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Preface

The T'ditors are pleased to present this seventeenth volume of Vitamins
and Hormones

It has never been easy to dehneate the boundaries of the field which
Vitamins and Hormones brings mnto review When this pubhcation was
founded 1n 1943 we had 1n mind the general philosophy that these predom
mantly small molecules which function respectively as controllers of metab-
olism and as integrators of the many functions of the orginmsm, have a
comparable role and should be studied m comparnson with one another
Gowland Hophins once referred to the vitamins as Exogenous Hormones,
and the recent discoveries pointing to the control of oudatr e metabolism
by thyroxne and by estrogens support such a concept In plants some of
the B vitamins function as growth hormones As a quite different case,
thyroxine can be considered a vitamm for the cretin since 1t must be taken
with the food indefinitely m order to allow continued normal hife, other ex
amples can be found m the realm of therapy Of course there 1s another
reason for studying vitamins and hormones together namely their value m
application In his Preface to Volume I of Vitamins and Hormones (1943),
Professor E V. McCollum, after companng the functions of these sub
stances, pointed out that “the future of preventive and of curative medt
cine s filled with promise in these departments of learning ” To the fulfill
ment of this promise the shelves of our drug stores bear witness

But their very community of function and appleation makes more diffi
cult the precice defimtion of this group of suk ces Tor the boundarie:
always thin, are thinmng out still more As 1t happens the present +olume
ghves more than one example of this In the first place there appears here an
essay on an enzyme, glucose 6 phosphatase, which i some respects has
functions that would normally be ascribed to a hormone Ts there anything
about the defimition of a hormone that would exclude an enzyme? If one of
the now hnown protemn hormones were discovered to possess enzymatic ac-
tivity, 1t ight have 1ts name changed but 1t would not be any the less a
hormone Serotonin the subject of another resiew, has many elauns to be
considered as a hormone for the central nervous system, but 1t has never
quite been accepted as such perhaps because of the absence of a functional
secreting gland or tissue Thus 1t presents a borderline ease but of a differ
ent sort In Volume XV we published a discussion of another borderline
substance carmtine, which 15 & vitamun for certam nsects but otherwise
1s widely distnbuted 1n tissues and suspected of playing & general role m
metabolism Finally, the present volume includes a comprehenaive review of
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v PREFACE

yet another substance of elusive function, ergothionemne It seems likely
that the immediate future will see the study of biochemical control and in
tegration widening out to recogmze and include other matenals of this
kind Such developments will doubtless bring up problems of much more
far reaching ymportance than those of terminology Perhaps the biochem
1sts and physiologists of the next generation will view these problems in the
more spatial and morphological framework of mnterrelationships between
subcellular organelles
‘The Editors wish to express their heartfelt thanks to the eight authors
and their collaboritors The virtues of comprehensiveness and critical ap
praisal are often so nearly incompatible that a particular debt 1s owed to
those contributors who, like those of the present volume, can combmne
them without weahening either one
With this volume a change 1n editorship which has been 1mpending for

several years finally takes 1ts effect Dr Kenneth Thimann of Harvard and
Dr G F Marnan will become Consulting Editors, and Dr Dwight J
Ingle of Chicago, with his colleague Dr Ira Wool as assistant, Jom Dr
Robert Harns m assurmng the editorial responsibihities The change will
not affect editonal pohicy 1n any way

Kenners V. TrRIMANN

RoBerT S HARRIS

Guy F MARRIAN
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I IntrobucTION

1 N lature and Abbremat,

Folic acid (FA) stands for the family of conjugated pterins and pteridines
having “folic” biologieal activity Functionally, the folie series meludes
p aminobenzoie acid (PABA) where PABA acts primanly as part of folie
acid In the conjugates, the heterocyclic nucleus 1s attached by a peptide
bond to a p aminobenzoyl group pteroic acid and rhizoptenn are the only
nutritionally active members of the heteroeycle containing members of the
fohic series which do not contain at least one glutamyl group Pterins are
aromatic, pteridines are ring hy drogenated and so have fewer double bonds
Accordingly, pteroyl L glutamic aeid 1s & ptenn and tetrahy drofolic acid, a
ptendine

The following abbreviations are used pteroyl 1. glutamic acid, PGA, di
hydrofolic acd (7,8 dihydro PGA), FH,, tetrahydrofolic acid (5,6,7,8
tetrahy dro PGA), FH, Cutrovorum factor (CF) can mean a particular com
pound N formy) FH, (also called fohme nead), usually employed as the
synthetic leucovorn, or an activity for Pedzococcus cerevisiae (Leuconostoc
cutrororum), depending on context Distinction lihewse 1s drawn between
activity for Crithidia fasciculate and particular Crathadia active compounds,
e g biopterin (Section VIII, 8) A one carbon umt n group transfer 1s de
noted as C; Formmumnoglyene 1s FIG, formminoglutamic acid, FGA,
adenosine triphosphate, ATP, disphospho- and triphosphopyridine nucleo
tides, DPN and TPN, coenzyme A, CoA

An nclusive name 1s needed for conjugated and unconjugated pterms
and pteridines since these terms are merusted with 1mpreeise usages and,
as brought out here, there may be different functions for compounds act
g at the ptern oxidation level and for those like folic acting primanly s
conjugated pteridines Plerinowd 13 proposed here, by analogy with sterond




METABOLISM OF FOLIC ACID 3

and carotenoid, for compounds with the pterm ring sheleton Figure 1
shows tetrahydrofolic acid

2 Swymficance of the Pterinods

Ptenmoid mvestigations have steadily extended knowledge of (1) transfer
of C; groups, (2) biosynthetic and functional connections between folie
vitamins and other mitrogenous heterocycles—purines, thymine (or thy
midne), riboflavin, vitamins Bs and B,z , and unconjugated pterins

Ever smce F G Hopkins looked into the pigments of butterfly wings,
these unconjugated pterms (e g xanthopterm and leucopterm) have been
3 biosynthetic emgma The advent of folic acid complicated matters A
solution 1s 1 <ght thanks to other lmes of mvestigation converging (1)
the eye pigments of Drosophila—classical objects of genetics—are pre
dominantly pterms 1n some mutants, (2) the flagellate Crithadia fasciculata

OHPIi

R
/4\/5\/ l
28N
H N_é Q; ,CH\ZCH2 N-C c GO-NH GH GH. GH, CO X
SAY No=¢” GOOH
H H
Fic 1 Tetrahydrofolic acad (FH,) \ = 1 or more glutamy] groups

H H
[
C—C

requires certam unconjugated pterins, PGA apparently being the precursor
(3) remarkably high concentrations of ptenns, some with Crithidia factor
actvity, oceur m blue green algae and are somehow mvolved 1n photosyn
thesis Evidently, certain unconjugated pterins have n essential, unknown
function

More knowledge of pterinoids means renewed hope of solving such old
chinic1} problems as the pathogenesis of sprue Increased interest too, at
taches to the unconjugated pterins i the body Are they mereased or di-
mimnished m some diseases? The effectiveness of antifolics i the palliative
treatment of leuhema 1s halted by toxic symptoms and, eventually by
drug fastness, this emphasizes the need to explore pteridine metabolism to
find new opportunities for chemotherapy umed at ptermoid targets

This review attempts to collate clues to new relationships and functions
of ptermoids, 1ts point of departure 1s the exhaustive treatment of PABA
by Wright and Taormma (1954), and of the folic vitame fymuly by Stok~
stad et al (1954) Uses of microbial systems” and the comparative bio
chemistry of ptermords will be emphasized The well established folic
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mediated reactions and their connections to other metabolic sequences are
adequately summarized in Mehler’s (1957) and Fruton and Simmonds’
(1958) textbooks

tetropyrroles

IfHe

LH2COCH2GHz COOH

& -gmino fevulinic acid
CHa0H

CN H2NCHCOOH «—>Hz2 NCH2 GOOH

HCHO serine / glycine
HCOOH
HE==CCHz (,:HGOOH Czg- ergosterol
‘N l!lH NHz C-methyl thymidine
Y% CHyq mycophenolic acid
P'ﬁ"\ |z/‘

chotine family
N““’”’Y"Ellalo:ds

G,
Z
hll/ IN\CH S-methyl {methionine
R C. /!
"“\N N pectins
H o‘m“hyl{mycophenouc ocld
purines o

v

CHy GOCH,
acetone
folic acid ond riboflovin
coenzymes,
nuctetc acids
(I:Hz OH
HsG ¢ CH
HO-C-H
8- atanyt C:0

pantothenic acid

TTHCHCOOH  GHs
c  NH, CH3CHCH{COOH
~ N,
N NHz

tryptophon voline—> —» leucine

Fia 2 Some biosynthetic relations of Cyumts Adapted and enlarged from Fruton
2nd Simmonds (1958)

Arnstemn (1057) has revieved C, reactions, and Greenberg and Jaenicke
(1957) the biosynthetic activities of folie acid The stability of reduced
pterns 1s discussed by Blakley (1958) The defined folic enzymes are clas
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sified by Dixon and Webb (1958) and the folic coenzymes are detailed by
Huennekens et al (1958) and Wright (1958) Preparation of folic enzymes
15 described 1n a collective volume (Colowick and Kaplan, 1905) Folic
coenzy mes will be treated by Rabmowitz (1959) m a forthcoming volume
Particip vion of FA 1 ammo acid metabohism 1s comprehenwively treated
by Mester (1957) and brought to 1958 by Coon and Robmson (1958) Fohe
reactions pervade reviews on the enzymology of nucleic acids, purines, and
pynmidmes (Heppel and Rabinowitz, 1958), on metabolie antagomsts
(Shive and Skinner, 1958), and on the biochemistry of cancer (Shipper and
Bennett, 1958) Figure 2 summanzes known and probable G, transfers

II EnzvMEs INTERCONVERTING PGA DERIVATIVES

1 Ptertn Reductace

A preparation (Wright and Anderson, 1958) from Clostridium stichlandu
catalyzed the reaction PGA + pyruvate + CoA —» acetyl CoA + FH,
Since the diglutamyl and triglutamyl pterins and their N° formy] deriva
tives were reduced, such a reductase system can account for the trans
formation of exogenous PGA into the reduced coenzymatic products An
enzyme from Macroroccus lactilyticus formed FH,  the reaction required n
electron donor such as pyruvate or a ketobutyrate, a dithiol such as dimer
captopropanol, orthophosphate, and reduced CoA This enzyme did not
form FH, dernvatives

2 Dihydrofolic Reductase

A preparation from chicken hiver (Osborn and Huennchens, 1958) carnes
out the reduction FH 4 2TPNH — FH, 4+ 2TPN Peters and Green
berg (1958 1) briefly reported an acetone povwder preparation of FH, reduc-
tase that worked best with DPN < pH 5 5 and with TPN > pH 60, the
combination DPN -+ TPN did not mncrease reduction suggesting one en
zyme A preparation from avian hiver was mhibited noncompetitively by
extremely low concentrations of ammopterm and amethopterin (Osborn
¢t al, 19581) The authors suppose the reduction steps to be the most
sen<tive site of mhibition by these antifolics—an 1dea according with re
sults with other systems (Section 11, 2)

8 FH, Formylase

According to Jaeniche (1958), who prepared the enzyme from pigeon
liver, formy lation proceeds 1n two steps

Mgt

(a) FH, + ATP FH,P 4+ ADP
(b) FELP + formate = N formyl FH, + P1
Phosphorylation + reduction gives an acid unstable intermediate As
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mediated reactions and their connections to other metabolic sequences are

ndequately summanzed 1 Mchler’s (1957) and Fruton and Simmonds'
(1958) textbooks

tatrapyrroles

Ha
He COGHe GH, COON
&-omino levulinte acid
CHz0H Iy
CN  H2NCHCOOH <> Hz NCH2 GOOH
HCHO serine glycine

HCOQH —
HC==CC H2GHGOON Ceg- vrgostorot
L, tfm NHg C-methyl thymidine
\c/ CHyy mycophenolic acid
PF{\ 2/
histidine

choline famil
N-mefhyl{ 4

alkoloids
¢C
l‘ll N§CH S-me?hyl-{:mafhlomne
R'Q\N N o \ pectins
-methy mycophenslic acld
purmnes

CHy COCH,
atetona

folic ocid and riboflavin

coenzymes

nucleic acids

CHe OH
H3g-G CH
HO-C-H
8- alanyl co

pontothenic acid

‘CH,CHCOOH  CHy
4 NH, CHyCHCH{COOH
N N

Hz
tryptophan voline—> —> leucine

F16 2 Some biosynthetic relations of G units Adapted and enlarged from Fruton
and Simmonds (1958)

Arnstemn (1057) has reviewed Cy reactions, and Greenberg and Jaentcke
(1957) the biosynthetic activibies of folic acid The stability of reduced
ptenns 1s discussed by Blakley (1958) The defined fohe enzymes are clas
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sified by Dixon and Webb (1958) and the folic coenzymes are detailed by
Huennehens ef al (1958) and Wright (1958) Preparation of folic enzymes
1s deseribed m a collective volume (Colowick and XKaplan, 1955) Folie
coenzymes will be treated by Rabinowitz (1959) m a forthcoming volume
Participation of FA in amino acid metabolism 1s comprehensively treated
by Mester (1957) and brought to 1958 by Coon and Robinson (1958) Fohic
reactions pervade reviews on the enzymology of nucletc acids, purines, and
pynmidines (Heppel and Rabmowitz, 1958), on metabohic antagomsts
(Shive and Skinner 1958), and on the biochemstry of cancer (Shipper and
Bennett, 1958) Figure 2 summarizes known and probable Cy transfers

II EnzyMmes INTEPCONVERTING PGA DERIVATIVES

1 Ptertn Reduclase

A preparation (Wright and Anderson, 1958) from Clostridium shicklandi
catalyzed the reaction PGA + pyrusate + CoA — acetyl CoA + I'H,
Since the diglutamyl and triglutamy! pterins and therr N*° formyl dertva
tives were reduced, such a reductase system can account for the trans
formation of exogenous PGA mto the reduced coenzymatic products An
enzyme from Micrococcus lactilyticus formed FH , the reaction required an
electron donor such as pyruvate or & hetobutyrate a dithiol such as dimer
captopropanol, orthophosphate and reduced CoA This enzyme did not
form FH, derivatives

