delieate micromethod Conway and Flood (15) obtuned
a lower mean figure for normal human blood namely 037 mg bromne
per 100 m]

3 Bromne and the Thyrowd

Although 1t provides a very obvious field for mvestigation a possible
relationship between bromme and 10dine metabolism has attracted very
few workers In fact 1t s not even defimtely estabhshed that the normal
thvroid contains more bromine than any other tissue 1n the body Perl
man and associates (56) studied the distnbution of admimstered racio
active bromme and concluded from therr data that the thyroid showed
a greater uptake of the labeled bromine than any of the other tissues
tested and that this uptake could not be explamed on the basis of stmple
diffusion from the blood serum Baumann and co workers (2) could
find no more bromine 1 the normal thyroid of rabbits than 1n the blood
but glands which were hyperplastic owing to a relatve or absolute deft
clency of 1odine were found to be sigmficantly richer i bromine than
the blood These workers argue that thyroid tissue can distingwish only
imperfectly betwecn bromine and 10dmne so that in the absence of 10dmne
1t seizes some bromine 1n its place When 10dme 15 supphed te ammals
with hyperplastic thvroids they quickly lose the bromme which was
accumulated 1 a futile effort to overcome the lack of 1odine  Apparently
the bromine accumulated 1n this way cannot be utihzed by the thyroid
to synthesize a hormone No inhibition of the development of 10dine
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centrations of bromine A further impetus to such work was provided by
the clum of Bernhardt and Ucko (5) that the prtwitary gland contaims
fifteen to twenty times the bromine content of blood and that 1 bromine

contuming hormonelihe orgame compound s stored 1n the pitwitary and
arculates 1 the blood causing sleep and 1 sedative effect Support for
these clams was given by several subsequent ivestigations  The de

vclopment of improved methods for the dctermmation of bromine has
provided abundant cvidence which completely invalidates the earlier
work The Pincussen and Roman method used by these earlier workers
was shown to be unrelnible and subject to gross errors The bromne
content of the pitwtary 15 not sigmficantly lugher than that of blood (20
83), there 1s no evidence for the eustence of an organic bromme com

pound 1 blood (20 59) and the bromimne content of blood 15 not sigmfi

cantly below normal 1n mame depressne states (14 20)  Thus Dicon
found the mean bromine content of 10 normal human blood samples to
be 073 mg per 100 ml (range 039-136) and that of 12 mame depres

sine psychotic patients to be 077 mg per 100 m! (range 072-172)

Using a very dehieate micromethod Conway and Flood (15) obtaned
a lower men figure for normal humn blood nimely 037 mg bromne
per 100 ml

3 Bromine and the Thyrod

Although 1t provides a very obuious field for ivestigation ~ possible
relahonship between bromine and 10dine metabolism has attracted very
few workers In fact 1t 1s not even defimitely established that the normal
thyroid contamns more bromime than any other tissue in the body Perl
man and associates (56) studied the distnbution of admumstered radio
active brommne and concluded from their data that the thyroid showed
a greater uptake of the labeled bromine than any of the other hssues
tested and that tins uptake could not be expluned on the basis of simple
diffusion from the blood serum Baumann and co workers (2) could
find no more bromine 1n the normal thyro:d of rabbuts than n the blood
but glands which were hyperplastic owing to a relative or absolute defi
ciency of 10dine were found to be sigmficantly nicher in bromine than
the blood These workers argue that thyroid tissue can distinguish only
mperfectly between bromine and 1odine so that in the absence of 10dine
1t serzes some bromine n ats place When 10dime 15 supplied to ammals
with hyperplastic thvraids they quickly lose the bromme which was
accumulated 1n a futile effort to overcome the lick of 1odine  Apparently
the bromine accurnulated 1n this way cnnot be utihzed by the thyrod
to synthesize a hormone No mhibition of the development of 10dine



12 OTizy Thacy ELEMENIS
Sults ), Placem, t by p,
hlor, Of the p, A
(47 versely,
Celerag,




V  DROMIVF

centritions of bromine A further impetus to such work wag ~- -
the clum of Bernhardt and Ucko (5) that the pitwtan ¢'mu =~ -
fifteen to twenty times the bromime content of blood and t* . *~—~
contaning hormonclike orgame compound 15 stored in thep — =~
arculates m the blood causing sleep and 1 sedative effect S~ -
these clums was gnen by several subsequent mieshgat ~
velopment of mmproved methods for the determination of *~ ~
provided abundant evidence which completely myvalde~
work. The Pinenssen 1nd Roman method used by these ec = ~ —
was shown to be unrehable and subject to gross errors ™~
content of the pitustary s not sigmificantly Ingher than th +¢

83) there 1s no evidence for the eustence of an organ -
pound 1n blood (20 59) and the bromine content of blov? -

cuntly below normal in manie depressive states (14 o =

found the mean bromime content of 10 normal human s -

be 073 mg per 100 ml (range 039-136) and thatof | ~

sne psychotic patients to be 077 mg per 100 ml (r-

Using a very delicate micromethod Conway and Flow

a lower mean figure for normal human blood nwmek t~. .

per 100 ml

3 Bromune and the Thyrod

Although 1t provides a very obvious field for mee
relationslip between bromine nd 10dine metaboliset
few workers In fact 1t 15 not cven defimitely establ,t
thyroid contamns more bromune than any other tissue »
man and associates (56) studied the distribution of -
active bromine and concluded from their data thy
a greater uptake of the libeled bromine than am ¢
tested and that tins uptake could not be explained ¢« -
diffusion from the blood scrum  Baumann and o
find no more bromune 1n the normal thyrod of raly, ,

but glands which were hvperplastic owing to a re) 1;;,
aency of 1odine were found to be significantly ne. - om
the blood These workers argue that thyroid tissee — This

imperfectly between bromine and 10dine so that iy

it seizes some brommne 1n ats place When 10dinc
with hyperplastic thyrowds they quickly Jose t} —T
accumulated m a fuble effort to overcome the lagy -
the bromme accumulated m this way cannot be, -
to synthesize a hormone No mnhibition of the ¢ -
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production of manne plnkton (63) and 1t 15 now generally accepted
that this clement 15 essential 10 the nutnbion of the higher plants In
culture solutions designed to evclude siher ngidly from the nutrients
the glhss contuners and the atmosphere mmprovcd growth from additions
of siicates has been demonstrated with nce and millet (75), with sun
flower and barlev (46) and with beets (Beta vulgans) (60) Lattle or
nothing 1s yet known of the mode of action of siicon m plant growth or
metbohsm

The normallv high silica content of soils plints and the atmosphere
ensures 1 continuous igh mtake of this element by all amamals although
no mdication of an essentinl function for sitheon in the ammal body
has been bronght forward or even foreshadowed Nearly forty years ago
Gonnerman (25) curicd out numerous analyses of tmmal tissues and
foodstuffs 2s 1 result of which he concluded that silicon 1s of some 1m
portance m the nutnition of man and the lagher ammals  For mstance
he found sihea to constitute up to 77% of the ash of feathers wnd sug
gested thnt 1t pliyed some part i muntumng therr ngidity  The de
velopment of modern micromcthods of analysis has shown that much
of the earls work on the distnbution of siicon m the 1mmal body gave
values much too Jugh Even fetal tissue however has been shown to
contam appreainble quantities the normal range beng about 40-400
ppm ewpressed 15 S1O  on the dry tissue compared wath 50-1000
ppm for normal adult human tissues (42) The lighest levels 1 the
adult are found in the lungs presumably owing to the mhalation of
dust 15 1n the case of "luminum and the lowest are found m the muscles
In the fetus on the other hand the lungs are the lowest n silica and
the muscles the highest of the tissues exummed (42)  The blood of man
and other species contuns an werage of 05 mg Si per 100 m!  This
level 1s not mereased by the mhalation of sihen dust by mgestion m
the food or eren by mnjection {42 43) The sithea content of the wool of
sheep 15 also apparently unaffected by the silica content of the diet (55)

It appears that the body has 1 very low renal threshold for sihcates
because constderable amounts of silicon are absorbed from ordmnary
diets and excreted 1n the urine  The amounts of silica so excreted can
be greatly mcreased by rusmg the levels of silicates in the diet This
contrasts greatly with the position for aluminum which 1s exceedmgly
poorly absorbed The possibility that silicon may play some part mn the
acid base equibbrium of the ammal body has been suggested (43)
but there 15 no proof of this
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2 Siliceous Unnary Calculi

Sheep and cattle mngest exceptionally large quantities of sthca, an
appreciable proportion of which 1s absorbed and excreted mn the urme
Herbivorous amimals have been shown to excrete 10-30 times as much
sthea 1n thewr unne as carmvorous species (43) No less than 150-200
mg $10, 1s commonly excreted d-uly 1n the urine of sheep (4, 52) There
1s considerable mdividual vanation in the amounts excreted daily but
the concentrations vary even more thw the total amounts because of
fluctuations 1 urie volume Very httle 1s yet known of the dietary or
other factors which determme the magmtude of the silica excretion It
15 apparently 1 very complex process m which the level of sihet (or
silicate) mgestion 1s but one of the factors mvolved (4, 79)

Normally the urmary silica 15 eliminated harmlessly, and more or less
completely erther 1n true solution as silicate or m colloadal dispersion
In some ammals, however especially castrated males (steers and
wethers), a portion of the silica 15 deposited as granules in the kadneys
bladder or urethra to form calcul or ‘stones These may consist very
largely of sihca, usually with some protemaceous matersal together with
vanable amounts of other minerals, particularly calcium and magnesum
phosphates (79) Such urmary calcul are capable of blocking the pas
sage of urme, causmg water belly, and resultmg in the death of the
animal This condition 1s seasonal i occurrence and rarely affects more
than a small proportion of flock or herd It 1s nevertheless, a senous
stoch problem 1 some parts of the world in some seasons

Attempts to preduce unmnary caleub experimentally have prov ed un
successful practically without exception Nesther adding siheates to
the dret nor restnicting the water consumption of stees ot wethers has
resulted m the production of siliceous urnary caleult and various mmeral
tmbalances have yielded mconclusive results Beeson et al {4) obtamed
some results pomnting to the possible importance of urnary magnesium
but therr results do not appear to have been cumed further ‘These
authors state, “ the data at hand permut the postulate that at times
the solubihty hmuts of the silica mn the urmne become evceeded due to
hyperescretion and small urine volumes so that silica 15 deposntedbi\s
caleul i the kidney structure The amount of magnestum probahy
exerts a strong nfluence m the determunatton of the sthea solubs t}t'
hmuts  Swingle (79), on the other hand beleves that the develupm;rl\
of these calcul can possibly be explamed by the formation of msn;uthe
silicic acid protemn complexes m the urine although the nature o lj
conditions favoring the formation of these completes m some anma
and not m others remamns unexplained
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Of great theoretical mterest 15 the recent finding that siiceous unnary
caleuls n steers respond to mjections of the enzyme hyaluromidase (21)
Such mjections 1re known to be effective in reheving 7 colloid shortage
in human unne and are used with some success 1 the treatment of
human kidney stones  This suggests that the silier in the urine of normal
ammals 15 held 1n solution or suspension by protective collowds, which
arc deficient i the ammals that develop caleuln Much further investiga
ton 15 necessary  however, before even this pomnt ein be estabhished
It 1s clear that the disturbance m siher metabolism that results i the
formation of caleuli 15 one of great complexity which wall not readily
yield to 1m estigation

Vil Vanadium

Vanadium s widely distnbuted 1n minute concentrations m soils and
plants  According to Vinogradov (84) most terrestnal and marine plants
contam about 01 ppm Bertraind (6) found the higher average of
Ippm, with 1 ringe of 02742 ppm  for the dry matter of a wide
range of plints Lower concentrations were found by this worker
the organs and tissues of vertebrate ammals By means of 1 spectro
graphic method wath specint vantdium free graphite electrodes capable
of detecting 1-5 ppm vnadium m the ash of biological matenals
Damel and Hewston (18) were unable to detect vanadium 1 a number
of foodstuffs orin eggs or in the blood or tissues of normal rats Lowater
and Murry (461) on the other hand found traces of vanadium n
human teeth and drew attention to the fact that this metal 1s 1somor
phous wath phosphorus and can replace 1t 1n the apatite molecule This
latter point 15 of considerable interest mn the hght of findings detuled
below, mdicating 2 cantes mhibiting function for this element

There 15 some evidence that vanadium 1n small quantiies stmulates
plant gronth and that 1t bl lybd mp g growth
and actnation of Azotobacter but until recently the only satisfactory
evidence of an essential biological role for this element was the demon
stration of 1ts presence 1n high concentration 1n the respiratory prgment
of several Ascidine (81) This unique vanadum proten compound
differs from hemocyanin and hemoglobmn 1 being mncapable of combin
mg with molecular oxygen but there seems little doubt that 1t 1s related
to cellular oudation processes mn these orgamsms

Dunng the last few years nghly nteresting and suggestive evidence
mpheating vanadim 1 the mneralization of osseous tissues has been
obtamed In the expenments of Rygh (67) with rats and gumea pigs
fed specially punfied diets which were mentioned above m connection
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CHAPTER 13
SOIL PLANT ANIMAL INTCRRELATIONSHIPS

Both plants and ultimately man and is domestic ammals depend
upon the soil for their supply of all mineral nutnients  The relationstup
between the phint and the soil 15 1 direct one and 1s simphfied by the
fact that the plnt 1s stabonary  Amumnals on the other hand because
of their mobility mav dernve their nutnitive requirements from 2 vanety
of different tvpes of sml In addition appreciable amounts of some
mnerals may be obtuned from the drinking water which 1s not neces
sanly derned from loeal soils but from decp seated roch formations
or far distant areas

In ancient times 1 the older scttled countries or in the early days of
colomization of the western world Ammals were relatively free to roam
over wide arcas wluch generally enabled the disabihities associated with
particular soils to be nvoided or sufficiently offset to prevent any serious
consequences to the stock Growing population and intensification of
settlement steadilv imposcd a restriction on movements untl ievitably
some antmals became dependent upon a narrower range of soil types
certam of which were incapable of sustmming health or thnfty condt
tion i the ammal  The fact that ammals would not thrive or suffered
vanous disorders mn some rens whereas on other often adjacent areas
no such disabilities were apparent was recogmzed and reported upon
m many parts of the world as early s the eighteenth century Charac
tenshic of such conditions were the interspersion of normal and abnormal
areas and the rcadiness with which transfer of ammals from an abnormal
or affected area to a normal or healthy area tended to prevent or over
come the malady These observations naturally turned attention to the
relation of the disorders to the soils on which they occurred

Investigations carned out during the last thirty years which have
been deseribed 1n earher chapters and extending over an extraordinanly
wide geographical range have revealed thit many such malidies are
nuntional disorders winch result pnmanly from the mability of the
soils of affected regions to supply through the plnts which grow upon
them the essenttal mineral needs of ammals in adequate amounts or
proper proportions The naturally occurnng nutntional diseases of
anmals which have been related to soil charactenstics m this way may
be divided for convenience mto two gencral classes—those due to a
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defictency of one or more mmeral elements, such as 1dme copper, and
cobalt deficiencies and those due to an excess of one or more mmersls
such as selenium or molybdenum toxicittes A feature of some of these
problems s that they are not cawsed by simple deficencies or excesses
of a single element They may be conditioned or aceentuated by other
factors, particularly by the extent to which other elements or nutrients
are present or absent, from tbe diet These other factors have also
been shown to be primanly a reflection of the soils on wlich the herbage
15 grown

| Soil Relations in Human Nutrition

Nutritional deficiencies or excesses i man are more difficult to relate
to soil ciuses thin they are mn farm stock because of the vanety of
foods 1 modern dietanzes and the wide range of localies from which
an mereasmg proportion of the diet 1s denved Endemic goiter 15 the
outstanding and in fact the only ymportant example of such a relation
ship 1n man  Subnormal levels of 10dme 1n the soils, and hence mn the
toods and waters of certam parts of the world can be correlated with
the madence of goster m both man and stock mn those particular areas
In New Zealand, Hercus and co worhkers (4) have stated that vana
tion m the average amount of 10dine i soils contunmg more than 10
ppm has hitle effect on the small inmidence of goster, but 25 the amount
of soil 1odine decreases so the ncidence of goiter nses  (see Fig 29)
Even with endemic gorter there 1s some evidence of a dechne i 1ncidence
assomated wath transportation of foods gher hving standards and
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Fic 29 Relation between the average amount of iodme m the soil and
the regonal maidence of goiter wmong schoolchiidren w New Zealand  (As
presentcd by Beeson (1) from the data of Hercus et ol 3a)
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gretter dnersity of diets s well as wath the introduction of sodine
propin]rus  In parts of Flonda also 4 nutntional wnemia m children
has been correlated with low 1ron mtihes due to the consumption of
exceedingly poor quality chets contumng 2 high proportion of Jocal
foods grown on poor leached muneral deficient soils

Further 1n the selemferous areas of South Dalotr and neighboring
states “ 1 Ingh merdence of symptoms pomnting to gastne or intestinal
dysfunction and 1 few nstances of apparent hepatic dysfunction both
probably the result of contimual sclenum ingestion have been
reported (7) It s not certun as pomnted out 1w Chapter 11 that these
conditions m mAn are definitels due to selentum posoning nlthough the
evidence 1s Tughly suggestine  Symptoms of chronie fluorine towicity 1n
mn hive also been observed 1n certun parts of the world, due to the
consumption of naturally fluonded waters

It must be emphasized however that trace clement deficiencies m
man are far Iess serious and much more restricted than they are m
grazing or stall fed ammals  For mstwce no evidence of copper de
ficency m man has ever been recorded nlthough extensive areas of
copper deficient soils eust 1n winch both the crops and stock are ffected
Differences between man and tus domestic ammals of this kind can be
explamed on the basis of an mnterachon between a number of contnbu
ting factors the reltine sigmficance of which varies with the particular
condittons nd the particulw element 1t question  These factors are
(a) Jower minimum requirements—this being merely an example of well
known speaies differences 1 trace element needs (b) wider sources
of supply imvolsing the consumption of foods from 1 range of soil types
(c) greater vanety of foods m the dietary so that trace element ab
normalities m particulwr parts of plants or mimal tissues and flwds tend
to be offset by the consumption of other food materials not so affected
and (d) greater opportumty for contamination with adventitous sources
of trice elements dunng stornge preservation and especially process
mg so that my humn foods may be appreciibly higher i some
elements notibly won copper zine tin and nickel when actually con
sumed than when ongmally produced

When these factors are tahen nto account 1t seems hardly surprising
that with the conspicuous exception of 1odine trace element intihes
are so much less readhly related to the sol and nutnitional disabihities
associated with these clements ar¢ so much less obvious 1 man than
they are m farm stoch It 15 possible that a subtle relatonship evsts
between the well being of groups of people nd the sails from which
their food 15 derived but apart from the mncidence of endemic goiter
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concentrations of certin elements in ther tissues Strking examples of
this arc the selenuum loving Astragalus species whose presence n ecr
tam arens 15 1 potent factor m the ncidence of selenosis in grazing stock
m those arcas and the range of species which normally nccumulate
extraordininly Ingh concentrations of alumunum (5)

Particulr aspects of tius problem were considered earlier for mdi
vidual clements m the approprinte chapters but 1t 1s obvious that the
botrmeal composition of herbage ean be an important considerntion 1n
determming the meidence of those nutntional disabilities 1 ammals
which are related to deficiencies or excesses of the trace elements In
deficieney areas some amehoration of the deficicney could be expected
by the encourngement where possible of plants with an mherently Ingh
capraty to absorb the deficent clement from the soil and conversely
m touaty arets by the chmimation of phints with an mherently ugh
absorptine capreity - The possibilities of such changes are imited, how
ever, especially m deficienes areas beeause 2 plint that normally earnes
a rddatnely lugh nternal concentration of a particulir element may
“adjust” stself to a deficient sml simply by reduced growth

The cffect of so1l diffcrences upon the trace element concentrations mn
plants 15 wn practice easily the most important of the various mfluencing
factors Al over the world varous nutritional diseases and unthnftiess
of stock have been correlited with particular soil types as was men
tioned earhicr although these soil types may vary greatly from one
place to another cven with the same trace element deficiency or excess
Thus cobalt deficiencs conditions 1n rumimants have been reported on
podsolized gramtic sands on erupted volecame soils and on highly
calcarcous sands copper deficiency occurs m grazing stock on sands,
on peats or “mucks” and on marls nd iodne deficiency (endemic
gotter) occurs m man and 1mmals on sandy on alluvial and on hime
stone soils Rarely hwe wny such deficencies been observed on soils
of “heavier” texture nich m the clay mnerals and organic matter and
derived from basic rocks

A great deal of this apparent complexity has been resolved by recent
investigations i geochemustry  soil chemustry and plant nutrition It 1s
now apparent that the capacity of plants to absorb 1n element from a
gwven soil 1s markedly influenced by the total concentration of that ele
ment 1n the sl and by 1its avarlabihty that 1s ats chemical form or com
bination 1n the soil wiich m turn may be greatly affected by the extent
to which other elements are present and by the soil reaction or pH

In regard to the former laws of geochemieal affinity hwe been estab
lished by Goldschmidt (6) Carroll (3) and others which permst a
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prediction of the relative habuty to nchness or pauaity of certan ele
ments m rocks and 1 the soils denved directly from them The darh
ferromagnesian muerals (amphiboles, pyrovenes biotites and olvine)
act s hosts to traces of such elements as copper cobnlt, and zme which
occur 1n the crystal Iattice structure of these runerals Soils derved from
acid rocks low m these mmerals such as gramtes and granite gneisses,
re therefore hable to be deficrent 1 these trace elements and should be
regarded with suspicion  Such effects of the nature of the parent rock
on the composition of the soil are basic but 1t 15 important to appreciate
that the quality of a soil 1s the product of 1 complex of chmatic factors
operating over long pertods which may greatly influence trace element
concentratons  In particular, hughly leached (podsohzed) soils are
hable to have Jost an apprecinble proportion of these elements Where
such leaching has taken place on soils denived from acidic rocks Jow m
the trace element bearmg mmernls deficiencies affecting plants and
ammals can be predicted with confidence It 1s i fact, on such soils
that typrcal copper and cobalt deficiencies oceur 1n Flonda and m south
western Australit

Effective consideration of the many factors influencing the avmlability
of trace elements m soils, and hence the growth and compositton of
plants, clearly les outside the scope of this text, although they are of
the utmost importance to the whole question of sl plant animal mter
relationships  The reaction or pH of the soil 1s especially sigmificant
with a number of the trace elements Manganese deficiency m plants
for mstance appears mvarably to be associated with a Iach of reachly
reducible manganese oude 1n alkalme soils rather than with a lack of
total manganese Molybdenum also 1s not absorbed readily by plants
from acid soils Teart soils which carry pastures exceptionally high an
molybdenum are nearly all denved from the clays and limestones of
Lower Lias formatons nnd are calcareous and allalne in character
By contrast molybdenum deficiency mn plants and hence low levels of
molybdenum 1 the herbage usually oceur on soils whose reaction 1s
acid or at most neutral

These considerations suggest two major means of rusing the uptake
of particular elements by plants i deficiency areas and so ensuring an
adequate ntake of such an element by ammals These are ( 1) tz’le ap
plicrtion of fertihzers contarmng the element m questton and (2) the
use of soil amendments such as hme or sulfur to rase or lower e
spectvely, the sod pH Both have thewr uses depending uporlx thf:
particular conditions and upon the element but the former 1s amoi
unwversally appled to overcome defictency prablems mn grazng stoc!
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Treatment of copper or cobalt deficient soils, for nstance with copper
1zed” or “cobaltized” fertiizers 1s generally a lughly effective mens of
mcreasing the concentritions of copper or cobalt 1n the plants growing
on these soils In this way the concentrations are rused to normal”
or adequate Jevels from the pomt of view of the stock depending upon
the plants for thewr nutnment  Numcrous expenments have established
that the use of 10dine contuning fertilizers 15 sumilarly effective i rusing
the 1odime content of segetables and other plnt products used 2s humnn
foods 1n goitrous treas but such treatment 15 very difficult to control
both beeuse of the Inghly vanable uptakes of 10dine by different plants
and from different soils and beeause of the varying proportion of the
different classcs of foods consumed by different mndividuals In the trent
ment of endemic goiter therefore 1t 15 usual to by pass the plant and
the soil and to ruse the 1odime mtakes of man 1nd be st directly by the
use of 10dized salt

It Qualitative and Quanfifative Differences in the Trace Ele
ment Requirements of Plants and Ammals

A further aspect of soil plnt ammal interrelationshups that 1s of con
siderable intcrest and practical importince 1s the great qualitative and
quantititne  differences between the trace clement requirements of
plants and ammals and within plants and ammals  This was referred
to brefly m Cliapter 1 Very marhed differences eust among the various
trace clements in tlus respect  Thus soils that are subnormal m total
or avalible zodine produce plints which are subnormal m 1odie con
tent but this 1s the only measurible response of the plants to such soils
There 15 no reduction 1 growth and there are no symptoms of disease
The low 10dime levels i the plants growing on these soils are therefore
of no sigmficance to the plnts themselves but are of profound 1m
portance to ammnls dependent upon them becanse these Jevels fall
below therr mintmum 10dine requirements  Sumilarly  sutable 10dme
treatment of such soils 15 followed by 4 nse m 10dine concentration in
the plants to levels sufficient for the requirements of ammnls but 1s not
accompamed by wny 1mprovement mn growth or well bemg of the plnts
The position wath cobalt 1s 1dentical Plants growing on cobalt deficient
soils carry insufficient concentritions of this element to meet the min
mum requrements of grazing rumnants but ample for the needs of the
plant Todine and cobalt 1 fact have not yet been shown to be essentinl
for plant growth At the other end of the scale 15 an element such as
boron which on present evadence 1s not necessary for ammnls  Plants
react to boron de fictent soils by a decrease in growth vanous deficiency
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symptoms and Jowered internal concentrations of boron A reduction
1 the levels of tissue boron may restnct the development of the plant
but this 15 of no consequence to ammals consuming the affected plants