2 Dihydrofolic Reductase

A preparation from chicken Iiver (Osborn and Huennekens, 1958) carries
out the reduction FH, + 2TPNH — ¥H, -+ 2TPN Peters and Green
berg (1958a) briefly reported an acetone powder preparation of FH, reduc
tase that worked best with DPN < pH 55 and vath TPN > pH 60, the
combiation DPN 4 TPN did not mcrease reduction, suggesting one en-
zyme A preparation from avian liver was mnhibited noncompetitively by
extremely low concentrations of ammopterin and amethopterm (Osborn
et al, 1958a) The authors suppose the reduction steps to be the most
sensitive site of mhibition by these antifolics—an 1dea according with re
sults with other systems (Section II, 2)

8 FH, Formylasc
According to Jueniche (1958), who prepared the enzyme from pigeon
hiver, formylation proceeds mn two steps

(a) FH, 4 ATP 22~ FH,P + ADP

(b) FH(P + formate == N* formy1 FH, + P1

Phosphorylation + reduction grves an acid unstable intermediate As
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mediated reactions and their connections to other metabolic sequences are
adequately summarized in Mehler’s (1957) and Fruton and Simmonds’

(1958) textbooks

tatropycroles
i
He2COCH2 GHz COOH
é~amlno fevulinic acid
CH20H
CN H2NCHCOOH «—~>H2 NCH2 GOOH
i
HCHO serine 9lycine
HCOOH A
HC==CCHzCHCOOH Cag- orgosterol
L NH NHz C-methyldthymiding
\c/ CHs‘ mycophenolic acid
PF\ 2/
histidine choline family
R N'm“hyl{clknlmdl
Py
I‘Il/ IN%H S-mafhyl{muﬂllnmne
RC 4 tins
SN pec
H o'm“hyl{mycophenollc seid
purines —
i CHy COCH;,
ccetone
folic acid and riboflovin
coenzymes
nucleic acld
s GHz OH
HaC € CH
HO-C H
£ olanyl c:0

"TH,GHC
C RH;
Nf‘

tryptophan

and Simmonds (1958)

OOH

¢Hs
CHaCHCHCOOH
NHz

pantothenle acld

J

voline—> —> leucine

Fia 2 Some biosynthetrc relations of C; umts Adapted and enlarged from Fruton

Arnstem (1057) has reviewed C; reactions, and Greenberg and Jaemcl\;,
(1957) the biosynthetic activities of folic acid The stability of redu]ce
pterns 1s discussed by Blakley (1958) The defined folic enzymes are clas
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sified by Dixon and Webb (1958) and the folic coenzymes are detaled by
Huennekens ¢t al (1958) and Wnight (1958) Preparation of folic enzymes
15 desenbed m a collective volume (Colowick and Kaplan, 1955) TFolie
coenzy mes will be treated by Rabmowitz (1959) m a forthcoming volume
Puticipation of FA mn imino acid metabolism 15 comprehensively treated
bv Meister (1957) and brought, to 1958 by Coon and Robmson (1958) Folic
reactions pervade reviews on the enzymology of nucleic acids, purmes and
pynmidmes (Heppel and Rabinowitz, 1908), on metabolic antagomsts
(Shive and Shmner, 1958), and on the biochemustry of cancer (Skipper and
Bennett, 1958) Figure 2 summarzes known and probable C, transfers

II E~nzyMES INTERCON'ERTING PGA DERIVATIVES

1 Pierin Reductase

A preparation (Wnght und Anderson 1958) from Clostrdium stichlandun
catalyzed the reaction PGA + pyruvate -+ CoA — acetyl CoA + FH,
Since the diglutamyl and triglutamyl pterins and thewr N0 formyl dernva
tives were reduced, such a reductase system can account for the trams
formation of evogenous PGA to the reduced coenzymatic products An
enzyme from Macrococcus lactelyticus formed FH, , the reaction required an
electron donor such as pyruvate or « ketobutyrate a dithiol such as dimer
captopropanol, orthophosphate, and reduced CoA This enzyme did not
form FH; derivatives

2 Dihydrofolic Reductase

A preparation from chicken hiver (Osborn and Huennekens, 1958) carries
out the reduction FH; 4+ 2TPNH — 1H; + 2TPN Peters and Green
berg (19584) briefly reported an acetone powder preparation of FH, reduc
tase that worked best with DPN < pH 5 5 and with TPN > pH 60, the
combmation DPN 4+ TPN did not increase reduction, suggesting one en-
zyme A preparation from avian hiver was mhibited noncompetitively by
extremely low concentrations of ammopterin and amethopterm (Oshorn
et al, 19583) The authors suppose the reduction steps to be the most
sensitive site of inhibition by these antifolics—an 1dea according with re
sults with other systems (Section II, 2)

38 FH, Formylase

According to Jaemiche (1958), who prepared the enzyme from pigeon
lver, formylation proceeds 1n two steps
Mgt

(a) FH, + ATP FHP 4 ADP
(b) FH,P 4 formate = N* formyl FH, + P1

Phosphorylation -+ reduction grves an acid unstable intermediate As
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noted m the discussion of folic eatalyzed degradations, deformylation 1s an
important ATP generating reaction for some bacteria

4 Hydr thyl FHy Dehydr and Formaldehyde-Actwating Enzyme

Nonenzy matieally, HCHO reacts readily with FH, at neutral pH and at
room temperature to form one or more products active m systems requir
mg hydroxymethyl ¥H,, this does not tell whether “active formaldehy de”
1s attached at N3, N, N§ or N0 In the glycine <> serne system, HCHO
must be activated enzymatically for the reaction to proceed (Osborn and
Huennehens, 1957 Osborn ef al , 1958b)

Formation of a N°®19 methenyl bridge (an other terms, an imidazolidine
ring) by removal of water accounts for the stabihty of the enzymatic hy
droxymethyl FH; product, the synthetic compound 1s sometunes catled
anhydroleucoy orm

As discussed by several reviewers (notably, Huennekens et al , 1958, Coon
and Robinson 1958), folic coenzymes at the hydroxymethyl and formyl
oxidation states are almost certainly interconverted bv wav of N5 FH;
bridge compounds Kishuk (1957) proposed an attachment of active for
maldehyde to the methylene carbon 1n the glveme < serine conversion

(8]
_Ho |\ /_\N/ Rlycine \N/—\N/ LHO

CHO + FH, —— N sorme + FH,

H
N o,
H, |
CHNH,
0oH
[40]

Xishuh has suggested further that there may be 2 dismutation between two
mol¢ cules of FH, to yield FHy and PGA

& N® Formyl FH, Isomerase (Cyclodehydrasc + Cyclohydrolase)

This enzyme provides a means of converting CF to “actrve formate ”
From recent studies, including unpublished work referred to by Huennehens
et al (1958), the interconversion 1s thought to proceed via the bridge com
pounds

(8) N* Formyl FH, + ADP + P, —tedshydrlae, ey ply, 4 ATP

(b) N¥% Formyl FH, + H;0 —Syolobydrolase - ang gormyl BH,

Gunsalus ind Sagers (1958) propose a methylene metheny! conversion
at the bridge as the actual site of reduction The reaction mmght be formu
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lated asin (II)

——N/— N-— + 2TPN + H* = —N*/_\N— + 2TPNH
0N

)

i
)

"
lH:O

NH NH + HCHO Né NH + HCOOH
an

Peters and Greenberg (1958b) made from liver an acetone powder prep
aration of cyelodehydrolase that yielded a product with an absorption
spectrum stmilar but not dentical to N 1% metheny] FH, It his an absorp
tion spectrum at 343 my mnstead of 354 my, was stable at pH 6 8, and readily
autoxidizable

)

6 Action of Antifolics at the Reductase Steps

Identsfication of dihydrofolie reductase as the main site for action of
aminopterin and amethopterin (Section II 2) fits with observations that m
many systems these antifolics are more efficiently reversed by CF than by
PGA, g chick embrvos (Naber et al, 1952) weanling rats (Sauberlich,
1903) Lactobacillus arabinosus (Hendlin et al , 1953} tissue cultures (Ja
cobson 1954) alvo amethopterin resistant Streptoroccus related PGA de
matives (Broquist et ol , 1953) Burchenal (1956), m reviewmg fohe acid
antagomists 1 cancer therapy notes that the 4 hydroxy dernvatives of
PGA are reversed by PGA rather than by CE while diaminodichlorophenyt
pynmidines (e g formula ITI) seem to compete even more with CF than

NH Cl
N-
HgN—< N \/ N Cl
’\I\ ==
CH,
2 4 Diamuno-5 (3 4 dichlorophenyl) 6 methylpyrimidine
(11
do the 4 amino PGA’s such s ammnoptenn and amethopterm Dihydro
tnazines such as (IV) act as noncompetitive mhbitors of PGA and CF 1

NH,
}N
-
/ \N
CH; CH,

4 6 Diamuno 1 (p chlorophenyl) 1 2-dihydro 2,2-dimethy1 s triazine
aw)
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Streptococcus faecalss or Pedrococcus cerevisiae (Foley ef al , 1955) Only the
4 ammo PGA dernvatives seem to have a selective effect on leukemis m
children, other leukemuas, such as the myeloid mouse leukemas, are re
sistant Resistance to one antifolic, e g amethoptern, generally confers
resistance to all other folic antagomsts, meluding the diaminodichloro
phenylpyrmidines

Folic antagomsts will be mentioned elsewhere 1n connection with folic
sphtting enzymes (Section VII) and purme synthess (Section IV, 1)

? Comparatwe Biochenustry and Plersn Reductases

A unique feature of folic mediated group transfers 1s that a change m
oxidation level of the group may accompany some transfers

As seen, pteridines, not pterins, mediate C, transfers, PGA 1s, enzymat
1cally, an artifact This sttuation recalls the prevailing 1dea that anaerobie
systems are the primitive ones Pternidine dependent orgamsms confronted
with atmospheric oxygen ongmating from the photosynthetic activities of
green plants (the bacterial photosy ntheses are anaerobic) presumably de
veloped PGA reductases or perished The acidity of the gastric contents
converts CF to PGA (Hausmann and Mully, 1952) Thus, coupled with the
extreme autoxidizability of FH; dernvatives, provides a teleologieal argu
ment for the evolution of reductases to ensure the utilization of so con
venient 1 stabilization product as PGA It should be recalled, too, that the
adduct of HCHO and PGA, which 1s stable toward bases, releases HCHO
m acid (Blakley, 1957 a,b) So far, all metazoans studied carefully have a
folie requirement satisfied by PGA No photosynthetic organisms are
known which require exogenous FA or niboflavin, 1t may be significant that
these vitamuns are much less light sensitive 1n the reduced or leuco forms
Fastidious FA requirmg parasites with poor reducing powers would be ex
pected to prefer FH, CF compounds to PGA The Reiter treponeme, an
anacrobe, requires CF PGA 1s mert (Stemman et al , 1954) The CF re
quirement of Pediococcus cerevisiae seems much less rigorously determined,
probably reflecting minor defects 1n reducing and formylating ability 27
of 34 strains were satisfied by PGA as well as by CF (Jensen and Seeley,
1954) Moreover, measures that enhance the reducing powers of the culture
medum, eg addition of ascorbic acid, or of the orgamsm—as by adding
CoA (Foley et al , 1955)—enhance the utihzation of PGA or dummish the
effect of antifolies such as amethopterm An mtensely aerobie, fastidious
parasite such as the malaria orgamsm (Trager, 1958) may prefer CF to
PGA Such a parasite presumably has mtense reducing ability, perhaps
some of 1ts fastidiousness may come from 1ts having to be supplied with
the nutrients required to organze a reducing system
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11T Foric CoenzyMES IN CATaBOLISM

1 Generahlres

A vitamin may participate n synthesizing cellular catalysts and m deg-
radmg major substrates Assumming that the turnover numbers—the wear
and tear—of the vitamm as well as the enzyme affimties are about the
same for both activities, then a major substrate reaction should demand
much more folic enzyme than would the syntheses of quantitatively mmnor
cell constituents Substrates disstmilated anacrobically would be especially
favorable for study when a C; umt 35 coneerned, antoxidative destruction
of folic enzymes 1s minimal Clostridial fermentations, as will be seen, have
furthered folie studies remarkably

2 Glyewne and Glutamale

Parctsky and Werkman (1950) found an Aehromobacter which aercbically
utilized glycmne as principal substrate, HCHO appeared as an imtermediate
This foreshadowing of the nvolvement of folic actd m glyeme cat bolism
was paralleled by work on the rat (Nakada and Wemhouse, 1953) Inver
homogenates oxidized glycme through two pathways (1) senne, alanme,
pyruvate and the Krebs cycle, (2) glyoxylate, formate, and CO. Nutn
tional data pomt to FA coensymes m some of these reactions as clearest
sign, the toxieity of glycine for the chick 1s counteracted by PGA (reviewed
by Stokstad 1954) Indeed, diets with excessive glycine and methionine
(0 3-08%) are convement for inducing folie deficiencies (Briggs et al ,
1958) Serine sntisfies the glyeme requrement of the chick (Wixom et al ,
1856)—an mdication that the serme gly cine mterconversion has the capac
1ty to be an important catabolie pathway for glyune Whether the glycine
glyoxylate pathway mvolves folic coenzymes cannot be told m this way,
for PGA did not counterict glyoxylic acid toxiety (Naber ef al, 1956)
Neverthelews, Nahada and Sund (1958) regrd the glyoxylic acd pathway
as bemng the principal degradative pathway for glyeme m the Iiver and as
folic mediated They punfied an enzyme system from Iner mitochondna
which oadtively decarboxylated glyoxylate The reaction required DPN,
thiamme pyrophosphate Mn*+ or Mg+ and, almost absolutely, glutamic
acid N Formylglutamic acid was 1colated as an intermediate Theyv there
fore postulate that the o carbon of glycine forms the 8 carbon of <erine via
a N formylglutamic acxd mtermediate which then formylates FH,

Formy lglutamic acid can be formed m liver m the readily rcversible re
action (Siverman et al  1958b) 5 formyl FH, + glutamic acxd = FH, N~
formylglutame acid a reaction also observed by Miller and Waelsch
(1957)
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Glyeme degradation by bovine spermatozoa 1s thought to go through
glyoxylate, formate, ind CO (Fhipse and Benson, 1957) A folic coenzyme,
if required here, should be extraordinanly mteresting Does the sperma
tozoon retamn the folic coenzyme used 1n the synthests of 1ts DNA?