The position with respect to zine, manganese and copper 1s different
agamn These elements are required by both plants and ammals but 1
very dufferent relative proportions On normal soils plants contam levels
of zine and manganese far beyond the mimmum requirements of mam
mals consuming these plants On soils contanmng subnormal levels of
plant availible zinc or manganese the plants themselves show well
defined deficiency syndromes including usually reduced tissue con
centrations of the mmeral concerned  But they shll carry concentrations
of these el ts suffi to enable Is to secure their mummum
requirements m so far as these requrements are known or can be de
duced In these cases therefore treatment of the deficient souls with
Zzne or manganese compounds 1s of great sigmficance to the plants m
that 1t raises their productivity This, however, 15 of importance from
the pomnt of view of the nutrition of amumals manly by virtue of the
mcresed total amounts of essental nutrients other than zmne or man
ganese made available to them

Copper 15 an example of an element 1n which the concentration mn
plants grown on normal soils although very varable 1s seldom greatly
m excess of the requirements of stoch consuming the plants In this case
soils subnormal m plant available copper generally result m depressed
plant growth poor seed production, vartous deficiency symptoms and
usually a lowenng of the copper content of the plant tssue to levels
below those necessary for the grizmng ammal to secure 1ts mimmum
copper requrements Copper apphcation to such soils results there
fore, 1n improved plant growth and health and i wmproved ammal
growth and health mamly through the additonal copper wihich the
treated plants provide

In most copper deficient areas the posttion 15 as just desenibed viz
that hoth plants and antmals suffer from defictency and both plants and
ammals respond to copper fertlization of the soil but there are excep
tions referable to the particular plant species that are prevalent in a
particular area to the nature of the soil and to the type of ammal util
1zing the herbage For nstance plant species are known that have the
capacity to economze on Iimited supplies of soil copper The low
internal concentration 1n these species though adequate for normal
plant growth may be msufficient for the requirements of grazmng rumt
nants ‘Treatment of copper deficient soils carrymg such plant species
may be of great value to the grazng anunal but of no apparent value to
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the plant. Further 1s was pomted out i Chapter 3 horses can be
grazed on such copper deficient areas without 1ll effects beeause thar
requrements for this clement appear to be apprecnbly lower than those
of sheep and cattle  The low concentrations of copper in the herbage
under these conditions could therefore lumt plant grow th but not ammnl

growth
IV The Complexity of Soil Plant-Animal Interrelationships

Verv mamv other examples of soil plant ammnl nterrelationshups of
great practicnl sigmficance could be gnen some of which have been
ated m earhier chapters  Sufficient has been sud however to mndieate
the extriordinan compleuts of these relatonships—a compleaty which
goes far bevond such qualitatne and quantitative differences between
phnts and ammals and watlun plants and ammals i their require
ments for particular trice minerals as have just been desenbed No
mention has been made at tins pomt for instance of trace element nter
actions such s those between copper nd molybdenum wiach are dis
cussed m some detul in Chapters 3 and  These interictions anise 1n
the field pnmanly as 4 result of soil differences wlich determine the
relative coneentritions of copper and molybdenum 1n the herbage both
directly and by thar effect on botameal composibon  These soil differ
ences influence 1n the syme way the morgame sulfate content of the
herbage with profound effects on molybdenum metabohsm and through
molybdenum on the copper metabohsm of the ammals  There 1s Ittle
doubt that other intcractions of this tvpe wall be disclosed by future
mestigations

A type of soil plant 1mmal interrelationship that was considered m
Chapter 11 but that descrves further mention At this pomt s that which
eusts 1n the sclemferous areas of North America The selenium loving
Astragalus and other species that occur n these areas not only supply
Iighly towic amounts of selenium directly to animnls that consume them
but they may supply considerable quintities of this element indirectly
to the ammals through their capacity to convert forms of soil selemum
not avarlable to ordinary ¢rop and pasture plants into forms which are
readily absorbed by these plants In this way certamn soil types that
would otherwise carry herbage relatively harmless to stoch are con
verted to soils from which the herbage can obtam sufficient selemum to
be defimtely tovic

Perhaps the most remarkable exumple of soil plant wmmal mter
relationship however 1s that concerning the mncidence of the disease
phalans staggers 1n sheep and cattle which was deseribed i Chapter 5



ditiop, knowy, M most oy S Wher, Pere, grass
@l tube, &rowp On cobajy elicien “Prent], Cobajg
clent to,. b S, the Reurotyy, C prine, Ip], Oduceq J,
S plng Specy es emy e} 280 ang the ¢, Stagger
Indrom in nles: these N5 are Tegul, Y dose w
obajt or ¢ e, S to dresse, V1t cobalp 'Stufican,
Pomt Telatiop € Presen, dy CUssion thy Tmal s, rody,
erh with Ncenty, tiong deq te e n Needs
of th 2ing n lus Wllicren, to ep O¥Icate
Othepy, € b CUrotoy,, Prncyp)y 1 Crosg Other
Soils Jos, Sattsfacy, obqjp st e ¢q N} ing form,
Need, Ot the T, ang Verely Cobajt g, Tesult 4, th
Srowyy, f ts 1p h, One, Araon OW that
e ry, t congy, to no¢ Securg ¢ h cop, It 1G]]
eed, growsy, b, Ormagy,, hese soifs

s for pp te, o d One of
does 4 Appeq that Cither the Erongh o, the metabobsm of the Plang 5
Hecteq

This typ 0 plang I1trons1up Nque g, S presenp
Anowledge but 4 Would b Ciragy, if f ap
10ma] Jg, ] trice o Cments Is on the me,, bolisp, Plants apq

h Pacity o the © hangj, Subtle ;. bo ucts g
Jet ypj, €re not discloge, Searc Tocee, 1es of g,
elatiop, 1 nditiop, d M2l phy stolo

o
on the Other 4, Such constztuents of Plangs COnsumeyq by W) Present
n, e o

u r1g re he possxbxhlzes
of ths Natyre re nly now, bemg 'zpprecmted

EFERE\CES

I g o} eeson 250 Pupy No 369 (1941)

2 x C ®eson g, Y and G Adamg I Ap, Agron 39 355 (1947)

3 p Carropy Awtrall Ser 158 (1941) 10 (194 )

3a ¢ E Herg, Benson and ¢ Cartep J Yz 24 321 (1935)

4 ¢ E ereys 4 Attken H ) S 7 Coy Hy,
31 493 (1931)

5 ¢ E Hulchm ol Se; gy (1945)

6 vy M CoIdschn 1d Chey, P 655 (193: ) Sou Ser gg 413 (1945)

7 g I Smugp and g B ‘Vestfa]l Publ Healyy, Repgy Us &2 1375 (1937



AUTHOR INDLN

Numbers in parenthesee are ref rence number and are incluled to a sist in Joeating the
Tef rence where th puthars n me ds not m ntionel on the page Numbers in italic refer to the
Prges 6t the ond of e ch ch ple on which the vef rences are listed

A

Abhott L D Jr 185 (182) 195

Abbott O D 57

Abderthalden § 13 54

Abekson P M 159 (1} 191

Achim L 52 (109) 57

Adams M G 392 (2) 39%

Adams W S 39 (3) 54

Addwon § T 53 (114) 53

Adler 11 337 340

Adler 1 336 340

Adolph W H 61 (20) 62 107 119
221 (1) 229

Agite ] N\ 315 321 (3) 340

Agulhon T 377 356

Akmw € 1 152 (117) 184

Atken LA A 390 (4) 398

Alerord ] H 69 {2) 80 (2) 92 (2)
95 (2) 96 (2) 101 (2) 118

Albert A 210 (1) 262 288 (55)
259 (53) 209

Albston H L 114 (1) 115 (1) 118

Allcrolt R 70 (84) 120

Alper T 34 (11) 55

At H L 41 (83) 57 286 (1) 309

Altschule M D 215 (55 89) 216
{53) 23t

Anderseh M A 376 (82) 338

Anderson A 113 (61) 120 279 (2)
308

Anderson A ] 123 (1) 144

Anderson I D 177 (3) 191 352 (2
33) 356 (38) 364 365 367 368

Anderson ] I 149 (2) 158 (2 6)
159 160 164 187 (6) 191

Anderson R K 286 (1) 308

Andrews E D 149 (2) 158 (2 4
6) 150 160 1614 172 187 (8)
191 197 (1) 202

Andrews F N 272 (3) 280 (116a)
284 (83) 295 (83} 308 310 311

Anker R M 187 (23) 191

Anthony W B 174 (8) 191

Apoger F 377 (89) 388

Archubald T G 17t 191 21T 229
238 (2) 239 (2) 262

Armstrong R ¥ 153 (143) 195

Armstrong W D 331 (4 5 13) 333
(43) 340 311

Amold B J 18 (128) 19 (128) 20
(128) 58

Amold T A Jr 329 (15 18 1I7)
330 (15 17 18} 331 {8 63) 340
341

Amon D 1 123 (2) 144

Amott D G 292 (30} 308

Armngton L R 135 (3) 144

Askew H O 143 (4 23) I44 145
150 (127) 152 (12) 155 (10) 157
(11y 170 (14) 173 175 (13) 191
195

Ast D B 339 (7) 332 (7) 340

Aston B ¢ 150 191

Astwood E B 269 (7) 291 305 308
307 (36) 308 309 310

Axelrod A E 141 (5) I44

B

Dach § ] 234 (3) %62

Baez § 28 (4 5) 54

Bale W F 27 (45) 34 (44) 56

Balfour B G 240 (1) 262

Ball E G 129 (6) 141 (6) I4¢

Baltzer A C 154 (16) I91

Bandemer § L. 237 (62} 247 (62)
251 (62) 254 (62) 255 (62) 256
(61 62) 257 (62) 258 (62) 263

Barer A P 38 54

Barger G 266 309

Barher M H 307 (8} 308

Barher S B 287 288 (9) 308

Bamnard T W 335 (94) 337 (9¢)
342

Bames L L 242 (4} 262

399



400

Baron A G 177 191

Barron E § G 177 191

Bary G, 375 (1) 386

Bass A D 141 (50) 146

Basu h P 249 (5) 262

Baver H 234 (20) 240 (20) 262
318 (8) 340

Baumann E ] 5 11 266 305 (70)
308 310 381 386

Baxter B 273 (41) 309

Baxter C R 168 (18) 191

Baxter T H 69 (2) 80 (2) 92 (2)
95 (2) 96 (2) 101 (2) 118

Beal G D 372 (12) 386

Bearsm A G 82 (3) 86 (3) 87 118

Beath O A 344 (3) 345 (3) 346
(3) 360 367

Beandet | P 333 (101), 343

Beck A B 65 66 67 69 72 (4 7)
73 77 79 80 (5 12) 87 90 (5)
94 (12) 96 (12) 101 (12) 103
(15), 104 (15) 106 (13 15) 108
(6) 109 (15) 118 127 144 200
202

Becker D E 154 (138) 158 (21)
158 159 (21 61) 161 (61) 163
(19) 176 (20) 177 (20) 179 (20)
18I 193 195 323 343

Becker R B 60 (108) I21 150 (45)
192

Beeson b C 47 (7) 55 154 (138)
156 (84) 169 193 195 218 (3)
229 247 (6) 262 377 386 390 392
398

Beeson W M 384 (4) 386

Behrmann V. G 376 (82) 388

Beyers ] A 118

Bemert H 141 (31) 145

Bell G H 315 (3) 324 (3) 340

Bell ] M 170 (130) 185

Bellamy F 204 (53) 231

Belt M 181 (78) 193

Belt T H 383 (42 63) 387 388

Bendstrup P 22 (69) 23 25 (69) 56

Benedict E M 973 (41) 309

Bennetts H W 60 69 79 80 (12)
92 (11) 94 (9 12) 95 (10) 96
101 (9 12) 103 104 (15) 106 109
(9 10 15) 18

Benson R 205 (B) 229

Benson W N 390 (3a) 398

AUTHOR INDEX

Benstead N 20 (133) 58

Bentley O G 171 (63) 193 208 (37)
214 (37) 230 237 (29), 239 (1)
245 (7) 247 (7) 262

Berdesy L 325 (83) 342

Berfenstam R 214 (4) 215 (4) 216
217, 229

Berg R 197 202

Bergem O 37 (8) 55

Berlk L 176 (22) 187 (23) 191

Berhn N I 178 (41) 192

Berman D T 171 (63) 193 208 (37)
214 (37) 230 237 (29) 962

Bernard C 5 (2) 11

Beme E | 170 (157) 174 (157) 196

Bernhardt H 381 386

Bertrand D 125 (8)
385 386

Bertrand G 10 (3) 11 147 148 191
197 198 201 (4) 202 204 205
209 (8) 292 229 233 262 377 378
(8) 386

Bethell F H 188 195

Bethke R M 280 (113) JsiI 318
(42} 341

Bewery L I E 248 {31) 262

Beuvery Asman A 248 (31) 262

Bhattacheree R C 222 229

Brer A, 380 388

Bilvaiss B B 286 (11) 287 (11} 308

Bungley J B 144 (23) 145

Binlley E S 88 (83) III (83) 120

Birckner V204 228

Burkhofer L 26 (64} 56

Bssell A 269 {7) 308 (7) 308

Black D A h 52 5§

Blahemore F 239 (12) 261 (12)
262 318 (9) 340

Blanchard M H 2922 (17) 23¢

Blodk ® 17 (18) 55

Block, P, 275 (98) 310

Blom 1 ] B 279 308

Blom F, 304 303 308

Bodansky M 59 118 2014 (10} 229

Boddie G F 315 (3) 324 (3) 340

Bogard R 287 (14) 308

Bohstedt 44 (40} 45 (49) 56
156 (126a) 159 (88) 161 (63} 164
(68) 174 (115) 193 194 195 247
(33) 262 315 (80) 318 (42) 324
(81) 341 342

143 (9) 145



AUTHOR INDEX

Bolo D W 148 (103) 194

Bol, W G 379 (9) 386

Bondy P K 275 (42) 276 {42) 309

Bomnett, R 180 (164) 196

Boothby W M 293 310

Born H 338 340

Bortels H 123 (10) 145

Bosorth T J 318 (9) 340

Bothwell T H 34 (11) 55

Boughton 1 B 115 (17) 118

Boutigmy dE ] 59 118

Bowler R G 315 (3) 324 (3) 340

Bowness J M 71 (135) 122 210 (11
13) 211 (12 13) 212 (12 13) 229

Boyd M ] 198 (23) 200 (23) 203

Boyden R 80 (19) 114 {19) 118

Bower P D 242 (13) 245 (13) 246
(13) =62

Brawsch 44 (12) 55

Bradley 1T C 5 (11) 11 204 (14

50) 229 231

Bah R O 332 (62) 3%8

Bramon H D 468 (108) 57

Braude R 170 (20) 19!