Bacterin can make formate m many ways A prelimmary note by Chmn
et al (1957) reports that the “phosphoroclastic” splittng of pyruvate to
HCOOH + CH;:COOH by Escherichia colv was stimulated by FH; Huen
nehens et al (1958) refer to similar unpublished results (Whitely, 1958)
with Mzcrococcus aerogenes and M lactilyticus, serine was not an wter
mediate If the reaction HCOOH = H; + CO., also carred out by E colt,
turns out to be folic eatalyzed, the presumption would be greatly strength
ened that all formate CO reactions require FA, as might perhaps also for
mate ovalate reactions

8 Histidine D lation and For L Glutamic Acd

Formmmoglutamic acid (FGA) accumulates m the urine of folic deficient
amimals because of the bloching of the FH,; mediated reaction needed for its
degradation (V)

HC-N CH—N COOH

N AN
ﬁ’ N CH /CH iﬁ~§—CH=NH
N “NH (N uroesnsse |y
b T et Tl
H, H H
NH;——(BH(;OOH (MJHCOOH é}OOH
L Histidine Urocanie acid FGA

W)

The formumino group 15 then transferred to FHy, as with formimno
glyeme (Section III, 4), with eventual ltberation of formate ammona,
and glutwmme acid  Aerobacter acrogenes converts FGA to L glutamic acid
and formamde, the formamide then going to NH; and CO , Pseudomonas
Jluorescens forms N formylglutamie acid as an mtermediate (Magasamh
and Bowser, 1955) The anaerobic breakdown of histidine apparently 1n
volyes the same intermediates formarmde accumulates i eultures of Clos
trdium tetanomorphum fermenting histidine (Wachsman and Barker, 1955)
This stram also ferments urocanic acid and glutamate, the labeling of the
formarmde 15 consonant with the acrobie sequence (Cunously, formarmide
1s o weak carcinogen E cols strains resistant to the weahly carcinogenetic
urethan were cross resistant to urethan and N methylformarmde, for refer
ences, see Shipper and Bennett, (1958)]

The aerobic degradation of histidine by an mtenscly werobic Pseudomonas
1solated by the enrichment techmque has revealed another pathway—one
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with N formimino and N formylaspartate as mtermediates (Hayaish et
al , 1957, Ohmura and Hayaishi, 1957)

The urmary escretion of FGA has been used a5 an index of fohe, 1e
FH,, deficiency 'Tabor and Wyngarden (1958) find that the microbiolog:
cal method, based on the release of glutamic acid from the microbiologically
mactive FGA on heating was compheated by the glutamic acid and glu
tamne normally present m urme and by the varable conversion of these
to pyrrolidone carboxyhic acid durmg the heating step They propose, in
stead a spectrophotometric assay based on the formation of N 1° methenyl
FH, which absorbs strongly at 350 mp (see Section 11, 5) Urine 1s mcubated
with FH,, punfied extracts of acetone powders of hog hiver contaimng
FGA transferase, which (a) forms N* formmino ¥H; | and formimmo FH,-
cyclodeammase which (b) cyclizes the product to N®1° methenyl FH,
As a control the FGA 1s destroyed by mncubating at pH 11 5 at 25° for 4
hours Silverman et al (1858a) propose a method based on the formation
of N1 formyl ¥'H, from FGA and PGA m a chicken hiver homogenate also
containmng PGA reductases and eyclohydrolase, i this they then measure
CF activity microbologically

As a check on these methods for studyng fohic deficiency states, Rabino
witz and Labor (195%) measured the increased urinary formate m folie-
deficient rats, the formate was not dertved from histidme The formate
was comverted by FH, formylase -+ ATP to N formyl FH;, which was
then converted by acid to NS19 methenyl FH; The formic acd was
thought to onginate from a vanety of sources which did not need fohie
cofactors, formic acid then accumulated 1n the absence of the folic cofactors
for metabohzing 1t further Fryptophan was one such nonfolic source of
formie acid 1ts admimstration increased urmary formue acid, especially
folic deficient rats Silverman and Pitney (1958) have shown that the ex
cretion of FGA was sigmficantly reduced or elminated by methionme or
B, even with extra dietary histidine Connections between FA and B,
are discussed below (Section V) That fohie aad may play an additional
role m histidine degradation i higher ammals 1s indieated by the report
that liver urocanase was lowered in folie deficient rats (Baldridge, 1958)

Recent studies are llummatmg the mamfold cross connections between
the metabolism of formyl or hydroxymethyl and methy! groups A direct
route connecting formaldehyde and the methyls of choline bypassing the
long estabhshed Bir-catalyzed serme § carbon + homocystemne — methi
onine route (Section V, 2}, 1s rendered probable by the Venhataraman and
Greenberg (1958) findings, these worhers prepared a <oluble system from
liver which synthewized choline methyl groups from HCHO with either
ethanol or diethanol as acceptors and FH, the cofacrtor No
tholime was here synthesized from methionme It will be mteresting to see
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whether any of these enzymes require By, as cofactor as the serne homo
cysteme route (Section V, 2) does

4 Purines and Formmnoglycine

After discovering that extracts of Clostridium cylindrosporum and €
acidsurics which can derive therr N, C, and energy from purme, eg <an
thine, or 4 ammommidazole, accumulated formate among other produets,
Rabmowitz and Pricer (1956) identified formimmnoglycme (FIG) as an in
termediate, and then showed that formimmo group transfer was mvolved
Det-uls have since been adduced (VI, a-e) (Rabimowitz, 1958)

oH
, NH
N Mo AN
® 8>0H — JRCL
Loty
o’ W/ H
Xanthine FIG
formimino

‘{ransferase

(b) NH==CH NH;CH,COOH -+ FH; N% formimno FH, ++ glycine

cyclodeaminase
s

(c) N Formimno FH, N&w methenyl FH, + NH;

eyclohydrols e
—_——

(G N5 19 Methenyl FHy N formyl FH;

tetrabydrofoli
formylase

(&) NYFormyl FH, + ADP + P1 HCOOH + FH, + ATP
V1)

The enzymes catalyzimg each reaction were purified, FH formylase was
crystalized (Rabmowitz and Pricer, 1958) and formimino FH, 1solated
and crystallized Reaction (VI, e), as noted, 15 a new ATP generating reac
tion

Gunsalus and Sagers (1958), 1n studymng this sequence for €' acidrurict,
propose that dissimilation of glyeine proceeds either by condensation with
FH, and oxudation of the adduct, or else by way of serme to pyruvate and
thence oxidatrve decarboxylation to acetate and CO, Formate and CO:
are m equilibrium, thus providing another eyclic mechanism for oxidation
of Ci umits A stmiliar reaction sequence 1s stated to hold for the dissimila
tion of glycine by the anaerobe Diplococcus glycinophalus Glyoxyhe acid 18
mert m these systems

5 Catabolism of Formate and Formaldehyde

Serme can be formed directly from a Cy intermedate of gly colysis path
way (Armstemn and Keglevie, 1956), by the amwnation of pyruvate, this
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reaction 18 quite Likely the most important source quantitatively of Cy
units

While formc acid aceumulation mn folic deficiency makes 1t clear that
the maun route for formate removal 1s folic mediated, little 13 known 1 ths
respect about formaldehyde, which arses from the owidation of methyl
groups or the folie mediated reduction of formate (Section II, 5) Perhaps
an mmportant connection between Cy and the prmeipal pathways for sub
strates 1s indicated by the finding that HCHO 15 an excellent acceptor for
the, Letol group ( ‘active glveolaldehyde *) formed from a vanety of ketose
phosphates and from hydroxypyruvate (Dichens and Williamson, 1958)
This reaction may be formulated as follows
comarborylase

3

CH,0HCOCOOH + HCHO CH.0HCOCH,0 + CO
hydroxypyruvate = dihydroxyacetone

Formaldehyde slso participates mn aldolise reactions with dihydrovyace
{one

Hydroxvpy ruvate can be formed from serine by transamination, dihy
droxyacetone 1s readdy phosphorylated to triose phosphate As CO;1s re
moved, more hydroxypyrusate could be formed from serine Some such
cycle would provide a nonfolic mediated disposition of formaldehyde Form
aldehyde 1n turn, could be generated by the oxidation of the N methyl of
sarcosine, sarcosine m turn 1s generated by the removal as “nctive formalde
hyde’ of one of the methyls of dimethylglycine (Mackenzie and Frisell
1958) Dimethylglycne 1s formed by the well established sequence snr
cosine — glyeme + HCOHO - serine — ethanolamine + CO - mono
methylethanolamme — dimethylethanolamme — choline - betamme —
dimethy lglycne

The results of McDonald (1956) showing that excess choline or glycine
causes a grow th depression in chicks which 1s alleviated by PGA 1mply that
the nonfolic paths for disposing of excess methyl have lmited capacity at
least m higher ammals The quantitative ssgmficance of iver formaldehy de
dehydrogenase 1n Iver a flavin enzyme with an additional glutathione co
factor (Stnttmatter and Ball, 1955) 18 unknown

IV SomE FOLIC MEDIATED SYNTHESES

1 Punnes

Transformylations i purine synthesis have been summarnized (Warren
et al, 1957) and purme synthesis h1s been reviewed (Buchanan et af , 1957)
Purime synthesis 1sone of the most important uses of F A, as attested by the
findings from a variety of folic requinng organisms that, m sparmg a FA
requirement, the efficacy of purimes 15 almost the first to emerge This may
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reflect not only the quantitative importance of purines n the economy of
the cell, but also the fact that fohe reactions enter at two stages (VIIa)
formylation of glycinamide ribotide

H C NH, H:C—NH
o otiae
i CHO
aN + “formy] P, » _tremsiormyiase y,

0 II\IH v B i \xim
Ribose PO, Ribose PO,
Glycinamide Formylglycinamde

ribotide ribotide

(VIIa)

and (VIIb) insertion of C to form the pynmidine ring

H;N—C=0 I=C_OH

—N. AICAR H IV

[ Sen + * formy] FH/’ ﬁ“;ﬂy—“; “ Secn

v ‘E/ i N _g/

HN

4 Amino 5 1midazole Inosime acid

carboxamide ribotide

(AICAR)

(V1Ib)

In some systems, especially microbtal ones, purine synthesis 15 quite
sensitive to antfolies One would expect that to some extent purines would
noncompetitively reverse mhibitions by antifolics Guthrie et ol (1956)
found that hypovanthme or adenine blocks mhibition of Bacillus subfiis
by amethopterin Also, Tomusek et al (1958) present evidence that formyla
tion by AICAR 1s the primary site of amethopterin inhibition m E col,
and Ghosh et al (1958) found that some compounds that were competitrie
antagonists for PGA or CF were not at all nhibitory to Streptococcus faccalts
when the PGA was bypassed with adenme plus thymme

Phenomena of collateral resistance probably pomnt to multiple sites of
action Two mutants of E cols resistant to purime antagomsts were more
resistant than the parent stram to amethopterm (Guthre ef ol , 1907) In
contrast 1 Saccharomyces ceremsiae, various folie antagomsts, meluding
amnopterin, were reversed by thiamine plus Bg purines plus thymine or
thy mdine were meffectrve (MeGlohon ef af , 1957) These authors suppose
that By plus B, participate m o pathway of purine synthesis that 15 less
folic dependent
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2 Histdine

Diverse mierobtologieal findings pomted to 2 biosynthetic connection
between hustidine and purines, somehow involving ¥ A They date back to
Broqust and Snell’s (1949) observation that Lactobacillus caser needed
more purine when grown without histidine Later observations mncluded
{(a) the PABA requirement of a yeast was spared by ademne plus methio
nime plus histidme (Chamberlain and Rambow, 1954) (b) a mutnt of the
mold Ophiostoma required purmne, histidine, and glyeme (Wikberg and
Fries, 1952), (c) certain mutants of £ col: required exther histidine or purine
(Gots, 1955, Luzzati and Guthrie 1955), (d) a histadine requiring strain of
E col: could use ademne alternately when infected with phage but not
when uninfected (Burton, 1957) In the meantime identification of the
formuminoglutarnie stage m histidine degradation which 1s common also to
purine breakdown (Section IIT 1 and 4) had rai~ed the question of whether
Iistidine synthesis was essentially the reverse of this degradation and, as
corollary, whether purines merely contributed the formimmo group A re
cent scheme indicates o family resemblance but not identity between the
synthetic and degradative reactions The C, transfer step leading to mmid
azole glycerol phosphate, a precur<or of histidme 13 as follows (Moyed and
Magasanik, 1957) adenyhe acid + ribose 5 phosphate + glutamine —
histidine + 4 ammo 5 mmdazolecarboxamde ribotide (AICAR) This pro
vides 4 means of transfering the purine C to the ureido carban of hustidine
by opeming the purine rng y1elding the purine precursor AICAR In effect,
adenyhie acid acts as C; carrier If FA were lumiting so th it regeneration of
the adenyhc arid were impeded AICAR would accumulate The break
down of histidine, as discussed earlier, could also furmish a C; unmit

38 Thymine Thymidine

Thymme and thymidine are needed to replace folic aeid for Streptococcus
faecals, and cells grown on thymme had no detectable folic acid activity
for Lactobacillus caser (Stohes, 1944a b) The inference was that TA was
necessary for the synthesss of thymine (or thymidine) The site of the folie
reaction was soon recognized to be the 5 methyl carbon T'medkin and Korn
berg (1957) found that P? labeled deoxyundylic scid was converted to
labeled thymidylic and by extracts of Dscherichia coli As repeatedly the
case m many fohe catalyzed cell free systems treatment with Dowex 1
stopped the reaction It was restored by a boiled extract of E colt, n turn
replaceable by FH, A preliminary note confirms these results (Greenberg
and Humphrey<, 1958)

The conversion of labeled uridine deoxyribouide to thymidine by minced
chick embryo or suspensions of bone marrow cells was ihibited by low
concentrations of aminopterin, but not the mcorporation of labeled thy
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mudine mto DNA CF reversed the aminopterin inhibition and also aug
mented uridine deoxyriboside utihzation m bone marrow cells from duck
Iings fed a folic defictent diet (Friedkin and Roberts, 1956) Thymdine
formation thus represents a third target i higher ammals for antifolies
(ef Sections II, 6 and IV, 1)

4 Pantothenic Acd

Pantothenate or thhiamine, combined with methionmne, purme, B, , ser
e, and thymine, helped reverse the tosiaity of sulfanmlamide for E coli
(Shive, 1950) More wmtimations of a connection to C, metabolism soon
came forth (a) a mutant of Saccharomyces cerevsiae required pantothenate,
methionine, adenine, and histidine to replace PABA (Pomper, 1902), (b)
the mterchangeabibty of PABA and pantothenate for Bactersum hnens
(Purko et al, 1954), (c) serine stimulated the production of pantothenate
from valine plus 8 alanme (Altenbern and Ginoza, 1954), and (d) reduced
CoA was needed m cell free C; transfer systems m which PGA or FH, was
supplied mstead of FH, or FH, derivatives (Wright, 1958) The site has
been located an enzyme from E colz cataly zes the reaction VIII (MclIntosh
et al , 1957)

CH, CH:, O
& &
CH;—CHC—~COOH + HCHO — HOCH;—C—C—COOH
Hs
a hetosovaleric acid o hetopantoic acad
(VIIT)

The cofactors have not yet been 1dentified

5 Valine Leucine

Partrcipation of Oy unit 1 valine leuctne biosynthesis agam was signaled
by nhibition analysis Wmhkler and de Haan (1948) found that valmne
along with the usual end products of C; metabolism (xanthine, thymine,
methionme) overcame sulfanlamide mmhbition of E colz Valne had a low
prionty for FA smee 1ts efficacy emerged only mn the presence of the afore
mentioned metabolites The differences between these and Shive’s (1950)
results lustrate how delicate 1s the detection of metabolites having a low
prionity for folic coenzymes Several more himts pomted at mvolvement of
C, units m valine leucine synthesis (1) an B cols that required exther metht
onme or PABA when grown above 37°C was shghtly stimulated by leueme
and o aminobuty rie acid (Bird and Gots, 1955), (2) valine helped <pare the
PABA requirement of an E col mutant (Davis, 1951) and of & sulfadiazime
mbited wild ty pe strun (Almchandam and Sreenvasan, 1957) (3) valine,
leucine, norleucine, and norvaline were, with methionmne, the ammno acids
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which overcame nhibition of Mycobacterium tuberculosis by p aminosalicviie
acid (Hedgecock, 1958)

Webb (1958) observed that aminoptenn mhibited Aerobacter aerogenes
piled up alammne and valine The interpretation was that both are used for
the synthesis of leucine, with the carboxy carbon of valime ehmmated as
“actrve” formate (IX)

Ch ncoon . | CHs 0 4 Crumit 4 NIT
YoHeRCOOH 0%, | TNy, (7| it T,
CH g, it
Valine
cH,
S CHCH,CHCOOH
CH, NH,
Leucine
s

This 13 compatible with the accepted 1dea shown above that leucine 1s
formed from the condensation of the isobutyryl motety of valme with
acetate As Webb note , interference by ammoptern with pantotheme acid
synthesis would impede CoA synthesis, which would further eripple leucine
synthesis

6 Tyrosine Phenylalanine

Kaufman (1958) has briefly deseribed a rat hiver preparation which hy-
droxylated phenylalanine

TPNH + H* + O + phenylalanme — TPN+ 4 H,0 + tyrosme
FH; was highly active m speedng the reaction Anhydroleucovorm had
slight activity, PGA, CF, and pteroic 1c1d were completely mactive

As expected, there are microbiological hmts that folic acid 13 concerned
i tyrosine metbolism Thus, Lampen et al (1949) found that tyrosine,
among other ammo acids, spared the PABA requirement of an E cols
mutant The usual fole requirmg microorganisms hive not provided mn
formation on this point because they must be provided with phenylalanine
or tyrosme because of other blocks 1 synthesis Another complieation 1
that the mterconversion of these aromati, amino acids may not follow the
same path m microorgansms and mn higher ammals, eg tyrosme and
phenylalanme 1n many bactena may have 4 common precursor and hardly
be interconvertible

Several elimeal phenomena may have their explinations in ibnormahties
of ning hydrovylation perhaps m the tyrosine phenylilanine reaction or
farther along toward melanin synthesis Asenjo et al (1958) list hyperpig-
mentation of the shin, particularly of the face, arms and legs, as one of the
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symptoms of tropical sprue, sprue 1s essentially a folic deficrency (Section
AI) Ungley (1955) mentions that mn pernictous anema the urinary exere
tion of certain phenols 15 excessive, perhaps this, hike the excretion of form
minoglutamic acid (Section III, 3), 1s a sensitive mdication of folie mal

C, reaction?
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Fic 3 Cyanocobalamun in relation to C; transfer in 1ts own biosy nthesis Methyls
marked with an asterisk are derived from active methyl In the pseudo B the
dimethylbenzimdazole motety 1s replaced by purmes methyl purines or other
heterocycles Factor B 1s the pigmented motety lacking the benztmidazole con
taining nucleotide 1t 1s active for Escherichia col: 113 3

function An alternate explanation 1s that folie deficiency impedes the
methy lation step 1 adrenalme synthesis

V Fouic VitamMIN B;» INTERRELATIONSHIPS

1 Generalilies

Major uncertamnties about the site of action of vitarmn By promise soon
to be dispelled,, some folic B; connections should thercby be elucidated As
shown mn Fig 3, one can postulate a profusion of relations, probable and
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less probable, direct and indirect, between FA and Bi, A vanety of nutn
tional evidence pomnts to v biosynthetic connection between them Shive
(1900} ndependently 1dentified By «s a sulfanilamide reversing factor Bie
sumilarly spares the PABA requirement of 2 PABA requuring mutant of £
colt (Davis, 1952), of a thermophilic bacillus (Baker et al , 1955), and of
Acetobacter stramns (Brown and Rambow, 1956)

Chnieal findngs underscore o functional connection between FA ind
By In permicious anemia, FA permits o more efficient utilization of Bye
and sometimmes exacerbates the B, deficiency through an over abrupt
mobihzation of Bj2 The reciprocal effect has been reported (Harrs, 1956),
m two patients, one with Addieonian anemia and the other with nutritional
megaloblastic anemia, admimstration of cyanocobalamm ehicited a folic
defietency alleviated by PGA Perhaps the most direct evidence that per
nicious anemia patients utihize PGA poorly 15 the report that formimino
glutamic acid 1s excreted 1 their urine (Rucknacgel ef al , 1958) These re
sults may have a microbiological counterpart at suboptimal levels of PGA,
but not CF, the growth of Lactobacillus leichmannt 318 (which requures
both FA and B, ) 1» mhibited by cyanocobalamin (Hausmnn and Mull,
1952, Rogers and Campbell, 1927), confirming results bv Greene et al
(1949)

The finding that, supplementing a low By PGA chick diet with Bge or
PGA increased the capaety of liver homogenates to convert PGA to CF
(Doctor et al , 1953) would make 1t appear that By, was concerned with the
reduction of PGA, which leaves to one side the mystery of how By 1s con
cerned 1n the de novo synthesis of N or S methyl groups—the clearest func
tion of By, (Smuth 1958)

2 Methiorane Synthesis

Sparing of B; by methionine m higher ammal~ or the complete inter
changeablhty of B, and methionine for certamn E colz (Ralan and Ceithaml,
1954), points to methionme as having a speeial relation to Byy Methionne
metabolism 15 closely bound to FA as shown by its prominence as a folic
sparer as noted earlier m an I colt mutant, PABA and methionine are
even interchangeable (Bird and Gots, 1958) Convergence of FA and B,
upon methionine synthests makes this an attractive system for study

Lnzymatic analysis of the E coli methionine synthesizing system has
Drogressed E coly 121 176, which requires methionme or By , yielded an
extract whose synthesis of methionine from homocystemne plus serme was
mereased st to eightfold by cyanocobalamin (Hellewner et ol , 1958) The
compound formed by mixng equimolar HCHO and FH, acted directly as
donor of the C, untt to homocysteine The system requires (Kishuk and
Woods, 1958a2) DPN, ATP, Mgt*, hexose diphosphate, ind morgame P
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tammng § aminolevulmic acid, 1 amino 2 propancl, threommne, and KCN
besides the usual nutrients Only methionme gave nise to labeled B, All
the activity was m the 1soporphyrin moiety—the pigment

b CN The position of CN n metabolism 1s obscure Its presence i the
‘pseudo B; ”* cofactor described by Barher et al (1958) may be an mdiea
tion that 1ts association with the cobalimins 1s more than a stabilization
artifact Bover and Richards (1952) found that cyamde mjected mto a dog
was appreciably converted to thiocyanate There was also an extensne
conversion to CO; by way of formate, CN carbon also appeared 1 choline
and methiomne methyl Perhaps CN metabolism 15 an mmportant folic
problem

¢ The Benzimidazole Purine Moety This represents one of the most
perplexmg and fascinating aspects of B;, Many cobalamins, mactive for
metazoa, are known which, because of various modifications of the benz
midazole molety, are mactive for metazoa and Ochr 1h
s25 but actrve for various microorgamsms (reviews Ford and Hutner 1955,
Porter 1957) A bewildering varnety of heterocycles can be bult into
cobalamuns by directed synthesis in various microbial systems Among the
effective precursors are o phenylenediammes (studied especially by Di
Marco et al , 1957)—which would seem to be proof of the necessary meor
poration of a Cp umt to make the benzimidazole ring Recent work has
greatly extended the list of acceptable precursors of the benzimdazole
posttion for various bacteria If unprovided with precursors, most bacteria
so far studied make pseudo By ’s, as was learned at great cost in the early
industrial production by bacterial fermentation of metazoan active (“true”)
B; Thus Propiontbactersum arabunosum makes true By if supplied with
5,6 dimethylbenzimidazole, left to 1ts own devices, 1t makes an adenine
derivative [pseudovitamin By, sensu strictu (Perlman and Barrett, 1958)]
To the ademne and 2 methyladenme cobalamins originally recognized and
1dentified by several different laboratories as part of “pseudovitammn By ”
and “factor A,” respectively, one can add a guanine cobalamn formed by
a Nocardia (Barchiellt ef al , 1957) and, as 2 fantastic piling up of ostensible
C, products, the 1solation of & 2 methylmercapto (S3CH,) adenine Byz analog
from sewage (Friedrich and Bernhauer, 1957) To these conundrums one
can add the meorporation mto cobalamms by a bacillus and Staphylococcus
aureus (Macrococeus pyogenes var aureus) like 1solate, of riboflay in, adenine,
and 5,6 dimethylbenzimidazole, among other precursors (Southcott and
Tarr, 1957)

That methy! adenines, hutherto found only m the bacterally produced
pseudo By’s are fundamental cell constituents, 15 made likely by the 150
lation from rat Irver microsomes of 6 methylamino and 6 dunethylamino
adenine, these, along with 2 methyladenine, were al<o 1solated from E eol,
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Aerobacter aerogencs, and commercial yeast nucleic acid (Lattlefield and
Dunn, 1958)

d The Amide Groups The cobalamins have six amide groups, all neces
sary for biological activaity Vohra et al (1958) found that HCHO reacts with
eyanocobalamin in wnitro, presumably at the amide groups, to form com-
plexes that could be separated from B, by erystallization, paper chroma
tography, or paper electrophoresis at several pH'’s, the complexes were ac
tive for L lechmanna

An mopression from these fragmentary, diverse clues to the connection
between FA and By, , 15 that major pieces i this Jigsaw puzzle are missimg
The cobalamns are already awesomely complex 1t 1s humbling only to
ghmpse a cofactor whose magmitude may be surmised from consideration
of ratios such as (1) PABA phosphoribityl formyl polyglutamyl FH,, (2)
pantotheme acid CoA, (3) mecotmic acid TPN, and finally, (4) “true”
“pseudo’’ By, (+ folic coenzyme?) Co By

VI Biosyntrests oF Foric Acm

1 The p Amunobenzoic Acrd Morety

Incrensed understanding of folie acid function makes the raison d’étre of
the PABA grouping clearer 1t imparts resonance stability to the A8 10
metheny] bridge compounds This 1dea 15 supported by the spemficity of
PABA The older hterature gives the impression that only compounds con
vertible to PABA are active More recently, 2 ammo 5 carboxy pynidme
replaced PABA for an E cols mutant, the product was active for Strepto
coceus faecalis (Anens and Simoms, 1955) Wacker e al (1958b) found that
a group D streptococcus (¢ Enferococcus ster”) soon lost sensitivity to
p ammosihicylic acid, at this point the compound annulled inhibition by
sulfanllamide Tracer expermments <howed that p vmmosalicylic acid was
meorporated mto the cell Extracts of the streptococcus growth with p arm
nosalicyhic or salicyhic acids were active for Pediococcus cererzsiae but not
for 8 facealss It 15 remarkable—and a sign of the biochemieal trnes—thnt
1n this instance the PABA sulfonammde ihibition the classical example of o
mctabohte antagonist relationship, should turn out to be a mixture of sim
ple competition, perhaps lethal synthesis, and directed synthesis Sulfamt
amide PGA 1s chemotherapeutically nactive (Fahrenbach ef af,, 1954)
Curiously, PABA has been 1solated from an ictmomycete produced ant1
biotic, amicetmn, which also contams cytosme and methylserme (Flynn
etal, 1953) 1ts mode of action 1s unknown