Brawn ] § 208 (46) 309

Brebhms ] ] 331 (4) 340

Brenchley W L 147 (93) 194 197
{8) 203 377 (10) 356

Breton I 201 (G4) 9231

Bood N G 149 (137a) 159 (137a)
180 (27 137a) 191 195

Bnslas S B 73 (82) 60 (81) 120

Brtton ] W 132 (11} 145

Brock, A 72 (20) 118

Brock A B 37 (13) 55

Brouwer T 105 {21) 118 123 (12)
134 (12) 145

Brown C 174 (8) 191

Brown W B 378 (8) 336

Bruce J A 143 (25) 145

Bruckmann G 4 (12) 11 63 (23)
66 68 (23) 118 237 (14) 262

Bucciero N C 177 (28) 178 (119)
191 194

Buchanan M ¥
192 194

Buchholz B 270 (108) 311

Bucholz C F 59 118

Buckel M 315 (3) 324 (3) 340

Buey L L 374 (11) 386

148 (103) 168 (46)

401

Bull L B 69 101 (101) 114 (1 25)
115 (1 25) 118 119 121 124 (22),
126 (22) 145 151 (109) 154 (109)
194

Bunbury E 375 (1) 386

Bunge G 12 41 55

Burchenn! ] H 176 (22) 191

Burtk D 177 (30) 178 {29) 191

Burtke A D 227 (44) 230

Bum J H 372 (12) 386

Burnett W T 129 (49) 146

Burmroughs F 39 (70) 56

Bush H L 229 (15) 230

Byerly T C 253 262

Byers H G 357 (25 58) 358 383
(59) 368 369

Byers J H, 19 (15) 55

[

Calhins D G 180 (124) 181 (124),
194

Callender S T E 34 (28) 38 (27)
55

Cameron C A 344 (5) 367

Cannon J R 180 (164) 196

Cannon R 34 (20) 55

Canzanelli A 282 (15) 308

Carlstrom B 261 (16} 262

Carnes W H 168 (892) 193

Carolime L 22 (98) 52 178 (29)
191

Carothers E L 34 (20) &5

Carpenter L E 95 (136) 109 122
374 (13) 386

Cammch € W 294 (32) 308 319
(28 325 (28] 340

Carroll D 393 398

Carroll F D 277 (16) 308

Carter C L 390 (3a) 398

Cartwright G T 22 (69) 23 24 (48)
25 (69) 34 (16) 55 56 69 (143)
71 (26) 74 (26 143) 75 (26 79
143) 76 77 (143) 78 (57 79) 80
(80) 81 (80) 82 (26 27 79) 83
(143) 87 (27) 90 (80) 91 (80) 93
(28 63) 94 (63 80) 95 (80) 107
{143) 111 (143) 118 119 120 122

Cary C A 188 (31) 189 (31) I91

Caskey C D 252_.257 (17) 258 262

- Te——T e



402

Castle W B 176 {22) 187 (23 32)
191

Cauplle F 200 (21) 203

Chabnie C 350 (6) 367

Chashof T L 175 (118) 194 295
(61 79) 231 275 {109) 278 311
381 (56) 388

Chandler J P 189 (154) 195

Chapman A C 373 (18) 386

Chapman F E 60 96 118

Charnot A 315 (27} 340

Chpper H A 178 (88) 193

Chwse H C 332 (91) 342

Chase M 5 80 (80) 81 (80) 90
(80) 91 (80) 93 (28 63) 94 (63
80} 95 (80) 119 120

Chase § W 318 (42) J41

Chatagnon C 381 (14) 386

Chatignon P 381 (14) 386

Chatin A 265 308

Cheesman E A 315 (3) 324 (3) 340

Chesney A M 304 305 307 (18) 308

Child G P 177 (33) 191

Chodos R B 33 55

Choldh J 79 (747) 120 237 {39)
239 (39) 263 371 (40a) 387

Chou T P 61 {29} 62 107 119

Chnstan ] E 280 (1162) 311

Christian W 338 (107) 343

Church A W 60 119

Churcill H N 334 340

Cipra A 305 (70) 310

Clarth A M 213 (70) 231

Clwk F 53 (114) 58

Clawson T A 304 (18) 305 (18)
307 (18) 308

Clements F W 209 (19 80) 308
510 314 (12) 340

Chiford P A 326 (57) 341

Cloetens R 205 (16) 230

Coates M I 180 (34) 192

Cohen R A 285 {20) 308

Cohn E | 74 119 222 (17) 230

Cohn E § 222 (17) 230

Cohn E W 178 (35) 192

Comdet [ F 5 (4) 1I 265 (21) 308

Colby R W 275 (59) 277 (59) 278
{59) 309

Cole V V 274 (25) 292 (24) 293

AUTHOR INDEX

Coleman D H 29 (111) 58

Collett M E 350 (7) 367

Collier E § 207 (27) 208 209 (27)
230

Collins R A
Colmano G
(18) 230

Comar C L 84 (33) 86 (32) &7
88 (32) 101 (32) 119 129 (49)
130 {13) 136 {14) 145 146 156
(38) 170 (37) 175 (38) 192

Connor A € 275 (23) 308
Conway E ] 381 (15) 386

Cook M B 34 (20) 55

Copp D H 147 175 (65) 193, 195

Corbett D B 290 (77) 310

Commer H H 152 (40) 192

Comgwm J C 20 (133) 58

Cotte M A 18 (128) 19 (128) 20
{128) 58

Cotter H
(128) 58

Couch J R 174 {8) 186 (118) 191
194

Cox G H 390 {4) 398

Cox G ] 372 (12) 386

Cox H F 373 {16) 386

Cox W M Jr 33 35 73 77 (35)
119

Cowie D 22 (32) 35

Crabtree M G 206 (117) 311

Crafts R C 178 (41) 192

Cuchton A 41 57 150 {45) 192

Croll ] M 53 (21) 55 111 (40) 119

Cromn E 168 (18) 151

Cruickshank D B 209 (20) 230

Culp F B 298 (91) 310

Cunmngham I | 63 {38) 64 66 07
70 77 (38) 79 80 (37 38) 84 92
(39) 94 96 (37) 101 (37) 105
(37 3%) 106 (37) 114 (38) 115
(38) 119 126 (15) 127 128 138
(18) 145

Cumow D H 157 (129) 195 237
(72) 957 (73} 258 (73) 263

Curus G M 270 (68) 274 (25) 275
(23 69 89) 277 (89) 202 (24)
293 308 309 310

v . v oée 1R ARV 107

174 (36 70) 192 193
210 (18) 219 (18) 221

18 (128) 19 {128) 20



AUTHOR T\DI'X

Cotbhertson W F [ 180 (34) 192
Crapel 1T 330 (6) 367

D

Damens M A 379 357

DAmour F L 178 (35) 102

Duel T P 395 387

Duwel 1 § 136 (28) 137 (151 28)
14> 229°(15) 230

Dwuck A L 215 (19) 219 262

Dvbn M H 159 (1) 191

Darn W ] 31 (20) 39 40 55

Darlng R C 213 (69) 231

Dituzue € 371 (26) 397

Duenport H W 213 (21) 230

Davdson J A 237 (62) 247 (62)

251 (62) 251 (62) 233 (30 62)
256 (62) 257 (62) 23% (62) 262
263
Dwdson L § P 53 (21) 55 111
(40) 119
Daies R T 214 (22) 230
Dais W L 73 (41) 19
Daus C B 27§ (25) 308
Davs G k70 (42) 84 (33) 86
(32) 87 (32) 8% (32) 94 (42)
95 101 (32 127) 106 (42) 119
122 125 135 (3 16) 136 (3 14)
M4 145 156 (3%) 175 (3%) 192
225 (23) 230
Davis | F 177 (42) 192
Dawlam M € 159 (731) 161 (41

73a) 164 (731) 182 (43) 183 184
(73) 192 193

Dn H G 218 (25 35)
221 (25 35) 230

Dayy R 213 (24) 230

De H N 107 111 (43) 119

Dean I T 319 (13) 329 330 336
340

Deane 1 W 286 (26) 308

Deatherage € T 329 (19) 340

de Langen € D 17 (65) 56

Delezenne € 204 230

de Marsh Q B 41 (83) 57

Demson F W Jr 222 (36) 230

Dennis ] 239 (23) 262

Denscn P M 34 (20) 55

Deobald H § 3872 (19) 387

de Renzo E°C 123 (42) 124 (42)

220 (35)

403

110 (42} 141 (42) 142 146

de Rubies P 370 (G6) 389

Drmaney C A 319 (40) 368

de Vv Werr | B 19 (39) 55

de Wall C 378 (8) 3%6

Dewey D W 148 (103) 194

Dimond T N\ 97 (13) 55

Dek AT 10 17 62 69 70 71 73
(46) 78 (16) 80 81 85 (45) 88 99
(44) 107 109 I1i4 (1 4146} 115
(1) 116 118 119 124 (22) 193
126 (17 22) 127 12% 130 (21) 131
(21) 13¢ 139 (13 19 20) 140
(18) 144 (23) 145

Dhe T T N 293 (111) 311

Dickins D 47 (107) 51 (107) 57

Dichinson € G 150 (45) 192

Dicckmann W T 20 (23) 43 535

Dmhel C A 352 (41} 353 (41) 369

Dhausson W E 143 (103) 168 192
194

Dion H W
194

Dixen ] kR 152 (12) 191 197 (%)
202

180 (124) 181 (124)

Dion T F 379 (20) 381 (20) 387

Dolan M 383 (43) 354 (43) 37

Doughs T H T 315 (3) 324 (3)
340

Dovle L P 44 55 272 (3) 208

Dribhin D L 14 15 18 99 (25) 36
48 55

Dra W F 129 145 195

Drnher C K 202 208 (43) 230

Drnker k R 202 209 (29) 225 (28)
230

Dnnker R E 207 (27) 209 209 (27)
230

Dreett H A 315 (3) 324 (3) 310

Dryden L P 174 (71) 193

Dryerre H 150 (45) 192

Dubach R 34 (26) 38 55

DuBois K 1 352 {33) 354 (39) 364
(33) 366 (39) 368

Dudley H C 363 367

Dugrue H 270 (72) 310

Duncn € W 72 (89) 120 154 (16)
170 (157) 174 (93 157) 191 194
196

Dunn K M 179 (49) 192



Coldschnyg, |, M 37 (27) 357 49, m H o4 (33) 25,

398 Guble, J 22 (69) 3 o4 (48)
Gone, (83) 349 79 34’10y 55 55 69 (143) 77
Sonnernigy yr 387 (143) {79 145)" 0 (43y 55
Gaog, 8 22 (4 230 {79) 80 (9, 81 (80) g, (27 7g)
Sordon 4 78 (33) op, 83 (143) 87 (27) gy 91 (50)
Gordoy 178 (88) o %3 (28 g3 ¥ (63 gy 95 (am
Corhtzer Y 339 (31) 50 107 (143, ury

Ottner g Jr 332 (g 32 g5y Ud R og, (15

™) 365" (15 368 Curd p (42) 95y
Gos D ar 1 (23) 200 (23) 203 Cusmson R 305 (114) 31
Goss 132 (11) I¢5 Cuthmann H gy 3¢
Govap D 4 (103) 87 Cuhmn A 73

ooih S g o 45) 28"110 41)

29 35 3775 H
Grahy, v 18 (111) 194 Haag n oy (15) 55

o W e g 177 (64ay Hageusog ), 4275 (4 27 (4
Crasbms J 248 (31) 269 Ha.}?:]gp (43) 4 g (45) :
Srss W gy 357 7420 4q)" 0 £46) 38 150 55
S L g9y {2) a0 Wl W | 159 (g3) ¢
Gry p @ 135 (29) 19g (28 g9, (6s) 1,