Knowledge of the biosynthesis of PABA remamns about where B D
Daris left 1t 1n his studies of aromatic biosynthesis A possible intermediate
between shikimie acid and PABA may be p-aminophenylacetic acid, which
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replaced PABA for Lactobactllus arabinosus 17 5, shikimic acid was mactre
(Nurmikko, 1956)

2 The Pterin Movety

The biosynthests of the pterin moiety 1s very meompletely known Studies
of the bacterum Gaffhya homars (Aaronson and Rodriguez, 1958) make
hkely a purmne precursor G homar: has a growth requirement satisfied
either by PABA or purines Since the usual supplement of bypassing com
pounds (thymine, amino acids, etc) was not needed n the absence of
PABA, and, unlike S faecalzs, where folic acid bypassed cells contan no
folic acxd by L cases or S faecalss assay (Stokes, 1944a,b), the Gafilya
cells grown on purine contained FA active material, 1t was supposed that
purine was ncting as precursor, not product A direct proof of the purne
precursor theory awaits the demonstration by tracer techmiques of the
corporation of several purme atoms into the pterinoid nueleus The flagel
late Strgomonas oncopelts also uses PABA and purme mterchangeably
(Newton, 1957), this system has not been analyzed further

Many workers have tried to stimulate folic synthesis by giving a logical
seemung precursor pterin such as xanthoptern, together with PABA or
p ammobenzoylglutamic acid The results have been negative, e g Stokes
(1944b), or equivocal The early reports of positive effects of xanthopterm
1n the treatment of anemias of fish and goats have not been confirmed
Korte et al (1958b), applying tracer technique, found that cultures of en
terococer took up less than 1% of xanthopterin suppled at the 5 mg %
level What vanthopterin was taken up was meorporated into a compound
oxidizable to 2 amino 4 hydroxypteridine 6 carboxyhe acid and so, pre
sumably, mto a folic derivative In any event, therr tracer and chemical
techmques were sensitive enough to measure very minute transfers of car
bon atoms from <anthopterm to FA compounds They concluded that the
normal synthesis was not through xanthopterm These results seem opposed
to those of Katsunuma, ef al (1957) and Katsunuma (1958), who clam that

Mycobactersum avium forms PGA by cond, 2 benzoylglutamate
with <anthopterin and that pteroic acid 1s mactive (Katsunuma and Shodz,
1957)

Sevag and Ishu (1958) have set about to identify the fluorescent com
pounds accumulated in a sulfathiazole mhbited PABA less mutant of B
cols 1cubated with PABA Of three fluorescent compounds 1solated, one
resembled CF, another was assumed to be a reduced pteroie acid derrv ative,
and the third resembled pteroic acid Cell extracts meubated with PABA
formed a butanol soluble yellow pigment On hydrolyss, the pigment
yielded PABA, glutamic acid, alanine, and leucme, the pigment was 10a¢
tive for S faecals and the E coh mutant A yellow pigment absorbing ab
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360 mu w15 made by washed cells of the mutant meubited with PABA
(Ishn and Sevag, 1958) The pigment yielded the same hydrolysis products
as the pigment made by the cell free system, 1t had PABA activity for the
mutant and no folic activity for 8 faecalss, L raser, or P cerevisiae The
authors, 1 reviewmg other yellow pigments produced from PABA by
microbes, speculate that the pigment 1s a cofactor for the biosynthesis of
FA from precursors rather than bemg itself converted to fohe

T'he unnamed diphtheroid used by the American Cyanamid team n their
wolabion of folie acid appews to be tbsent from type culture collections
For biosynthests studies one of course would be well ndvised to employ an
orgamsm with outstanding ability to make folic acd

3 Folic Ribofl B thetre Relat

Tracer studies and nutritional data on the stimulation of nboflavin syn
thesis (reviewed by Brown ef al 1958), show that nngs B and C of nbo-
flavin are derrved from an intermediate related to the purines by a sequence
summarnzed (XI) by Kuwadaet al (1958), who 1solated ribolumazine mter
mediates and acetoin trom Eremothecrum ashbyn

’
Lk
HN:
Purine C=0 e }—o diacetyl or
compound aceto n
~ /
HN g
R = nityl group 67 Dlmethylnbolumazme
'4
iy
N N
chﬂ N0
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N E/
Riboflavin
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Probably the same ribolumazines have been isolated by Forrest and
McNutt (1858) and Korte et al (19582) Lumazne 1s 2,4 dioxyptenidine
(or pterm) Interference with this purine precursor may well explun
Schopfer’s (1948) finding that sulfamlamide resistant struns of Fremothe
cum tend to be white, not yellow A purine precursor would also account
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for the finding that larvae of butterflies mjected with labeled glycine and
formate yielded labeled leucopterm m the 2, 4, 5, and 7 positions (Wey
gand and Waldschrudt, 1955) Whether synthesis of unconjugated pterm
proceeds vin PGA 1s discussed later (Section VIII)

If ptermords and mboflavin do compete for a common purine like pre
cursor, then there shoud be a certam reciprocal sparing betw een ptermoids
and riboflavin—complicated by the feedback represented by the folic
ptermmowds beng essential for purime synthesis A systematic study of
folic nboflavin B, purine relations 1n the classical stram of Streptococcus
faecalis (‘R”, ATCC 8043) has not been made According to Nrven and
Sherman (1944) thus strain does not need riboflas in, nevertheless riboflavin
1s mcluded 1n all the basal media recommended for vitamn assays

Nevin (1954) 1solated from the mouth streptococer that needed folie
acid or riboflavin none of these 1solates 1s hsted by the American Type
Culture Collection

With FA necessary for purine synthesis, and rboflavin m turn having a
purme precursor, Clapper and Meade (1958) reasoned that folic deficiency
should induce nboflavin deficiency The riboflavin content of a S faecals
stramn (derrved from a sulfathiazole resistant folic requiring Streptococcus
matzs) mereased as more PGA was supplied, from a low of 3 0 to 50 6 mpg
per milligram

The folic requirement of Cruthedia fasciculata 1s spared by riboflvin
(Nathan et al , 1956, Kidder and Dutta, 1958)

It seems reasonable to suppose that there may be many organmsms mn
which riboflavin spares a purine requirement and so, indrrectly, a foltc
requirement The absence of reports of riboflavin mutants in E cols perhaps
signifies that a riboflavin defictency m many organisms entuls so many
other derangements that such mutants are seldom viable

VII CrEavaGE AND DissiMiraTioN oF Foric VITAMINS

Spontaneous decomposition of folic vitamins, largely a cleavage between
Cs and Ny, 15 greatly accelerated in the FH, series, and so has impeded
the 1dentafication of folie coenzymes This cleavage probably accounts
importantly for the fact that only a small part of an admmustered dose of
PGA m man 15 recoverable from the urine Interest in cleavage reactions
has been fostered by two developments (1) the conspicuous cleavage
reactions m some microorgamsms developing fastness to antifolics, (2) the
possibility that such cleavages, spontaneous or enzymatic, figure m the
synthesis of physiologieally active unconjugated pterins

Laver preparations spht added PGA, the split 1s preceded by reduction
to FH, compounds (Futterman and Silverman, 1957) Dinnng e! al (1957)
estimated the sphitting of PGA and CF i man by measuring the appearance
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of diazotizable amine 1 the urme The ptermoids formed spontaneously
from FH; and FH, were 1dentified by Blakley (1957a) as xanthopterin and
2 amino 4 hydroxy 6 methylpteridme

The task of distinguishing between spontaneous and enzvmatic cleavages
has been undertalen by a group using human red cells Heating (to 100°)
and aging of the cells artivate an enzyme which degrades PGA or ammo
ptern, but not amethopterm or CF, at the Cy Ny hink, the latter two com-
pounds mhibit the enzyme, anthopterm was also mhibitory 2 Amno 4
hydroxy 6 formylpterin was produced (Aravinduhshan and Braganca,
1958) Further dissection of the system (Braganca and Krishnamurthy,
1958) revealed that the glutathione and Mn'*+, catalyzing the cleavage,
were replaceable by ;0 This makes the reaction a peroxidative one

Clearer evidence for an enzymatic cleavage stemmed from the observa
tion that the yeast Candida tropicalis grown with high ammoptern and
becoming resistant, might show 1ntensely yellow secondary colomes (Nich
erson and Webb, 1956) The yellow pigment was butanol soluble It 1s not
clear from Webb (1055) to what extent the yellow pigment conasted of
free pterins, he 1dentified the 6 carboxylic acxd and the 6 hydroxymethyl
denvatives as the main spht products of aminopterin, and therefore
assumed the primary split product to be the aldehyde which then under
went a Canmizzaro reaction

Rauen’s (1938) approach to the cleavage problem scems rather com
plicated Pig hiver homogenates or mitochondrin free preparations, 1n the
presence of C; domors and oxidizing agents, yielded 2 mixture of N1
formyl PGA and 2 NH: 4 OH pteridine 6 aldehyde This apparently
combines the enzymatie reduction of PGA to FH, and formyl dervatives
with therr subsequent asutoxidation and cleavage, Rauen thmks that the
Process 1s nonenzy matic

In o prelminary note, Levenberg (1958) described an extract from an
Alcaligenes that wrreversibly deaminated PGA and other pterins to form
the 2,4 dihydroxy ( lumazme”) derrvatives From 2 NHx4 hydroxy
plendme 6 carbovylie acid it formed the eorrespondmg dibydrovy wed
Aanthopterin, aminopterin and leucopterin were nert

High cost and the difficulty of purifying pterins seem to have prevented
other uses of the enrichment method for obtaing ptermoid degrading
muerobes The broadened knowledge of FA funetion gamed by studying
the catibolism of histidine ind purmes promises that studies of the steps
m ptermmod degradation by microbes might well contribute 1deas 1f not
actual intermediates concerning synthetic pathways The degradations of
tryptophan by various bactenia has demonstrited the fertility of this line
of mvestigation

The degradation of PABA follows the usual course for aromatic acids
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Durham (1956) 1solated p hydroxybenzoic acid as an mtermedinte from
Pseudomonas fluorescens that could utihze PABA s sole substrate The
steps from p hy droxybenzoic acid to aliphatic compounds have been traced
for pseudomonads 1n the well known studies of Stamer and hus co workers

VIII PreriNs

1 Dustrsbulion

Distribution of pterms mn animals has been reviewed (Fox, 1953, Ziegler
Gunder, 1956) A symposium volume (Wolstenholme and Cameron, 1954)
has a wealth of information on synthetic methods, structural determma
tions of completely and incompletely defined ptermns, and distribution,
especially m nsects and fish Figure 4 shows some relationships of pterins
to one another and to the folic ptermoids

Pterms are conspicuous m some crustaces, msects, and cold blooded
vertebrates These pterins, like the folic pterinoids, are, without exception,
2 NH, 4 hydroxy substituted Common pterins are xanthopterin (6 OH,
orange yellow, yellow green fluorescence), leucopterin (6,7 i0H, white,
blue fluorescence), broptermn (6 dihydroxypropyl, buff, hight blue fluores
cence), 1sovanthopterin (7 OH, yellow, violet fluorescence), and erythro
ptermm [6 OH, 7 (COH=COH—CH,OH)], red The structure of most red
ptermns 1s unknown, ikewise the complex pterm from human urme, uro
thione, and the important pterin (“flucrescywnine™) from carp scales and
silkworm eggs, Bombyz more The literature on pterins records 1solations
ona heroic scale 6000 liters urine, 100 gm silhworm eggs, 5 kg carp scales,
850,000 butterflies, 500 gm of royal jelly, 5 kg of Drosophila, ete The
comung of chromatography and mucrobiological assays to ptenn studies
was understandably, fervently welcomed

Many investigators have commented on how pterm rich materials are
generally accompanied by comparable quantities of guanme or ure acid,
and niboflavin, a genetic connection among them has therefore been held
highly likely But as uric acid 1s a waste product, and the grossly visible
pterins oceur n mtegumentary structures such as fish and butterfly scales,
the thought prevailed that pterins were, hke urie acid, metabolcally mert
end products, and identification of PGA as a pterin was for some years
taken to be a brochemical curtosity compatible with the 1dea of the inertness
of the unconjugated pterms

Intimations of an active metabolic role came from a closer examimation
of msects pterins were also abundant in actively metabohzing tissues Thus
the yellow pterin m the female reproductive ducts and testes sheath of
certamn races of Drosophila scemed 1dentical with the yellow pigment n the
wild type eyes (Graf et al , 1955), the tissues generally of Drosophila hwe

1 deep violet blue fluorescence (Hadorn and Schwinck, 1956) Identification
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as pterms of the water <oluble photolabile yellow, and the stable red, eye
pigments of Drosophila came simultaneously with identification of biopterin
as an essential metabohte for a flagellate The whole ptermn situation 1s
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Fre 4 Biosynthetie relations of the folic pterinoids and pterns Several pten
dines here and 1n the text should be designated ptemns 1f the suggestion 1s fol

lowed that the term pfertdine be restricted to ptennods not having a fully aromatic
nucleus

rerumscent of the carotencids carotenowds were first known as pigments
of frutts and flowers, then some carotenoids were shown to serve as vitamm
A precursors and to be mdispensable for vision, while vitumin A atself
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seemed to be absent from plants But the essential site of action—why 1
vitamm A deficiency eventually fatalP~remains unknown The analogy
between pterm and carotenoids can be extended to vision the eyes of some
fish, amphibia, and reptiles contamn the pterms xanthopterin and “ichthyep
term” (Pirie and van Heyningen, 1956) This was detected through the
brilhant blue fluorescence of agueous extracts of fish retina and choroid
The association of pterms and riboflavin holds here too the pigment ep
thehum of the retma m some fish contamns up to 05 mg gm nboflavin
wet weight, as compared with the mammahian retmna’s 34 pg gm The
photolability of biopterin will be discussed 1n the next section

Ziegler Gunder (1956) ponts out that in crustaceans such as the erab,
there 1s a connection of sorts between melanimn and pterins—no melann,
no ptern, likewise, 1 eyprinodont fishes, where there is melanin, there are
also pterms There 15 a close association between “pteriophore’” and mel
anophore cells 1 fish skin The meamng of 1ts presence 1 urine—about m
1 part per milion (Koschara, 1943)—is unhnown except, as discussed later,
as a waste product But 1its effect on the hidney makes this uncertam Ac
cording to Setsuda et al (1956), d-uly excretion of xanthopterm n urmne
averaged 4 4 mg m eight normal persons, there was no difference between
sexes, but the excretion was mereased mn pregnancy The xanthoptern
output of each patient with chronic myelogenous leukemia, lymphatic
leukermua, chrome lymphatic leuhemia, and kala azar merensed “remath
ably” compared with controls

There 15 no clear genetic relation in Drosophila ey es of the water msoluble
ommachrome pigments (derrved from Lynurenine) and the water soluble
yellow and red pterins (Hadorn, 1956, Hadorn and Schwinck, 1956)

The distribution of pterins in plants and the omgin of 1s0xanthoptern
will be taken up m the next sections

2 B th Role of Xanthane Oxidase

As Fig 4 mdicates, santhopterm and 1soxanthopterin are probebly on
diwvergent pathways Blawr (1957), turning from an analysis of the leaf
green and the yellow portions of the skin of the green mamba, Dendroaspis
mrdis (besides a yellow nonfluorescent substance, there was the yellow
fluorescent riboflavin, 1sovanthopterm, and 2 NH, 4 hydroxy pterin 6 car
bosyhe acid), 1solated 1soxanthopterin from urine (Blair, 1958a) He did not
find the 6 carboxyhe acid, and, 1 a scheme offered for the catabolsm of
PGA, suggested that isoxanthopterin might originate from bioptern In
attempting to trace urinary xanthopterin to 1ts ongm, Blair (1958b) found
no xanthoptermn 1 normal hidney tissue of the hamster or it transplantable
renal tumors mduced by stilbestrol Xanthopterin mjected into hamsters
was converted to leucopterin by xanthine oxidase Leucopterm was not




METABOLISM OF FOLIC ACID 31

found m human urine In view of the work of Blakley (1957a) on the spon
tancous formation of xanthopterm from FH, and }H,, and of Slavik
(see Slavik and Slavikova, 1958), who found xanthopterin m the urme of
rats fed FH,, Blar concluded that the xanthopterin i urine did not origy
nate m the body tissues

Even f xanthopterin 1> merely an artifact—a side reaction-—one still
has to account for its remarkable effect on the lidney As reviewed by
Bergel (1956) [this work seems to have been presented earher only as a
series of brief notes e g Haddow (1954)], the kidney of rats and other ro-
dents mjected with xanthopterm (150 gm rats recerved 10 mg 1intripen
tomally) showed a speedy hypertrophy due to a great outburst of mutotic
activity 1n the Jadney tubules The compound was excreted mto the tubules
m the form of leucoptern An identieal effect was produced by 4 styryl
2,5,6 traminopyrimidine  Bergel notes here that, i low concentration,
xanthoptern 15 a substrate for xanthine oxidase, at higher, an mhibitor
This 1ssue has now sprung into greater promnence Haddow et ol (1958)
report that punfied preparations of xanthme oxidice from cow s milk
mhibit the growth of certamn spontaneous mammary carcinomas in C3H
and C4+ mice The authors wonder whether the effect depends on an 1n-
creased purine catabohism or the removal of growth promoting pterinowds

Reactions brought about by <anthine oxid-se therefore bear directly on
the question of the sigmificance of the pterms This enzyme, reviewed by
De Renzo (1956), 15 thought to be complex, partly because 1t cataly zes
two disparate seeming oxidations of simple aldehydes 1e, formaldehyde
and as1ts naume mndicates, of certain purines Tt 1s noteworthy that the most
powerful mhibitor known of the enzyme 1s 2 amino 4 hydroxy 6 ptenidine
aldehyde As 15 evident from the previous discussion of the cleavige of
PGA FH, denvatives, both the aldehyde and purine owdase activities
Jomn m these molecules, 1t 18 concervable that, hke xanthopterin ot very low
concentrations, the pteridine aldehyde acts as a substrate for the enzyme

Part of the puzrle of the mtimacy between pterins and purines, partfrom
the likelhood diseussed earlier of purines acting s pterin precursors, axses
as a result of finding xanthine oxida e to act on both purines nnd pterins
In o detailed study of the specificity of milh xanthme oxidase Bergmann
and Kwietny (1958) raised an nteresting question Which corresponds to
uric acrd (the end product of vanthine ovidase activity on purines)—a
2,4,6 or a 2,4,7 tnsubstituted pterm? The oidation of pteridine 1iteelf,
its monohydroxy dernvatives (2,4, and 7) and 2,4 dihydroxypteridine
gave m all cases 2 4 7 tnhydroxypteridine 6 hydroxyptendine was not
attacked Hence they concluded that the 6 hydroxy group of xnthoptern
could not originate through the precursors susceptible to xanthine oxidase—
Wwhich harmonizes with the ‘spontaneous” onigin of xanthopterm from FA
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precursors As Bergmann and Kvwietny pomt out, this imples that the
leucopterm formed from vanthopterm 1s a termmal metabohite in the wings
of butterflies and plays the same role in pteridine metabohsm that ure
acid does 1n purine metabolism

Entirely independent experiments on Drosphula m two different labors
tories bolster belief n this parallel action Knowmg that xanthine oudase
from cream converted 2 NH; 4 hydroxypterin to 1soxanthopterin, Forrest
et al (1956) identified xanthine oxidase m the pupae of the wild type by
the ability of supernates of ground pupae to oxidize this compound to
1soxanthopterin, xanthopterin to leucopterin, and xanthine to une acid
The eye color mutants (maroon and maroon like) lacked the enzyme It
becomes apparent why <anthine oxidase should cause parallel changes m
pterin eye pigments of Drosophila, and their purines The rosy mutants of
Drosophala are deficient m 1soxanthopterm (Hadorn, 1956, Hadorn and
Schwinck, 1956), they should be deficient in xanthine oxidase As expected,
the substrates of the mssing enzyme accumulate hypoxanthme and 2
NH 4 hydroxypteridine 1n maroon (Glassman et al, 1958), which 1s alco
devoud of uric acid, and exactly the same accumulation of hypoxanthine
and complete absence of uric acid and 1soxanthopterin (Monta, 1958)

The question of the essentiality of xanthopterin can be extended to
1soxanthopterin and, for that matter, to xanthine oxidase Hadorn and
Schwinck (1956) noted that the growth rate of Drosophila stocks homozy
gous for rosy was 53 % that of the wild type, with dimimshed egg produc
ton largely responsible This does not tell whether the actual damage 1s
caused by blochage of excretion of uric acid, blockage of 1soxanthopterm
synthesis, or something else

In other Drosophile mutants, deficiency of pterin eye pigments appears
to result from lack of substrate, not lack of xanthine oxadase Whate aprecol
larvae which normally contan very small amounts of 2 NHy-4 hydroxy
ptenidine and 1soxanthopterin, produced 1soxanthopterin when fed the hy
droxy pteridine (Forrest et al , 1956)

FA pterins excepted, nothing 15 known about pterms mn bacteria Xan
thine oxidase 15 present m Lactobace/lus cases (Villela et al , 1955) and 3frcro
coccus lactilyticus (Whitely and Ordal, 1956)

As may be seen from Fig 4, all the urinary pterms—perhaps all pterms—
seem to be dernvable, if deviously for some, from FA, especially those origi
natmg via biopterm (see next section) Tschesche (1954) remarhed that
¢rythropterm, with extra carbons linked at the 7 position, represents 2
unique biosynthetic puzzle The deviousness of these pathways may well
explain the fulure of Ziegler Gunder et al (1956) to obtamn more Iabeling
of pteridme (some was observed) when C, labeled guanine was mjected
mto Yenopus larvae and pterins were then 1solated from the shin
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Claims have been made that PGA and related metabolites (xanthopterin
and a ptendime carboxyhic acid) act as a color change hormone m the insect
Carausius  According to Karlson (1956}, this work 1s unconfirmed The
studies of Butenandt on royal jelly, discussed in the next section, may
however bring the pterins mto the ranks of mseet hormones

8 Cnihdia Factor and Bioptern

These ptenns occupy a special position biosynthetically, because their
side chain at the 6 position means that they cannot be derved from the
FA pterins by simple hydroly sis and oxdation reactions and physiologi
cally, because of thewr relation to photosynthesis, msect vizion, and the
growth of a protozoan

Crithadra fasciculata, a flagellate parasite of mosquitoes, requires certamn
unconjugated pterms It seemed to have an extraordmanly high require
ment for FA, leucovorin was less effective Liver refined for parenteral use
was ghly active, but its folie activity, measured by Sirepiococcus faecalis,
was neghigible (Cowperthwaite et al, 1953) The activaty of superntes of
cultures of Ochromonas malhamensis was retained even after an autoclaving
with aeid sufficient to destroy folie activity An active fraction was then
separated chromtographicaily from commereial guanosme larger amounts
of active materal were prepared by reerystalization of guanosne, the
mother hquor retaned activity From considerations of 1ts probable bio
genesls from PGA, stability, and absorption spectrum, Crithidia factor was
postulated to be an uncomyugated pterin with at least one hydroxyl on the
side chan (Nathan and Cowperthwaite, 1955) This assumption was soon
substantiated a collabortmg team at the Amencan Cyanamd Company
1solated 20 mg of pale yellow spheres from 4000 liters of human unne
(Patterson ef al 1955) The structure assigned to 1t (sce Fig 4) from the
spectroscopic properties of the compound and 1ts degradation products, was
proved by synthesss and the configuration of the side chain established,
bloptern was 2 NH, 4 OH 6 [1’ 2’ dihydrovy propy] (L-erythro)] pterm
(Patterson o ol 1956) Attempts to bypass the biaptern requirement
with metabolites hnown to participate m fohe metabohism were negative
(Broquist and Albrecht, 1955) 2 NH, 4 OH 6 substituted pterms were
active onlv if the substituent in the side cham was CH.OH or a longer
aliphate chain with vicinal hydroxy groups Bioptermn was the most actine
by far 10 mpg per milliiter allowed full growth, the hydroxy methyl
compound allowed two thirds maximal growth at 001-003 pg per mill
hter The essentiality of PGA or other conjugated ptermords was evident
throughout, but 1t was needed in far lower concentrations 1 the presence
of the unconjugated pterins Proceeding from the finding that the requrre
ment for Cruthidia factor became 1bsolute when PGA was by passed with
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thymine (By; was not needed) (Nathan et al , 1956) a simphfied microbiolog
1eal assay was devised for bioptern 1n naturil matenals Interference from
FA was elimmated by prelimmary autoel1ving of the sample with acd, as
was done earher when assaying Ochromonas culture fluds, which destroy
conjugated pterinoids but not biopterm (Nathan et al, 1958) Tudder
and Dutta (1958) have given additional details on the grow th requirement
of Crithida fasciculata

The 1ssue of the journal that announced the 1solation and structure of
bioptermn also reported the isolation and synthesis of bioptermn from the
sepea mutant of Drosophule (Forrest and Matchell, 1955) Biopterm was
accompanied by 1soxanthopterin, 2 NH.-4 OH pteridine, the 6 carboxyhe
acid, and N® lactyl 7,8 dehydro 2 amino 4 hydroxypteridine The strihing
photolability of biopterin and the other pterins with hydroxy side chaws
of course suggested an immediate function m viston This work has been
continued by Viscontin1 and associates in Switzerland, who confirmed the
structure of biopterin from Drosophile, imcluding trial of 1ts microbiologieal
activity (Viscontim and Raschig, 1958), and undertook to characterize the
munor accompanyng fluorescent pigments, ncluding “drosoptermne” (Vis
contint ef al , 1958, Viscontini, 1958), which 1s related presumably to the
N lactyl pterin reported by Forrest and Mitchell It should be noted that
these and some other European workers use a different numbering sy stem
{for the pterinoid nucleus

The scope of biopterin studies widened suddenly Forrest et al (1957)
reported that the thermophilic blue green alga Anacystts mdulans lost
activity when an aerated suspension n water stood for a short period at
4°C 1 darkness The crude leach was hight yellow, fluorescent, and yelded
2 NH. 4 OH 6 carbovypteridine upon oudation with KMnO. Ptenns
were present 1n relatively high concentration in three other blue greens
Van Baalen et al (1957) fractionated the extract Two principal ptermns
were released from acid hilled cells, (a) yellow crystallime 2 NH, 4 OH
pteridine (Forrest et al , 1957), (b) a blue fluorescent pterin composed of
biopterm plus glucose attached to exther the 1’ or 2’ of the bioptern =de
cham (Forrest ef al , 1958) The pterms amounted, astomshingly, to 0 1%
of the dry weight of the algae (Forrest et al , 1957) When CH40: was fed
to A mudulans during photosynthesis experiments, the C was mcorporated
wmto only the glucose portion of compound C (Van Baslen et al , 1957)
That the pterms participated m large scale activity such as photosynthesis
was suggested by the aforementioned concurrent release of pterms and
impairment of photosynthetic ability