137 (15, 28) 145 229 (15 40) 230 Hajp E A
Greayog JE 113 (61) 120 373 (29) Hagy n
387

106 (15)
Crecn D E 8 17 141 (31) 145 1
Creen jg g & (92) 75 (1) 8o Halimg, "y T 2 43) 27‘; 309

129 12" g (30) 159 (30)" 13,
3) 138 (a0 45 318" o 340

Cre(enb)erla (u) 175 (g5) 1(9; 256 Halpn 7 20028 101) 4 57 110
5% 2 (59 119 o5 (77) 249 (77) 554
( 319 (33" 35 325 (75 341 340

Sreep 'R o 286 (26) 504
Greer 3 4 304 (34) "go (35 104 ;’5") ‘;’28 3;’02535134) 326 327 (3
30 (6 36)" 50 (32 36) " 209 309

Haman 319 (36) 37
0
g:,i,m} fl ‘Y502::5()161)923 s Hamxlton Lp 24 (48) 56
Grieshaop, w (37) 509 Hamyjye, 27 (65) 34
294 (48) 3 Hangarg 225 (23) .
Crffyy, 323 (105) 343 gﬂfl;au%"‘l, 1; ~3(9 ()23) 262
ard;
Gnfg, vy, (66) 1vg (66) Hapgr ) 5 17) g5
Criffiths 4 B 934 (32) 560 (44) gyg (2) 38 9 382 (4,
3 (100, % 387
Srmblep,,” 1 H 337 (100) 54,
Crimmey,” o ER 15 (67) 195 209 Harfes, 1, 5 (8) g 59 199
(20) 90g (41) 93, Harley, & 103 (45) 104 (15, 10
Cross 117y 13 15) 109 (15) 118

31 (49) 56 (
Grosg J 266 274 (40) o7g 291 (38) Harp 3y T 169 (69) 176 193 201
308 203
S R T 168 (89.1) 193 Harper AE 174 (38 70) 192 193
Cro!epass W 17 (65) 56 H1rper [of 272 (3) 308



AUTHOR INDLX N

R S 179 (134) 181 (131)
(134) 188 (131) 190 (13%)

Harms
182
103

Hamsop C F 180 {34) 192

Hamon M T' 326 311

Harshficld R D 335 (22) 363

Hut F B 5 11 41 (49) 45 (49)

46 (28 101} 52 (105) 55 56 57
59 68 (122) 69 (122) B0 (123)
S5 {121) &6 (124) 90 (53) 92
{90) 100 {134} 100 {123) 110 {33
54) 115 {56) 119 120 121 122
120 (46) 141 142 (468) 146 178
{64) 177 (60) 192 193 205 209
(B4) 212 (43) 215 (48) 216 (48)
219 (47 48 81 8G) 220 (54 86)
221 (47 45 92) 223 (81) 230 231
232 233 241 (41 Tt T3) 242 (74)
243 (74) 232 (76} 236 (76) 250
T7) 260 (77} 263 264 313 (80)
318 {42} 319 (77) 324 (81) 325
(78) B39 (77) 3{1 342 371 (3%)
73 (33) 371 (33) 378 (31 81)
387 358

Hartman A M 1741 (T1)
189 (31) 191 193

Haney ] N\ 83 (67) 120 314 (3%)
318 (3%) 317 {3%) 320 (38) 3
(38) 322 323 324 333 (38) 341

Hanvey R J 151 (152) 155 171 195

Hashins D 34 (34) 55

Hastngs A B 350 (7) 367

Hatcher B W 314 (52) 341

Hauge S M 254 (83) 205 (83)
310 316 (23) 319 (28) 325 (28)
340

186 (31)

Hawhis W B 20 (51) 38 (50) 56

Hearon J 7 178 (29) I91

Heath C W 49 56 187 (32) 191

Heddle R D 298 (46) 309

Hegsted D N\ 34 (34) 55 101 (141)
122 208 230

Helmeyer L 77 79 120

Heinemann M 276 309

Hemle T W 187 (23)
191 194

Heller v G 227 (44) 230 261 (34)
262

189 (96)

Hellermann L 197 (10) 203
Henderson M B 174 (8) 191

N

Hendneh € 35 (16) 368

Hennemwn 1L A 294 (48) 309

Henry ROMO189 (72) 193

Henze M5 (10) 11 385 (31) 3S7

Ilerens C T 280 (50) 293 (50) 299
305 309 390 398

Hertz S 291 (51) 309

enev A 181 (128) 195

Hesselbah N L 177 (30) 191

Hesse I 373 (92) 375 (32) 3%7

Heuser G T 234 (79) 231 234 {79
80) 264

Hewston E M 385 397

Heyroth ' I' 328 (49) 341

Heyrovshy A 171 173 103

Heytler P 123 (42) 124 (42) 140
(42) 141 (42) 142 (42) 146

mi 1 Cc 8 (117) 121

Hll R 51 52 56

Il T ] 318 (42) 341

Hilmoe T ] 359 (36) 368

Hine D C 159 (73a) 161 (44 73a)
164 (731) 182 (43) 183 184 (73a)
192 193

Hrd F J R 267 309

Hprre A 261 (16) 262

Hobbs C S 323 (105) 343

Hobson Q §J G 292 (30) 308

Hoch F 1 212 (90) 215 (45 90)
230 232

Hodge H C 329 332 (106) 341 343

Hodglun D C 180 (164) 196

Hoekstra W G 161 (74) 162 (74)
193

Hoffmann C E 181 (76) 193

Hofmeister F 365 (17) 368

Hogin A G 252 (35) 262

Hogness T R 371 (38) 387

Holdsworth E S 180 (57) 192

Holm A 150 (45) 192

Holm G C 168 (48} 192 3%4 (4)
386

Holmbery, C G 21 (57) 22 (58) 38
74 (69 70) 75 120 205 (46) 230

Holly O M 31 (42) 356

Holly R G 44 (55) 56

Hood J C 315 (98a) 312

Hoplirk C S M 209 (20) 230

Horecker B L 371 387

Horn M J 332 (18) 368






AUTIOR INDEX

heener 1 A 156 (84) 173 176 (86)
179 (S6) 193

kehoe R A 79 120 237 239 (39)
263 371 357

hederhng W77 (68) 79 (68) 120

Reln D 60 (75) 63 (93) 74 180
121 205 231

Reth T B 246 (40) 263

Remmerer A R 46 (28) 55 110
(54) 119 233 241 (41} 263

Remp T' H 337 (41) 341

Rendill C C 266 309

Rennww E 1 375 (1) 386

hennedy M H 349 (40) 351 (20)
368

Rennedy R P30 (62) 56

Rennedy T H 304 (53) 305 309

Fent N L 175 (87) 193 200 201
203 249 261 263 378 {41) 387

Rent Jones D W 379 (23) 387

Reppel D M 189 (154) 195

Rick C 1 318 (42) 341

fdder R W 114 (76) 120

Ndson T B 143 (32) 145

Killham B J 154 (16) 191

Kmmkel HH G 275 (59) 277 (59) 278
{59) 309

kg T ] 290 (115) 311 383 (42
43 63) 3%4 (43) 387 388

Ring ] A 43 (22) 55

Rms R P 148 (103) 194

Rinney T D 34 (34) 55

Rmser C A 327 (65) 333 (64) 341

Kich E R 37 (8) 55

Rukpatneh I F W 29 56

Kln G 337 (1) 340

Klewmbery W 178 (88) 193

Misby K H 306 (92) 310

Ropper A 22 (69) 25 (69) 56

Klosterman E W 168 (48) 192

Kug B L 350 (24) 355 356 (18
23 24) 362 (23) 368

Rnutson J W 329 (16) 331 (5 43)
333 (43) 340 341

Roch B A 149 (139) 158 (139) 159
193 195

Roelsch F 202 (20) 203

Rolthoff 1 M 269 310

Ron § K 183 180 (34 57) 181 (59)
189 (72) 192 193

Ronmshy  F
{1372) 180 (137’\) 195
Rovacs Oskaloz M 325 (83) 342
Rrwse A C 71 (133) 122 235
KRrebs § A 60 (77) 78 120
Krsshnamurti 'V 335 (94) 337 (¢
312
Roshnaswamy N 323 (105) 343
knss ] P 168 193
Rubowitz I GO (78} 120
Kuchel R E 166 194
Ruchl T A 1BO (27) 191
huhn R 26 56
huhen kA 227 (74) 231
Runkel H G 82 (3) 86 (3) 87 118

Ropzis § 297 309
I
Lahey M E 22 (69) 23 25 (69)

56 75 {79) 78 80 (80) 8l (80)
82 (79) 90 (80) 91 (80) 93 (63)
94 (63 80) 95 (80) 120

Ludlw ] C 278 309

Lagha L 188 (131) 195

Lakin H W 957 (25) 383 (59) 368
369

Lamb A R 319 (32) 340

Lampl F 89 (60) 120

Lampson G P 356 (23) 362 (23)
368

Lancaster H O 18 (128) 19 (128)
20 (128) 58

Landauer W 253 (43) 263

Lantz E M 334 (97) 335 342

Iardy H A 354 (39) 366 (39) 368

Largent E J 325 (50) 328 341

Larson E ] 227 231

Lasley E L 168 (46) 192

Laufberger V26 56

Laurell G B 21 (57) 22 (56 67 69
98) 24 25 (69) 56 57 74 {69 70)
75 120

Lawrence & O 34 (44} 356

Lawrenz M 313 322 (47) 323 (43)
327 (48) 328 (46) 341

Leary D C 276 (47) 309

Leblond C P 288 (62)
291 (38 63) 309

Lechartier G 20% (53) 231

290 (62)



e

Lee H J 70 (87) 90 (100) 92 (99)
101 (98) 108 (97 100) 114 (97)
121 149 (105) 152 (90) 153 (90)
155 156 157 158 159 (104 105)
160 166 171 (107) 193 194

Leeper G W 235 (44) 263

Legnp ] 147 (93) 194

Lehman K B 201 203

Lehr J J 248 (31) 262

Lemer G 210 (54) 231

Lemer M 210 (54) 231

Letch 1 279 295 297 298 299 (79)
303 (79) 310

Lemmel L 370 (66) 388

Lenhart C H 272 273 310

Lerman L 382 (44) 387

Leslie A 38 (3) 54

Lesne E 73 80 (81) 120

Lester Sruth E 180 (164) 196

Leverton R M 39 (70) 56 88 (83)
111 (83) 120

Levin M H 38 (3) 54

Levime H 294 309

Levime V E 80 (118) 82 (117) 121
233 (45) 263 350 (28) 368

Levy H 21 (99) 57

Levy § 177 {94) 194

Lewis A H 105 (58) 119 123 (27)
132 (27) 133 (27 33) 134 (27}
145

Lewss G 70 (81) I20

Lewis H B 355 (27 49) 365 (15),
368 369

Lewis H D 215 (55 89) 216 (55)
231

Lewis R C 92 (132) 122 275 (66)

276
309
Lewis

277 (65 67) 279 (67) 280

S J 371 387

Lewis U J 180 (95) 181 (95) 19f

Libecap I L 270 (68) 309

Lichtensten B W 99 (74) 120

Lichtman H 189 (96) 194

Liebscher W 73 (85) 120

ILike R D 347 (53) 369

Lindabl T L 164 (123)
(21} 387

Lindow C W 62 (87) 63 66 112
(86) 120 233 (46) 236 (47) 237
(47) 263

194 383

AUTHOR INDEX

Lindquist J G 238 (2) 239 (2) 262

Lindsay F 337 (1) 340

Lies E W 101 (101) 121 148 (97)
151 154 (109) 194

Linsman J F 337 (48a) 341

Lipman C B 205 (81) 231 377 (10)
383 (46) 386 387

Latt T 28 (4) 54

Livingood, J T 222 (17) 230

Lockwood H C 326 (57) 341

Long ] F 275 (69) 310

Loosh J K 154 (138) 156 (21) 158
(21)" 159 (21 61) 161 (61) 191
193 195

Lorenzen E T 63 (88) 66 120 237
(48) 263

Lowater F 327 (29) 340 385 387

Lowe R C 36 (48) 56

Lowinger § 188 (131) 195

Lozmshi E 110 (139) 122

Luecke R W 72 (89) 120 174 (98)
194

Lundegardh H 4 (12) 11

Lutje 118

Lutz R E 204 (65) 206 (56) 207
208 209 (56) 210 231

Lyman C M 275 (59) 277 (50) 278
(59) 309

Lyon D M 379 (2) 308

Lyons M 234 (49) 236 (36) 240
252 (37) 253 254 255 (36) 262
263

M

Maas A R 92 (90) 120

McCaffrey 1 329 (7) 332 (7) 340

Macallum A B 26 57

McCance R A 16 (131) 19 (130)
33 38 (74 75) 41 (76 77} 42 (77)
44 (126) 45 (126) &7 58 175
(87) 193 200 201 203 225 (57)
226 (57) 231 249 261 263 378
(41) 387

McCarnison R 233 {50) 263 305 310

McCarthy M A 246 (40) 263

AMcClellan G N 34 (20) 55

McClendon ¥ ] 813 341

McClendon J F 300 (74) 310

McClure F ] 295 310 314 (55)
318 (56) 326 327 329 330 331
333 340 341 343



AUTHIOR INDLX

220 (33)
(55 63)
263 313

McCollum E V219 (35)
231 (33) 230 233 211
242 (63) 245 (65) 246
342

McConnell & P 361 (28)
368

McCoy € NI 332 (87) 312

MacDermott P N 110 (139) 122

McDonald 1 W 90 (100) 92 (99)
100 (101) 108 (100) I21 151
(109) 154 (109) 165 165 (1101)
71 (107) 194

McDongall E 119 (78) 47 (78) 57
68 (102) 80 (50) 119 121

363 (28)

McElroy W D 124 (39) 141 (39)
145
McFulme W D 32 57 03 (142)
122

McGinms ] 189 (111) 194

McGowan | P 44 57

McHargue § S 59 121 197 203 205
231 2337(51) 234 (52) 239 (66)
263 374 378 399

Machehocuf M 147 191 197 (4) 198
201 (4) 202

Machle W 325 (50 51) 328 331
(51) 311

Maclntie W H 314 (52) 323 (105)
31 3

Mclntosh 1 G 209 (20) 226 (41)
230 .

Mchay T 334 342

Mchay T' S 330 (67) 342

Mackenze C G 269 (7) 305 (7)
308

Mackenme J B 269 (7) 305 (7)
308

Mackey ¥ A1 114 (64) 1920

Mchabbin ] M 208 (43) 230

Maclagan N F 290 (77) 310

McMillan T J 39 (70) 56

MacMunn C A 5 (2) 11 13 57

McMurray C A 337 (48a) 341

McNaught K ] 47 (81) 57 121 155
(1) 171 194

McQuame L B 141 (35) 145

Mgl’;?’bext G R 335 (91) 337 (94)

Macy I G 223 (83) 231

Maddox D 52 (109) 57

411

Abler H RO13 (82) 57 60 (91)
)

Muden A M 379 (23} 3%7

Mayunmdw B N 318 323 (53) 341

Malthar M C 249 (5) 262

Mallony F B 117 121

Mann I' B 276 (47) 309

Mann T 60 (75) 63 (93) 74 120
121 205 231

Mapson L W 186 (99) 19f

Manne D 272 273 303 310 381 (2)
3%6

Marrack D 24 (48) 56

Marsh M 209 (29) 223 (28) 230

Maston H R 63 (95) 70 (97) 80
00 (100} 92 (99) 93 94 96 (93)
101 (98 101) 102 (96) 103 108
114 (97) 121 139 140 (34) 145
148 (100 103) 149 (103) 151 152
154 155 156 (102 104) 157 158
159 160 166 (102) 167 (101) 171
175 (102) 194

Martin | H 236 (36) 252 (37) 255
(38) 262

Martim A 198 (14) 203

Mascherpa P 175 (110) 194

Mason E M 296 (117) 311

Mason \ ] 38 (47) 387

Matthews F P 44 (24) 55

Matthews N L 292 (24) 308

Maurer T 270 (72) 310

Myer D T 287 (14) 308

Myer | 101 (141) 122

Mayfield O ] 374 (49) 387

Maynard L A 242 (4) 262

Mazur A 28 (4 5 84) 5¢ 57

Mcdigreceane F 233 262

Medlicott M 90 (130 131) 122 241
(69) 242 (69) 243 (69) 244 (89)
245 (69) 263

Mendel L B 5 (11) II 204 (59)
205 230 231

Mendive J R 213 (76) 231

Menedy G R 36 (48) 56

Metz D 28 (4) 54

Metzger M 375 38%

Meunch F 18 (88) 57

Michaehs L 26 27 (45) 56 57 177
(114) 194

Michand L. 92 (90) 120



412

Mlan D F 18 (88) 57

Mller G F 370 (65) 388

Mller J T 358 368

Midler R C 14 (110} 57 246 (40)
263

Miller W T 361 (30) 364 368

Mlls C F 85 I21

Mills E § 111 (107) 121

Mine H I 68 (142) 122

Milne M D 290 (115) 311

Mmot A § 233 (57) 259 (58) 263

Mitchell H H 285 310 313 (44)
319 (68) 321 322 (47) 323 327
(48 65) 328 (46) 332 (69) 340
341 342

Mitchell R L 70 (133) 122 156
(125) 157 (125) 161 (125 148)
172 194 195 201 203

Mohamed M S 256 (53) 263

Momuddin M 174 (115) 194

Mokragnatz M 197 (4) 201 (4) 202

Momer Willams G W 111 (40) 119
201 (13 16a) 203 228 {60) 231
249 (54) 263 298 310 373 (39
77) 387 388

Monroe D 53 (114) 58

Monroe R A 129 (49) 146

Montgomery M L 175 (116) 194
225 (61 79) 231

Moore C V 34 (26) 38 (27) 55

Moore C W E 144 (23) 145

Moore H O 29 (89) 57 101 (101)
121

Morehouse N F 374 (48 49} 387

Morrow Kk § 173 (85) 176 (88)
179 (88) 193

Morton M E 381 (56) 388

Morton R A 71 (135) 122 210 (11
13) 211 (12 13) 212 (12 13) 229
235 (24) 236 237 240 262

Moss § 135 (48) 146

Motukky A G 69 (2) 80 (2) 92
(2) 95 (2) 96 (2) 101 (2) 118

Moule G R 320 (70) 343

Movon A L 344 (21 31) 345 346
347 348 349 (35 37 44) 350 (24)
352 (2 33) 354 (39) 355 356 (23
24 32 37 38 46) 357 338 359 (19
36 37) 361 (37) 362 (23 31 35)
363 364 365 366 (39) 367 368
369

AUTHOR INDEX

Moyer A W 189 (154) I95

Mueller A J 33 55 72 77 (35) 119

Mur W R 132 (36) 145

Mulder E G 124 (37) 145

Mulford D ] 177 (66) 178 (66)
193

Mull ] W 371 387

Muller R 376 387 388

Munsell H E 349 (40) 368

Murata K 217 231 238 (60) 239
(60) 263

Mumzne D 101 (101) 121 151
(109) 154 (109) 194

Murray M M 327 (29) 340 385 387

Myers V C 371 387

Mynant N B 200 (77) 310

N
Nadler S B 293 (111) 31!
Nalamura H 148 191 233 (10) 262
Nalder M 223 (83) 231
Nason A 124 (38 39) 141 (39) 145
Nayar A S M 335 (94) 337 (94)
342

Neal W M 60 I21 150 (45) 152
(117) 192 194
Nelson ] E 214 (38) 215 (39) 230

Nelson V E 227 (85) 231

Neufeld A H 379 (51) 387

Nicholas D J D 124 (38 39) 141
(39) 143

Nicholsen J A
262

Nielands | B 136 (40) 145

Nielsen A L 77 78 79 121

Nishimura H 208 208 (62) 219 (62)
820 (G") 202 231

Nonour A | 290 (77) 310

Normann A 201 203

Noms L C 234 (79) 237 (26) 240
251 252 (17) 254 (79 80) 255
(28) 256 (28) 257 (17) 258 (17
18) 261 (28) 262 264

Norton H W 374 (11) 386

Nottle M C 384 {52) 387

o
Ocherse T 329 (74) 335 (74) 337
(72 73) 342
OConnor D 278 (33) 308
O Connor R 346 (57a) 369

239 (12) 261 (12)



AUTHOR INDEX

Oz W € 150 (45) 102

Ohlmeyer P 197 (17) 203

Ohfson P 115 (17) 118

Oleese O 186 (118) 191

Olecon J § 123 (42) 124 (42) 140
(42) M1 (42) 192 (42) 146

Okon O T' 316 (34) 352 (41) 353
351 (39) 336 (16 38) 837 (31)
358 (31) 359 (36) 366 (39) 868

Orent I' R 233 241 (55) 263

Orent hetles T 378 (53) 357

Or J B 53 (21) §5 111 (40) 119
150 (15) 192 279 295 207 208
299 (79) 303 (79) 310

Orten J M 177 (2% 94) 178 (119)
191 19¢
Osmond A 299 (80) 310

Oswnld A 266 273 310

Ots L 16 (93) 52 (109) &7
Ot W H 183 (120) 191
Overton D E 332 (91) 342
Owen E C 152 191 378 357
Ovenugza VA 153 (143) 195

r

Page ] L 170 (26) 191

Pamter £ P 345 351 (42) 352 (33)
334 338 359 (43) 364 368 369

Palmer WV W 273 (41) 309

Pandit C G 335 (94) 337 (94) 342

Tapsh | 2 11

Parker F 117 (92) 121

Parther H L 204 (83) 205 (83) 310

Pateh A J Jr 49 56

Paterson § C S 24 (48) 56

Patton A R 256 (78) 264 305 (114)
311 383 (55) 388

Patwardhan, V N 198 199 (18) 200
202 (18) 203

Paulas R 173 194

Paveeh C L 177 (66) 178 (66) 193

Peacock W 36 (48) 56

Pearson P B 184 (123) 186 (118)
194

Tegler H T 180 (34) 192

Peg;e A W 316 (75) 320 335 (76)

2

Pence J W 384 (4) 386

Pendborg E V318 (8) 340
Pendborg j J 318 (8) 340

413

Pengrr M 355 (22) 368

Penquite R 261 (34) 262

Perenal G P 156 (81) 173 (85)
176 (86) 179 (86) 193

Tento J 175 (110) 194

Perkin M T 197 {10} 203

Perlman 1 381 (58) 388

Perry R 315 (3) 324 (3) 3#0

Peters ] D 271 276 (47) 809 310

Petersen D T 350 (24) 356 (24)
368

Peterson ] W 112 (86) 120

Peterson R E 31 57

Peterson W H 32 55 62 (87) 63
(87) 66 (87) 120 233 (48 67)
236 (47) 237 (47) 249 250 (56)
263

Plesfler C C 377 (57) 379 (57) 388

Phiffncr ] ] 180 (124) 181 (124)
194

Phehtak § S 198 199 (18) 200 202
{18) 2n3

Plollps P H 156 (1261) 159 (63)
161 (68 74) 162 (74) 184 (68)
171 (63) 174 (115) 193 194 195
208 (37) 214 (37) 230 237 (29)
239 (7) 242 (13) 245 (7 13) 246
(13) 247 (7 33) 262 313 315
(80) 318 (42) 319 (36 77) 324
325 (78) 338 (82) 339 340 341
342

Phillipson A T 156 (125) 157 (125)
161 (125) 172 194

Phipard T F 353 (114) 58

Pickworth | 180 (164) I96

Pimosch H 234 (20) 240 (20) 262

Piper C § 234 (52) 263

Pitt Rivers R 266 274 (40) 278 308
308

Plant W 144 (41) 145

Plum C M 318 (8) 340

Plumer M 31( 31) 33 (31) 55

Plummer H § 293 310

Pochin E E 290 (77 86) 310

Poley W E 348 (9) 349 (35 44)
362 (35) 363 367 368 369

Pollaich A 286 (101) 311

Pope A L 136 (126a) 159 (68)
161 (68 74) 162 (74) 161 (68)
174 (115) 193 194 195



414

AUTHOR INDEN
Porter j1 87 (109,) 121 Recorg P 280 (113) 311 318
Porter Jwe 161 (126) 163 (42) 341
(126) 180 (34 57) 181 (59) 190 Reed
192 194

$ 209 (66) o237
Reid g 328 (86) 340

Potter R L 352 (33) 304 (33)
Potter v R (19) ;

280 (90) 294 (48)
4 45 356 (24) 367 309 319
368 g 371 388

Remhary L (99) 57
Powell JF 35 (95) 52 55 57 Reitsmy P 105 (21 118 193 (12)
Prey ot J 265 (87) 310 134 (12) 145
Priddle Hp 43 (22) 55 Reitzler W gs (118) 87 191
Pritcharg E A 125 (26) 129 (26) eMington R L 29y (64) 298 309
133 (26) 145 310
Prosen R ¢ 180 (164) 196 Restarsly Is 332 (87) 342
Proyaso) L 181 {76) 193 Rhiap M o344 (21) 346 347 {37,
ppel I p 292 (24) 308 349 (37) 355 (37) 356 (37 38 46)
quqesz B 303 (83) 342 359 (19 37} 361 {37) 363 (37) 365
Puryes Hp 304 (58) 305 309 (17) 368 369
Richarg R v 174 (70) 193
Q Richards o E 38 3
Quaclenbush F w 204 (32 83) 295 Rxsg;.rds M B 233 (59) 261 (59)
) 308 310 3

Quastel JH agy (59) ass Rlchardson J D 315 (3) 324 (3)
Quinlan Watson F '3y (63) 23 340

leenbe") T H 186 (118) 194 Rickert p A 13 (962) 57 123 (44)

124 (44) 140 (44) 141 (44 50)
R 142 (43 144 145
Richter cp 306 (92) 310
Raben M s 291 310 Richter O 383 (63) 388
Raganathy, S 393 342 Rickes I L 149 (1374) 159 (1372)
aghivachay, TNSs 335 (94) 337 5