This remarhable development impels one to seek parallels m related
compounds Katagm et al (1957) 1solated a nboflavinyl glucoside from
E col and Aspergullus oryzae and postulated a fundamental role for 1ibo
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flavin m transglycosidation, Ihimann and Radner (1958), investigating
the dependence of anthocyamn formation upon light, found that antho

cyanin formation m the duckweed Spirodela ohigorrhiza went on rapwdly
1n the dark 1n plants supplied with sucrose and nboflavin The main action
of hght here was supposed to be that of supplymg sucrose In view of the
uncertamties about hght receptors for phototropic and other photie reac

tions 1n nonchlorophyllous systems, 1t seems not unduly speculative to
suggest that riboflavin and biopterm mght be connected mn photoreception
as they are elsenhere Royal jelly may make 1t as proper to dizcuss pterms
under “hormones’ as under “vitamms ” It makes queen bees out of other

wise sterfle workers and fluoresces blue Subsequently, 500 gm of royal
jelly fractionated under red light yielded 47 mg of chromatographcally
and electrophoretically pure biopterin (Butenandt and Rembold, 1958)

Bioptenn was found mn all royal jellies and 1n the larvae of the queen and
drones but not m worker’s food or m worker larvae Further results one
need hardly say, are engerly awaited

The mode of attachment of the side chain of biopterin suggests a con
densation with a carbohydrate, 4s m 1ts chemical synthesis or with an
amino acid, like threommne with the erythro configuration The reaction
may be analogous to a reversal of the cleavage of L-erythro B L threo 8
phenylserine, yielding benzaldehyde and glycine, by an enzyme from the
Inver and kudney (Bruns and Fiedler, 1958) These authors pont out the
resemblance to the enzyme that cleaves L-threommne and v-1llothreonine to
acetaldehyde and glycine The enzyme was considered distinet from serme
aldolase m not needing FH,

Xanthine oudase does not act on biopterin (Forrest et al , 1956) The
pattern of urinary excretion of biopterm might be expected, therefore, to
differ not only from that of xanthopterm, but also from une acid The ex
eretion of urie acid 1s ¢levated mn leuherma perhaps reflecting (Brakoff,
1957) an acceleration of nucleic acid synthesis If this acceleration entailed
parallel mcreases m the folic acid and other cofactors for making nucleic
acxd, then 1t would account for the increased excretion of xanthoptern in
leukernia noted earhier The turnover of biopterin m leukemia and mn nor
mal subjects 15 one must emphasize, entirely unhnown

The fluorescence under ultraviolet of hair mfected with the fungi of
rngnorm has long been used as a diagnostic method An aqueous extrct
of Mzcrosporum mfected h-ur had the absorption and fluorescence features
of pterms The extracts were highly actrve for Crithidia fasciculata (Wolf
et al , 1958) For 1 brief review of possible pterins m microorginisms n
cluding Corynebactersum diphtheriae, Mycobactersum fuberculoses, and 1sper
gilly, the reader 1s referred to Wolf (1957) these reports seem too fragmen
tary to warrant detailed review at this time One mught expeet to find
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xanthopterm and fluorescent lumazmes as breakdown products accom
panying the growth of organisms prone to make large amounts of ribofiavin
or FA

IX LviDENCE FOR OTHER PTERINOID MEDIATED REACTIONS

1 Sterods

PGA stimulates the tissue growth response to estrogen m the female
chick and rat, correspondimngly, ammopterm nhibits the estrogen induced
mtosis of the rat uterus, an inhibition reversed by CF (reviewed by Peter
g, 1952)—one of the rare known functional connections between B vita
muns and steroid hormones Doctor (1958) observed an mcrease 1 the CF
activity mn the urme of male rats given estradiol In one experiment, after
a dose of 100 pg of PGA, the CF excretion went from the average of 1340
units 1n the control rats to 2090 1 those treated with estradiol, i another
group 1t rose from 7080 to 10,950 units Estradiol inhibited the consersion
of PGA to CF in female rats, testosterone mhibited the conversion m
castrated male rats and 1n castrated female rats

Punified preparations of rat hver 3« hydroxysteroid dehydrogenase cata
lyze the ready interconversion of 3« hydroxy 3 Letosteroids, DPN bemg
the H carrier, the steraids were active nt 10~¢ 37 (Hurlock and Talalay,
1958) Since DPN and TPN are intercony ertible, a redox coupling 1s theo
retically possible between pteridines and these steroids

A biosynthetic relation 1s represented by ergosterol, where the methyl of
methionime 15 the source of 1ts C-24 (Alesander et ol , 1958, Alexander and
Schwenk, 1958) A cell free ergosterol synthesizing system has been pre
pared from yeast (Parks, 1958) Oxidatise removal of angular methyls m
the cons ersion of lanosterol to cholesterol by animal tissues does not appear
to be folic mediated (Bloch, 1957)

2 Mascellaneous

Nutritional sparing or bypassing provided the mhal clues to the func
t1oms of FA This technique 1s not exhausted In the classical £ cols system
(Shive, 1950), the PABA required to overcome sulfanitamde was not ehm;s
nated by known metabohtes, even though the ratio sulfamlamide PAB.
reached 30,000,000—which comes dangerously close to the concentration
of PABA that can be manipulated without undue disturbance from the
PABA which occurs as a contamnant in water and nutnents Other syi
tems may be more informative at this stage The situation 1n higher ax;;]mal ;
has been expressed forcefully by Welch (1957) “It ts not yet pos.s)f fehc
animals to muillify the violently toxic effects of n potent antagonist i ol
acid, amethopterin, by supplymng a mixture of those compounds hn
to depend upon folic acid dernved coenzy mes ”

OWTL
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Neither the growth mhibition of the rat induced by dietary sulfaguant
dime (Acherman, 1957) nor the FA deficiency in the mouse mnduced by
excess dietary methionine or glyeme (Briges ef al , 1958) was reversed by
the usual purme pvrimidine ammo aad vitamin mixtures 3'5’~Dichloro
amethopterm now under trial for the treatment of leukemia seems superior
to amethoptern (Goldin ef al , 1957), 1t may perhaps y1eld even more severe
deficiencies

Byvpassing and antimetabolite expertments with bacters bring unex-
pected metabolites mto the folic ambit Koft ef al (1950) found that bu
ly<me was needed to replace PABA for Lactobacillus plantarum (arabinosus)
17 5 Reversal of p ammosalicylic acid mhibition of Mycobactervum tubercu
loszs Tequired, among other compounds, biotin and Ce-Cys fatty acids
(Hedgecock, 1958) Redistilled pyruvic and lactie acids spared the PABA
requirement of L plantarum (Haas and Sevag, 1952) It will be mteresting
to see whether these metabolites will spare the FA requirement of (a)
group F “minute” streptococer where thy midine 1s meffectrve as a by passer
{thymidime 15 effectry e with the group G “minute” strams (Feltonand Niven,
1955)], (b) Thermobacterium acedophilum R 26 where thymidme 15 meffec
trve (Lgvtrop and Roos, 1957)

The cost of ammal expermments makes the possibiity of realistic pilot
experiments with protozoa an attractive one The ure of mtact RNA and
DNA as folic sparers for the chiek (Naber et al , 1957) avords use of the
expensive thy midine

In a sense, biopterin was discovered as 2 folie sparer for Crithidia fascicu
lata There are no pubhshed reports on whether 1t spares the FA require
ment of lugher animals or whether 1ts urinary output is affected by diet
The himited availability of biopterm has precluded large scale experiments
amned at bypassing 1t However, the mtense effort now directed at improv
1ng 1ts chermeal synthesis promises to make 1t readily accessible

An attractive experimental object for discerning produets of folic metab
ohsm 15 Tetrahymena whose fohie requirement has resisted bypassing,
thymidine and Bis had sparing activity, and fohie conjugates were utihized
(Dewey and Kidder, 1953) Tetrahymena’s great advantage as an expert
mental object 1s that 1t can utihze particulate food such as bacterial bodies
This should permt such interesting expeniments as feeding 1t, singly or 1n
combination 8§ faecalis and C fascrculata growing without FA, to see
whether Tetrahymena s FA requirement can thus be by passed

A great variety of foli, catalyzed reactions may be brought to light by
the trinsfer of methionne methy1 to the methovyls and some benzene nng
methyls of myeophenolic acid produced by Pemcallsum bretz compactum

(Birch ef al , 1958) Thus 1s not an 1solated mstance two angular methyls
and the cirboxyl of citrinmn onginate similarly (Schwenk ef al , 1958)
It 15 not known whether the degradation of acetone via formate 1 the
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mammal (Sakam and Rudney, 1953) 1s folic mediated There 1s no evidence
yet from the literature on diabetes that FA 15 specially mvolved m the
removal of hetone bodies

A C, transfer i the synthesis of a carotenoid has been demonstrated for
the synthesis of spirilloxanthin by the photosynthetic bacterrum Rhodo
spurillum rubrum Of labeled formate added to anaerobuc, washed suspen
stons of the bacterium, 25 % appeared m the two methoxyl groups (Braith
waite and Goodwin, 1958), 75% was unaccounted for Spinlloxanthin 15
the major photosynthetic pigment 1n R rubrum Methoxy carotenoids have
not been found outside the photosynthetic bactera

X CriTIQUE OF MIcROBIOLOGICAL Assay MEeTHODS
Nearly all microbiologieal assays for ptermoids have been by means of

Strep s faecals, Lactobacillus caser, Ped ceretitae and, for
biopterm, Cruthadia fasciculata The subject of microbiologieal assays nas
reviewed (Hutner ef al | 1958), therefore this section 1s brief

The need 15 acute for a simple, comprehensive mierobrological assay for
folic compounds One way would be to assay PABA after liberating 1t wmith
acid or alkali Several potential assay bacteria have been mentioned,
eg Acetobactor subozrydans and L plantarum 17-5 In using Telrahymena
for assay purposes one 18 substituting enzymatic hiberation of FA com
pounds for chemical hydrolysis of FA to PABA, the two methods may be
complementary The response of a “thermophilic” Tetrahymena (Holz ef ol ,
1959) to known bypassing compounds 1s under mvestigation The results
encourage the hope that a practical procedure 1s not too remote (Holz,
1958)

As Table I indicates, P ceremsiae 15 clearly superior to S faccalis 1
utihzing 5 formyl FH, polyglutamates (Wacker ef al, 1958a) L caser

U PGA polyglutemates better than does S foecohs That the utiliza
tion of polyglutamates may be the crucial attnbute m deciding whether
an assay organism can be used for the direct detection or measurement of
bound and total FA 1s readdy apparent Silverman and Wnght (1956)
noted that 8 faecalss could not utihize the triglutamyl peptides isolated
from Clostridvum cylindrosporum analogous to CF and A formjl PGA,
they had partial actity for P cerevesiae and full activity for L caser
Much the same problem 15 encountered with PABA, eg Kandel and
Kandel (1955) 1solated p aminobenzoyl peptides with 10 or 11 glutamie
acid residues A multipheity of folie factors 1n blood was inferred from the
growth responses of the aforementioned lnctobacilli (Usdm et al, 1956}
and 1solated from green leaves (Iwar and Nakagava, 1958), (M formyl
ptenie, N'° formyl PGA, and N formyl-PGA glutamic acid) To com
phicate matters further, Jukes (1955), 1n reviewing folic assay methods,
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noted that certun naturil materils inhibit the chick pancreas enzyme
used to hiberate TA for mierobiological assay Further studies on Clostrid
wum ponting to folic polyglutamates as the functional coenzymes (Wright
et al, 1908) emphasize the need for a dependable assay proecdure for
“total” folte

Famharity with an assay orgamsm usually uncovers quirhs demandmng
side mvestigations, thus applies even to the classical 8 faecalis When 1t
was transferred a few times on yeast extract acetate glucose, m 6 weeks 1t
responded hardlv or not at all to PGA, vet 1t responded to somethmg in
yeast (Jones and Morns, 1949) This observation remams unexplained
RMasiasR (1906) has noted vanations m response to FA depending on
whether acetate or citrate pH buffer was used Despite the fact that most
of the folie compounds 1n blood seem to be unavailable to S faecalis, e g

TABLE 1
Uttt rzation of 5 Formyr FH, PoLYGLUTAMATES BY Streplococcus
faecalis AND Pediococeus ceretisiae

Growth activity

Compound P ceremsiae

8 faccahs (L erovorum}

5 Formyltetrahy dropteroic acid ++ 0
5 Formyl FH, +-+ -+
5 Formyl FH, diglutamic acad + -
5 Formy! FH, tniglutamic acid E3 +++4

there was no detectable activity in the serum of humans before the admin
1stration of a test dose of PGA (Chanarm et al , 1958), the diagnostic test
based on § faecalis proposed by Girdwood (1956) appears to be dependable
for diagnosing folic deficiencies (Chanarn et al 1958, Cox et al, 1958)
The principle of the method 15 that a sigmficantly low uninary FA activity
after an oral dose mdicates malabsorption Qur experrence (unpublished)
from comparisons of the L casez method with those for formmnoglutamie
acid (FGA also called FIGLU ’) described earlier (Section IIT 3) 1s that
the ample L caser assay yields results that correlate as well with ehinieal
deficiencies as does the FGA method even though onc does not quite
know what the bactenum 1s actually responding to

X1 Some Crinicir SIDELIGHTS

Three topics ot chimeal mterest are briefly treated here (1) the use of
antafolics (2) the chemotherapy of protozoal diseases, and (3) the etiology
of sprue