1
180 (137’1) 185 (199 19,
(94) 342 Rife p C 275 (69) 310
I(alexgh G J 383 (60) 338 Rige T 143 (23) 145 150 (127) 195
Ralston NP 275 (66) 276 277 (67) Riggs p S 382 (62) 388
279 (67) ogp 309 lem.,"ton C 17 (97) 57 60 (111a)
R'lmage H 4 (12) 14 147 (47 135) 127
192" 195 376 (61) 388 Risch v 273 (82) 319
Ramasarm, G B 164 (136) 182 195

Hmenberg D 17 (10) 29 (51) 55
Rao D g 335 (94) 337 (94) 340 56
04 {64) 231

4 195

Raoult p B/ Robbing ¥ J 181 (128) 195
Raper g S 100 (110) 121 Roberts 291 (51) 309
Pport D 987 (15) a0g

Roberts Ly 3 (70) 56
Rapport g L 275 (89) o77 (89) 319 Roberts C 280 (50) 203 {50)
Rath ¢ 22 (69) a3 25 (69) g9 299 309
(96) 34 (34) 55 56 57

Roberts g E 319 (28) 305 (28) 340
Raulip J 204 231 Robertson J H 180 (164) 198
Raveno W s 339 (85) 340 Robinson R 339 (88) 340
Ry ¢ 202

Robunsop, g 213 (69) 231
Ray s N 156 (126a) 195 318 (53a) J
323 (53) 341

Reimap C K o33 (57) 259 (58) 263
14 (19) 118 E



AUTHOR INDLX

Robmson W L 163 (46) 192

Robmson W O 344 (47) 345 (47)
353 369 370 (63) 376 (64) 359

Roholm k315 338 342

Rollins W C 277 (18) 303

Romwoff A ] 218 231 280 (93)
325 (83) 310

Rommoff A L
325 (83) 310

Root W S 176 (611) 177 (611) 193

Rosenblat A 233 (11) 262

Rowenblum 1 273 (99) 310

Rosenheim A H 339 (89) 342

Noss D A 254 310

Ross J I' 33 55

Rosster R C 157 (129) 195

Rothery, P 150 (130) 195

Rotteer H 73 (112) 78 79 121

Roushton T ] W 213 (68 69 70)
214 (22) 230 231

Rubbo § D 240 (1) 262

218 231 250 (93)

Rupel T W 174 (8) 176 (G4) 191
193

Rusoff L. L 61 62 (113) 121 147
{133} 195

Russl A L 330 (90) 342

Russell T C 96 (114) 121 298 299
{95) 310

Rusznyh § 188 (131) 195

Ruth W A 322 (47) 327 (48) 341

Rygh O 376 385 38%

S

Sibin T R 94 (115) 122

Sacks A 80 (116) 82 (117) 121

Sadaswan V228 231

Salter W T 271 (96 97) 272 (96)
274 (96) 275 (96 98 99) 277 (96)
279 290 (96) 291 (51) 296 (96}
309 310

Samuel C 234 (52) 263

Sandberg M 31 (42) 56

Sandell T B 269 310

Sarkanv T 336 (2) 340

Sato M 217 231 238 (60) 239 (60)
263

Schade A L 21 (99) 22 (98) 57
177 (30} 178 (29) 191

Schaefer A E 354 (39) 366 (39)
368

415

251
256
262

Schuble P J 237 (62) 247 (62}
(62) 234 (B2) 255 (30 62)
(61 62) 257 (B2) 258 (62)
263

Schaper 118

Sehrrer K 378 (69) 339

Scheele € W 233 263

Schefler T 293 310

Scherd H T 182 183 (132) 195

Schlesinger T' R 332 (91) 312

Schneider W C 371 398

Schoenng H W 361 369

Schrether NI 174 (36) 192

Schropp W 376 (63) 353

Schmhert C 86 (118) 87 121

Schubmehl Q D 178 (158) 195

Schultz J 353 (27 49) 369

Schultz K C A 96 (119) 99 (119)
121

Schultze M O 17 (100) 46 57 66
6% (122) 80 (123) 85 (124) 86
{124) 92 94 (121) 105 (121) 109
(125) 121 186 (133) 189 (133)
195 227 (73 71) 231

Schwab R § 284 310

Schwartz S O 42 (102) 57

Schweicert B S 182 183 (132) 195

Scott D A 209 (75) 213 {76) 231

Scott E W 325 (50 51) 328 (50)
331 (51) 341

Scott T M 44 (103) 57

Scott M 373 (32) 375 (32) 3%7

Scoulwr F I 107 (126) 122 169 (69)
176 193 201 203 223 (77) 231
371 388

Seaber WV 376 (70) 388

Seanight W V346 (34) 357 (34)
358 (34) 368

Scbrell W H Jr
(134) 182 (134)
(131) 195

Seli § 374 (70a) 388

Sen R C 318 (53:) 311

Sura J A 212 (78) 231

Severy H C 204 (10) 229

Shalar M H 71 (135) 122 210 (13)
211 (13) 212 (13) 229

Sharpless G R 313 323 342 375

179 (134) 181
188 (131) 190



416

133
Shay,

SI)aXPIess NEp 125 (26) 129 (26)
(26) 45

J H 242 (13) 245 (13) 246

) 262

Sheal) 4 60 (105') 21 150 (45)
192

Shearg 200 202

hearey G 99 ¢ 74) 120
e ] C ggs 311

Sheldon I u 4 (12) 11 147 (135)
195 237 (64 263 376 (61) 388
Sbelme G g 175 116) 194 225
(61 79), 231

hemin 17 (10) 20 (51) 85 5p

Sheng, 164 (133) 182 195

Sheppard W' 34 (o) 55

8] €Iman 52 (105) 53 57 167
(75) 193

Shils ME 241 (65) 242 (65) 245
(65) 248 263

Shyye 7 (89) 388

SIxoden 26 {39) 27 (106) 29
(108) 85 57

Shorkmd 150 (67) 193 370
(72) 388

Shory E g3 {4 5 84) 54 57

Shorte H g 335 (94) 337 349

Shoure K p 5) 349

329 (g,
sbury o L 272 (3) 308
209 (33) 230

Stenz Af
Sunensen 175 { 137) 195

nger g, (33) (32) 87 (32)
88 (32) 01 (3 127) 9 12
136 (14) 145

S]OHema B gp 10 ( 128} 122

Sheets 0 47 (107) 51 {107y 57

Slqdmm’e E 219 (25) 21 (25)
230

Shinnep J » 233 (67) 249 250 (56)
259 (66) 263 374 378 388

loan Aw 19 (39) 55

Smith AR 379 380 (88) 368

Smith A M 152 (40) 192

Smugh E ¢ 179 (79) 193

Smuh E I 49 (1373) 159 (137,)
170 (26) 180 (137a) 195

Smuth Hy 327 (98) 334 (97) 342

Smuth § g 6 (108) 5,

Smuth 3y (

AUHIOR NpEY

Snugpy Mp 325 (34) 328 327 (34
35) 328 340 347

Snuth, Moy 347 (53) 355 358 359
(54) 363 (54) 364 (54) 365 (54)
366 (51) 367 369 391 (7) 398

Smuty, T 159 (108) 194

Smath s 63 88) 66 g (13
131) 99 101 (1 9) 120 122 149
(139) 154 3 8 (21 158 159 161
(61) 163 (19) 176 (20) 77 (20)
179 (20} 197 193 195 237 211
236 (21) 237 (48 68) 38 (63)
241 (gg 69) o049 (69) 43 (g8
69) 244 (69) 245 (69) (68)
262 263

Smy ¢, Cvy 14 (110) 57
Snoo}, C 315 (98&) 349
Soffer L ] 28 (101 317
Sognmes R p 328 (99) 342
Sohm H 4 233 (45) 263
Sammer AL 205 (8 ) 231 377 (10)
383 (75) 6 358
Son]o K 4 (76) 388
Surense 26 (64) 6
Spaldip, 9 (23) 387
peck 197 (19) 203

Spectoy 2 (90) 120
Peers pg 2 (109) 5
Pence 4y 307 (102) 311

Sperhng G 249 (4) 262
Petzer 177 (80) 1

Spinks Jw 170 (130) 195

Spira 337 (100)

Spray ¢ gy 15 (1a2) "1y (132) 59
62 122 206 (82) 208 (82)"
(82) 211 (82) 31 239

Sprinseg Dy 381 (9, 386

Stanbyy,, J B gg9 (19) 30, (103)
311

Stantia] gy 383 (43) 4 (43) 557

Stare ] 143 178 338 (82)
339 (82) 342

Stark @ N 159 (61) 141 (81) 795

Stebbyng A 181 (128) 4

teenboey H 5 (9) 13 44 (49) 45
(49) 56 59 (68) g2 (87) 63 (87)
56 (87) ‘gp %5) 1157 7 L9
120 934 236 (47) 5 241
75) 263



AUTHOR INDCN

Stan H B 92 {132) 122

Stemberg R A 123 (43) 146

Stewbruck R 373 (77) 388

Stankamp R C 34 (20} 55

Steinhoemg L. A 370 (65) 338

Stephens G A 202 (20) 203

Stern A 223 (83) 231

Stevens A R 29 {111) 58

Stewart ] 70 (133) 122 155 163
{141} 195 239 (12) 261 {12) 262

Stewart W B 35 (112) 36 (112) 37
(112) 58

Stebelng H K 51 53 §8

Stmer O 303 311

Swn I E 100 (134) 122 209 (84)
219 (84) 220 (61) 223 (84) 231

Stocks P 283 285 31

Stohlmwm I T 347 (53) 355 359
(54) 363 (51) 3G4 (54) 365 (54)
369

Stokstad L L R 181 (78) 190 (81)
193

Storey, R\ 79 (74a) 120 237 (39)
239 (39) 263 371 (40a) 387

Stotz £ 350 (7) 367 171 (36) 387

Stout P R 123 (2) 14%

Straub ] 336 (2) 340

Strauss M B 20 (133) 42 (115) 58

Strean L P 333 (101) 343

Strect H R 372 (78) 388

Strong F M 136 (40) 145

Strugha L. 164 (123) 194

Stuart T P A 200 (21) 203

Stubbs A L 71 (135) 122 210 (13)
211 {13) 212 (13) 299

Stuse G 77 (68) 79 (68) I20

Sturm A 270 (108) 311

Sugas R 107 (22) 203

Sullnan J 269 (7) 305 (7) 308

Sutherland A K 88 (67) I20

Sutherland L 180 (164) 196

Sutton W R 227 (85) 23!

Swanson R E 275 (23) 308
Swart 1 § 96 (119) 99 (118) 121

Sweeney A 346 (57a) 369
Swenseld M E 188 (142) 195

Swigle X F 384 388

Seep E 373 {80) 388

Szeverenyn E 336 (2) 340

417

T

Taboury \M 346 (55) 369

Tibot ] H 213 (69) 231

Tappw D V180 (95) 181 (95)
191

Tanber F W 71 (135) 122 235 263

Tauwrog A 275 (109) 278 3I1

Tuylor R T 156 (38) 175 (38) 192

Tylor § G 293 (111) 311

Teague H S 95 (136) 109 122

Tepperman ] 141 (50) 146

Terest J D 129 (18) 140 142 (46)
116 378 (81) 388

Ter Meulen H 123 (47) 143 146

Theobald G W 20 (133) 58

Thnolle L 21 (36) 55

Thomas A W 167 {753) 193

Thomas B 153 (143) 195

Thomas B ¥ 47 (118) 58 73 (85)
120

Thomas E D 34 (34) 55

Thomas J W 135 (48) 146

Thom1is B G 101 (101) 121 151
(109) 154 (109) 194

‘Thompson A 153 (143) 195

Thompson H M § 390 (4) 398

Thompson ] F 167 (144) 173 192
195

Thompson ] G 314 (52) 341

Thompson P Kk 209 (29) 230 293
(1) 3i1

Thompson R B 188 (131) 195

Thompson W O 293 311

Thornley R k249 (71) 263

Thorp W T § 246 (40) 263

Thorvaldson T 359 (56) 369

Tmm F 376 (82) 388

Tius H W 253 (15) 262

Todd A R 180 (164) 196

Todd W R 205 219 {66) 220 (86)
231

Tompsett § L 32 37 (118) 58 82
107 111 (137) 122

Toen R W 188 (145) 195

Toste J 161 (146) 195

Toth k336 (2) 340

Totter J R 129 (49) 146

Toverud R V 42 (115) 58

Towery B T 265 (87) 310

Townsend W C 187 (32) 191



(105) 343
Venn J 33 44 (120)
(51) 3
Ar 267 30, Venas 1 (35) 145
Teblooq IS (164) 195 Ventum S 29 (69) 25 (69) 58
Tull) w 348 4) 367 368 Veshl Car 72 (3) 308
Tupper 212 (g ) 219 (87) 237 Vmogradm Ap 368
Tur), Ky 149 (13 158( 9 VhLIesco R 209 (8) 229
195 Voﬂer JF 332 (106) 343
er w (90) 310 \’oIlerﬂ A 286 (101)
Tu)'ma 23 (44) 263 von BI:ugn n g 379 387
T)sIow:tz R 969 (7) 305 (7) g Yon Fell,, bex[; T 29, 297 308
‘on g Itz H 994 ( 298 (g
309 310
H 3 9 ¢ 83) 381 386 388 Vosburgh J 20 (32)
Ulrep, F 1.
Mingst j (12) 386
Undenmod

Walsp, T 345 (57a) 369
v “almer I\"tral) 1

V'xblqulst B )9 (124) 24 59 2 148 151 17, 195
Vallee B 77 78 82 (140) 122 u-mdmar B 88 (142) 19,
212 (90) 214 215 (39 45 g9 90) 1ngcnst0en [e]

230 237 232

Y dop Mery,

2

Watsan
S N 332 (106) 343 132 (27) 34 27) 145
Doory \httl\ampf H Wags g W E 212 (87) 87)

55



AUTIIOR TNDEX

Webder H D 170 (157) 174 (157)
196

Weeks M H 273 (112) 311

VWemer C R 20 {23) 55

Wal ] 350 (6) 367

Vemer B 187 192

Wer ] B 315 (3) 321 (3) 3f0

Wer W C 156 (1264) 195

Welch A D157 (23) 189 (96) 197
191

Wemer T 352 (87) 398

We terficdd W W13 (96+) 57 123
(41) 124 (41) 140 (44) 141 (44
50) 142 (43 53) 113 146

Wetfall B B 338 339 (51) 363
(51) 364 (51) 363 (51) 366 (51)
367 369 391 (7) 393

Wheeler S S 47 (116) 5%

Whipple © H 13 20 (51) 32 3%
(44) 56 55

White J € 180 (164) 196

Whte P 1101 (141) 122

White § N 359 (36) 363

Whitehead T 1 359 (36) 36%

Whitchouse D B 231 (3) 262

Whitng R A 44 (21) 55

Wistney 1 B 129 (19) 146

Waddowson T M 15 18 (131 132)
19 (130) 20 (133) 33 38 (74 75)
41 (76 T7) 42 (77) 44 (126) 45
{126) 57 55 62 122 206 (82 94)
208 (52) 209 (82) 211 (82) 225
(57) 226 (57) 231 232

Wiese A € 252 (76) 256 (76) 259
260 (77) 263 264

Yaomms 1T S 24 (45) 56

Mogman W B 372 (12) 386

Wilberg C 168 (160) 196

Wilder O B A 280 (113) 311 318
(42) 341

Wilder W 318 (42) 341

Wilges 1 § Jr 231 (79) 251 (80)
§?4 (80) 256 (78) 264 303 (114)

1

Wikerson VA 68 (142) 122

Willams ] 339 (109) 313

Willams ] H 123 (42) 124 (42)
140 (42) 141 (42) 142 (42) 146

Willams & T 357 (25 58) 361 (30)
363 (59) 368 369

419

Willlims R J I 8 11

Wallnms W L 186 (82) 193

Walllams W W 272 (71) 273 (71)
310

Wilson H C 332 (106) 313

Wandle W T 41 (83) 57

Wannek P § 379 380 (83) 383

Wntertherg § H 314 (52) 311

Wintrobe M M 22 (96) 23 24 (48)
25 (69) 31 (16) 55 56 69 (143)
74 (113) 75 (79 143) 77 (113) 78
(57 79) 80 (S0) 81 (80) 82 (27
79) 83 (143) 87 (27) 90 (80) 91
(80) 03 (28 63) 91 (63 80) 05
(80) 107 111 119 120 122

Wishart M 19 (39) 55

Wittsten A 377 (89) 389

Wolf D E 180 (27) 191

Wolf L K 72 (20) 118

Wood T R 178 (158) 196

Wood T R 149 (137<) 159 (1371)
180 (1372) 185 (120) 191 195

Wootton I D P 290 (115) 311

Wormall A 212 (87) 219 (87) 231

Wnght € 1 350 369

Wricht N C 2 II

Wnght W E 280 311

Wurher J 371 372 (12) 386 288

Y

Yamagucht § 177 (114) I94
Yates E D 381 (59) 188

Young M 296 311
Young R § 169 196
z

Zaleshs 30 58

Zbmden C 2 1I 147 (47) 192

Zelde K 16 (35) &5

Zmoffshy O 5 (15) I1 12 58

Ziphm 1 327 (110) 343

Zizme P T3 (82) 120

Zondek H 380 388

Zondeh S G 63 (23) 66 68 (23)
118 237 (14) 262

Zucher L M 186 (163) 189 (162)
196

Zucker T T 186 (163) 189 (162)
198

Zwerfach B W 28 (5) 54



SUBIEGY INppy

4 Pigles 4446

Acetso d 164 of pregnancy 19 9¢ 24 gg
Achlmhy 2 37 of Selenayp, pozsunmg 316 347
Achroma!:nchxa 99 108 137 Catmeng With copy, 68 175
Actin 271 of zipe tonc:ty 227 909

Agropyron Smuthy, ( \Vestem Whegt Anguly, Stomaygys 39-4p

8rass) 351, 358 Animg) Protey, factor 185 185

AIbummuna Annbmtms

EXCretion, 4 Opper ang on i gy action 4, Perniegy anemy 188
o 2ing 4y 216 225 996 anmg] Proter, Factoy and g
Aldolzse 212 oy Apo.’emtm 26 34
Alkaly disey 344 347, See a5 Appendncms 277
Selemum Apyrase 288
dmgnosxs 352 353 Arclndom tuberculata 147
Preveny,, nd tre'ztment 354 356 Sinise g 197 234 288 350
role of Onverte, Plangg 360 361 m Manganese deﬁczency 245 246
397 Arriprs truttq 65

Allange,, 141 ilie 26,9 356 374 375
lopecxa 99 101 7 210 220 Arseno 210 15 345
Iummurn 2 151 202 g 252 333 Btagon sm betueen selennym, an(
M anymar bssyeg and fy;qs 370 37, 355 356 376

b n heapyy, Imzard 372 effecy o8 growp, 373 374
2 plangs 370 n human foods mnd Nutrition 372
Alummum hydroude gel 379 thyro,q funcuon and g, 303 g7,
0 1erd onIe acq 356 37¢ 375
composmon Of globyy, 17 Ascidy, 234 385
E¥eretion M Wilson Uzmans disease Ascorbzc acd 177 338 See gl
87 umn ¢
mn tbvroglobulm 72 effect on Iron absorptzon 36 37

P Amxnobenzmc 2ed 1gq Ascorhy, acd Oudase "o,

Anem,, 12 375 Asperg:[lw‘ Miger lag 124 204
2plastie 24 83 A.ytragal 345 351 350 360 393 397
cobajt deh‘mency 154 164 Atayg 61 g9 242 254
Copper deﬁcxency 90 92 €A2004c g 81 9g 99
Molype Au eomy ¢, 1sg
hemg, hagie 17 39 168 A:atabacter 123 35
of nfancy, 4042
Of 1nfeq, 24 29 168
ron deﬁc:ency 9 39 40 54 90 93 Bacyyy,, coli 163 164

391 B m 2 19 5 376 386
Medltermnean 70 Basay Metah),
mi, 59 89 go 374 n relabop {0 thyro,q State g7y 281
f molypg fovery, 137 282 2gg
Pemicioys 23 3

to zine deﬁcxency 222
enzene 354

420



SUBJECT INDEX

Bert bent” 210 223
Beta culgans 353
Blnd staggers 345 316 350 360 <ce
also Selenmmum
Bile
everetion of cobalt 1 175
of copper n 86
of sron 1 38
of mangnese w236 259 960
of zinc m 225
1odine sn 270
Blinsbm 24
Biotin 221
Blood sce alco Plisma and Serum
alumtoum 10 371
arsemne - 374
bromine in 380 3381
cobalt n 4 170 173
copper content 4 7182
distibution of 7597
forms of 74
Temoglobin levcls 18 20
wdine total 274 275
won m 4 12
mwneanese in 4 239
molvbdenum in 127 129
nuickel i 199 200
selemum i 352 362 363
silicon 1 383
zne content 4 214
distnbution of 214
Baron 2 3 151 163
wm anwmal phyvsiolagy 377 378
in human foods and dictanes 378 379
n plants 377 395 396
Braz:l nuts banum content 376
Bromune 2 4 10 151
distnbution i plant and amimal tissucs
379 380
mental disease and 380 381
thyroid and 381 382
Bromobenzene 354 368
“Bush sickness 149 150 152
Butyne acd 164
Butyryl CoA dehydrogenase 60

C
Cadmum 356

Calcwm 2 84 95 151 323 336 392
deficrency 318

421

effect on 1odme requirements 296 304
on manganese fequirements 255
on perosis 231 251
Calewum Phosphorus ratia
effcct on manganese deficiency 241
255
Caleuh
siliccous unnary 391 385
xanthme renal 143
Calonigenic effect
of jodine and the thyrod 281 282
Carbohydrate metrbolism
role of the thyroid in 282
i zine deficicney 222
Carbonic anhydrase 8 205 212 221
distribution 213 214
in erythrocytes 215 216
functions of 213 214
zinc content 213
Carbovylise 197
Carcmoma 71
Catthise 13 15 21 350
actvity m copper defiiency 94 227
m ze toacity 227 228
Cereal grains boron m 377 378
bromune 1n 379
copper 1n 112 113
odine m 298 209
wwon 1 47
manganese 1 distnbution of 249 250
species differences 257 258
molybdenum n 143 144
nickel in 201
selemum  distribution w358
Ceruloplasmin 7475 82 87
Cesum 2
Chlorme 2 379 360
Chilean ntrate 208
Cholesteral 282 292

291 222

Choline
effect an cobalt polycythema 177
on peross 252

as source of methyl groups 189 190
Cholinesterase 350
Chromwm 2 8¢ 356 372
Coast disease 148 149 151
Cobalamm 180
Cobalt 2-4 6 810 47 136 227 336
3%
absorption 1nd excretion 175-176






SUBJECT INDEX

production n hypathyroidism 286
257
m mangarese deficreney 254

m selenosis 317
<clenium m 363
zme 203 219
Enthroporesis 90 92 94 sce also He
matopoiesis
effect of cobalt 151 163 177 178
Eschenchia coli 181 183 154
Enolase 212 335
Enzootic hematuria vesicals 124
Fnrootic martsmus 150
Euglena gracilis 181
Ethyvlencdiamine tetricetic nod
(EDTA) 77
Extnnsic factor 167
Eve tissues copper in 71 72
mangancse m 233
7ine in 210 212

F

Factor \” 186
“Falling disense
Ferntin 14 15
functions 26 29 31 36

relation to hemosidenin 26

structure 26
Flavin adenme dimncleotide 141
Flavoprotein enzymes 13 60 124 140

112

103-106

Flour wheiten
bromine 1n 379
copper content 112
won 1 51
selenium 1 359 367
as 4 source of manganese 249 251
zine 1n 224
Fluonme see also Fluorosis 2 151
in ammal tissues and flmds 317 323
325
effect on enzymes 331 338 339
as essential element 312 314
m human foods 326 327
11 human nutntion
normal 1ntakes 325 327
retention 327 328
in potable waters 314 315 325 326
329 330
m rock phosphates 315

423

removal from water 337
thyrodd and 339
Tluorosss
chromc endemie dental
levels of fluorine associated with
336-337
symptoms of 331 336
chromic endemie of livestock
dingnosis of 318 319
manfestations of 316-318
munmum harmful ittkes 319 323
sources of fluorine 314 318
industrial and fluototic osteasclerosis
337-338
Folie nerd 182 186 188 190 sec also
Pteroyl glutamie 1ad
Folmic aaad 190
Fulgur carica 204

G
Germanum 2
Globin 16 17
Glutamic aad 240
Glutathione 178 352
Glyeme 190
Gorter cabbage nd Brassica seed 304
307

endemic mcidence 267 268 302 390

influence of gortrogens 304 307
1odme treatment of 300 303
relation to food chowce 299 300
relation to 10dme wmntahes 5 6 263
292 296 300
symptoms 267 269 283-285
evophthalme 271 200 201
Gostrogens 265 303
distribution 1 foods 304 303
nature and mode of action of 305 307
practical dietary considerations 307
Gold 2
Graves diseise 290
)i
Hair arsenic i 373
copper 1n 63 64
effect of thyroid on 281 286.287
growth 1n copper deficiency 101
10dime in 270
loss 1n selenium toxicity 348-347
m zinc deficiency 220



Inl‘nnslc factoy 187
odine 244 7 10 217 339 390
absoxptwn 288 989

d;stnbuho the body 270 271
E¥eretron 290 292

fate Of 4

50, 289 290
LT antagomsm 339
functmns of og; 288
Umap ¢ 0ds ang dletanes 297 309
395
qulrernem: 292 296
pplementa on 390 303
the thyro,g 271 73
Ater 29 297
sal¢ 296 300 303
odoacenc a
' d, Clrzes 331
“lon, hig g
5 12 59 73 82
87 90 93 129 136 141 142
150 151 224 225 22 240 251
255 391
9,

er deﬁczenc; 101 103
ency,

229



SUBJFCT INDEX

1
Laccase 60 75
Lactthion tetany 239 261
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