40 S H HUTNER, H A NATHAN, AND H BARER

The preceding sections, and some following, emphasize that the behavior
of the antifohes impinges on so many phases of folic metabolism that a
review of the antifolics would mclude most of what 15 known of the mode
of action of FA, as 1s amply demonstrated by a recent symposium volume
on the leukermas (Rebuck et al, 1957, especially the paper by Nichol,
1957) and several of the reviews cited at the begmmng of this review
One might attempt to align the ndvances in knowledge of the pterms with
the older knowledge of FA by ashing how these advances may contribute
to the design of more effective antifolies If the induction of folic cleaving
enzymes proves to be important in the development of drug fastness, then
the problem arises, how to distingmsh quichly between mnducer and non
mducer compounds? The attention now bemg devoted to halogenated
antifolies arouses curiosity as to whether resistance to cleavage has to do
with their hugh activity Sensitive methods for detection of FA sphit prod
uets 1 blood or urine would be useful An increase in biopterin excretion
might be one such index of cleavage if the himmting factor 1n bioptenn
proved to be the cleavage reaction and not the attachment of the side
chain Patients recerving amethopterin excrete more CF in the urme (Ia
et al , 1958), perhaps because of a displacement of tissue CF by the drug,
presumably there 1s o concomitant rise in urinary xanthopterin and other
products of the spontaneous decomposition of CF and related FH, derrva
tives This complication underscores the potential usefulness of being able
to distinguish between spontaneous and enzymatic cleavage products A
second mode of mactivation of antifolics 15 formylation In a system like
Rauen’s (1958) (Section VII), ammnopterin was conyverted by rat Iner
homogenates into the nontoxic N* formylamimnopterin, with histidine
serving s the source of the formyl group, N'® formyl PGA was made at
the same time (Slavik and Slaifkov4, 1958) Resistance to the anhmalam}l
pynmethamme (Daraprim) by S faecalis, where the drug mterferes with
the PGA — CF conversion, exemplifies still another pattern of resistance
o stramn Tesistant to 1000 fold the usually lethal concentration bound FA
very tightly, unlike the sensitive parent (Wood and Hitchings, 1958)

Ptennoid metabohism 15 remarhably vulnerable to antimetabohtes,
especially 1 protozoa This subject has been reviewed many times, e
by Schmitzer and Grunberg (1957), Goodwin (1958), and Woods and
Tucker {1958) The trypanosomid flagellates are notoriously diverse
therr response to chemotherapeutic agents Dissection of therr growth
requirements 1s revealing a comparable diversity i blocks mn ptermoid
biosynthests, the difference between requirements of Crathadha foscrculala
and the morphologically smilar Strigomonas oncopelis was noted here
earlier The task looming ahead for devotees of these beguiling flagellates
1s to trace the correlations, if any, between these biosynthetie blocks and
ther diverse sensitivity to antiptermoids In € fascculala pyrimethamine
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competitively antagomzes PGA and CF (Nathan and Cowperthwaite,
1954, Nathan and Funk, 1959) and also competitively antagonizes a
Crithadra factor active unconjugated ptendine (the tmhydroxypropvl
dernvative—bioptenin 1s dihydroxypropyl) This competitive mhibition of
Crithadia factor can be demonstrated in the presence of PGA, CF, or
thymme (Nathan and Funk, 1959)

Fohe malabsorption in sprue 13 one of its much discussed features
Sprue nearly always responds well to massive oral doses of PGA. (reviewed
by Burch and Ray, 1956, Butterworth et al, 1957 Asenjo et al , 1958,
Gardner, 1958), most cases show a malabsorption of FA Another common
symptom 1s an overgronth of yeasts, espeeially of Candida sp

One assumption 13 that the primary bioch 1 defect 18 defi Y m
the mntestinal enzvme hberating FA from its conjugates This enzyme 15
presumably v carbovypeptidase, since the glutamyl residues are v linked
This brings up the question of whether the v glutamyl Iinkages 10 FA are
umque [hey are not the capsular glutamyl peptides of Bacllus anthracis
and B subtilis are ¥ linked (Bovarnick and Bovarnick 1956) As a possible
mdex to the distribution of folie ‘conjugase,” the=e bactenal peptides are
broken down by aqueous extracts of practically all human tissue, muscle
excepted, plasma1s inactive The combhmation of alow folic diet, inadequate
mtestinal peptidase, and diversion of the enzyme to nonfolic mgh glutamyl
{ood could account for the mtial defimency

The well known exacerbation of the dehciency by high gluten foods
{Anonymous, 1958), would be exphcable if the glutame acid making up
as hugh as 35% of giuten (even higher for certaun other cereal protewns)
were v inhed We have not found information on this pomnt Incomplete
digestion could lead to an mvasion of the upper mtestinal tract by such
organisms 18 S faecalis and Candida It 13 not hnown whether fohe syn
thewizing stramns of § faecalss nevertheless absorb FA The splitting of folic
conjugates by Candida has already been mentioned The abnormal miero
flora so mduced mught intensify the deficiency Burch and Ray (1956),
0 noting that antibiotics may mnduce Termssions mention the possibility
of a competition between exuberant intestinal bactena and the host The
steatorrhea might be of microbial orgin

In any event, this and related syndromes (celiac disease, also known ag
nontropieal sprue or 1diopathie steatorrhea) call attention to an almost
completely neglected aspect of folic metabolism—the glutamyl chamns
the native folie coenzvmes

XiI Prospects anp CoNCLUSIONS

A pressing need 1s simphfication of the Telrah and other asswy
methods for folie nod so thit an enzymoelogst, needing to know whether
2 likely folic acid cofactor 1s absent or tightly bound, can buy from rehable
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sources the basal assay medium as a dry mix along with a culture from a
type culture collertion Use of commereially available purified coenzy mes,
now routine, has greatly speeded the 1dvance of biochemstry A compara
ble effort seems due for microbiological assays Many ptermoid problems
demand a battery of microbiological assays The need 1s particularly
mpressive 1 studying B;. folic interactions, e g the clostridial system of
Barker et al (1938) To illustrate First, 15 FA concerned? Are there By
cofactors? For the pigmented moeties mn the “Co By,”, there 15 need of
assays for (1) “ true” By, , e g with Ochromonas malhamensis and “Lochhead
38", (2) assays comprising also pseudo B, 's, e g Euglena, L leschmanna,
and E col 113 3, also perhaps, (3) microbiological assays for purme com
ponents

As for the function of biopterin, one should recall that the photolability
of mboflavin and PGA were not particularly useful clues Geneticists
unraseling the intricate relations of pterm eye pigments of msects would
be grateful for an assay for pterms generally adapted to the bioautograph
technique, so that one could chromatograph the eyes of a single Drosophila,
then, by differential microbiological assay combined with fluorescence
charnctenstics, 1dentify all the pterins Is 1t feasible to prepare a series of
pterin requiring bacterial mutants so that differential assays and cross
feeding techmques, so successful m elucidating microbial biosynthetic
pathways, can be applied? Some microbiclogical considerations shapmg
such an enterprise may be mentioned Should one sereen first for mutants
an abnormally high folic requirement—1e, 1s 1t possible to parallel the
Crithidia mvestigation with bacterta? Which bacteria to try? Would a
physiologieal anaerobe like Propronsbacterium freudenreichu best respond
to O labile factors? This bacterium probably has a high capacity Ci
transfer system as shown by 1ts use as a By, producer (Pacific Yeast Prod
ucts, Inc, 1958), and 1t 1s taxonomeally close to the diphtheroids, among
which high folic producers occur Would such a bacterium respond well to
folic conjugates?

Mierobial systems that seem swmitable may later betray shortcomings
Neurospora1s a good example Harrold and Fling (1952) described mutants
of N crassa which needed formate or formaldehyde for growth PGA had
no effect Since then Swendsied and Nye (1958) cite a personal communica
t1on from H K Mitchell that no PGA mutants haye been obtamed from
Neurospora An experiment on the reversal of sulfanilarmde toxieity for
Neurospora suggests the reason Neurospora cannot utilize exogenous PGA
PGA was of imited value m reversing the inhibition but satisfied the PABA
requirement of another mutant (Sanhar, 1958) One wonders how much of
the activity of PGA 1s attributable to contamination w 1th free PABA I‘O;:
studymg PABA synthesis, mutants of Neurospora (Zalokar, 1950) whic
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need sulfanilamide for growth because of an excessive production of PABA,
would seem exceptionally suitable

Nutritional dependence on ptermoid antimetabolites 1s o fascinating
phenomenon and part of the problem of resistance to the antifolics
cancer therapy Law {1958) noted that some strams of mouse leukem have
beeome dependent on antifolics Is the explanation likethat for Neurospora?
If one had «ntifolic dependent strains of protozoa and bactera, analysis
of their growth requirements might uncover new metabolites, as happened
for streptomyein dependent bacteria

Another largely unexploited line of approach 1s represented by microbes
which utihze smgle carbon compounds as sole source of energy As with
the clostndia discussed earlier, one might uncover new group transfer reac
tions Does the micromal oxidation of N methyl or S methyl groups requre
folic coenzymes? As an example one could by selective enrichment obtun
microbes which utiize such compounds as trimethylammne as sole source
of carbon, mitrogen, and energy If the isolate proved to have an excep
tionally lugh content of FA compounds, as shown by Tetrahymena or
PABA ussay, attempts at a cell frec preparation for enzymological dissec
tion would be warranted This sort of analysis has been started for nibo
flavin by Peel (1958), high mboflavin content of microorganisms went with
anaerobic growth, as n clostridia Dac (1958) 1 studying sarcosine oxida
tion has demonstrated that such an over all reaction requires careful
dissection to find the folic mediated step Another interesting substrate,
but rather awhward to use, 1s methyl mercaptan According to Canellakiy
and Tarver (1953), methionme forms methyl mercaptan when meubated
with hiver It was rapidly oudized to CO, nnd SOy after mtrapentoneu
admmistration Its carbon al-o appeared in the 8 carbon of serine and the
methyls of methionine, choline, and creatine, which would indicate an
“active formyl” stage The results were conssdered hike those following the
feeding of methanol Perhaps the more easily handied dimethylsulfide would
ield similar results Quantitatively, the most mmportant C; transfer m
nature to stretch the definition, 15 CO reduction 1n photosynthesis The
previously noted presence of biopterin m blue green algae and its attach
ment to readily labeled glucose would seem to relate ptennoids to photosyn
thesis Gibbs (1958), 1n a preliminary communication, to account for the
asymmetrie distribution of tracer 1n hexose formed from CO;, and for the
results with Chlorella given labeled formate, hypothesized that during photo
synthesss CO; 1s reduced to formate and then to HCHO, then transferred
to 5 or 2 carbon ceeptor This restates the problem of whether an addi
tional aetivation of a CO; C; umt 1 required to make the fixation of CO,
by nbulose diphosphate go fast enough One wonders too how this ties
m with the exeretion of large amounts of glycolic acid by Chlorella during
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photosynthesis under aerobic condition, and resorption in the dark (Tolbert
and Zall, 1956), the relation of fohc coenzymes to the glyeme glycolie path
way m ammals was discussed earher

Limitations of space and knowledge preclude more than a mere listing
of interesting virus results mvolving pterinods (1) Mice nfected with
lymphocytic choriomenmgitis survive if folic deficient (Haas ef ol 1957,
Levy and Haans, 1958) (2) The activation of bacteriophage into the virulent
(“lysogenic™} condition can often be induced by irradiating infected bae
teria Boreh (1956), 1n seelung a metabolite which, upon irradiation, acted
as an mducer, found that of all wrradiated preducts, only leucovorm and
anhydroleucovorm acted as mducers Inducing potency resded m the
pteridine moety, smce 2 NH,4 OH 5 formyl 6 methyl FH, yelded
mducer upon 1rradiation, but p ammobenzoylglutamic acid did not FH,
or 10 formyl PGA were also mactive (3) Analysis of psittacosis virus for
FA has been attempted (Colén and Moulder, 1958)

A folic By, mnteraction emerged during an attempt to account for the
greatly mcreased Bi: requirement mn hyperthyroid ammals Ochromonas
malhamensis grown at elevated temperatures likewise showed an enhanced
B, requirement, the requrement for extra By; was spared by PGA PGA
1 turn was spared by purnnes, pyrimdines, and amno acids (Hutner ¢f al
1957) The mam nutritional complications eaused by elevated temperature
simulated those to be expected had sulfamlamide been added to the cultures
As O malhamensis at ordinary temperatures does not require exogenous
PGA and 18 rich i Cridia factor, temperature stress may also help
elueidate the connection between folie and hiopterin syntheses Other
interesting possibilities ave represented by microbes such as S faecahs
which have a bypassable folic requirement, if they contamn iopterm when
grown on FA, do they also make bioptern when grown without FA?
Particle ingesting protozoa such as Ochr and Teirah 1 s
been pomted out, may be especially advantageous for dealing with poorly
soluble materials

Other complications m pterinoid biosynthetic pathways are hinted at
m the unexpected results of Koft and Mormson (1956) on the symbrotic
growth of different PABA or PGA requinng bacteria Thus Acetobacter

bozydans and Lactobacillus plantarum, both requrmg PABA, grew well
together without PABA Another positive pair was A subozydans and §
faecalis Ordmarily, if an organism 15 used as a feeder—supplywng an mter
mediate—for another, and both are blocked at different pomnts along the
same biosynthetic sequence, then the end product has to be supplied to
permit some grow th, generally this is about 10% of the concentration of
end product permitting full growth (Lederberg and Davis, 1950) As noted
by Davis, mutual syntrophism (as 1 the Koft Morrison experuments) 1s 3
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spectal case Is one dealing here with reversible reactions, alternate path
ways, or some other complication?

The deepest theoretical value of pterinoid studies may come, as noted,
from the ghmpses afforded of « remarkable self regulating ( ‘feedback”)
system for the synthesis of the fohie By, catalysts, in which FA and B;,
participate m thewr own syntheas, catalyze synthesis of portions m each
other, and jom 1n the synthesis of bwlding blocks of ribonuclerc acid,
deoxynbonucleic acid, and protein How far does the autonomy of this
complex extend? These ghmpses have encouraged us to present every
potentially fruitful lead that came to our notice
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VIII Concluding Remarhs 86
References &

I INTRODUCTION AND NOMENCLATURE

The elucidation of the chemrcal basis of the K vitamns 15 due to the
schools of Dam, Doisy, and Karrer, who succeeded m 1939 m 1solating
two pure compounds with vitamm K activity, namely vitamun K; (I) from
alfaifa and vitarmn K (IT) from putrefied fish meal The structure of vita
min Ky was proved by oxidative degradation and by synthesss to be 2
methyl 3 phyty11,4 naphthoquinone, the side chain consmstng of four

[
CH; \ A
CH~CH—CH —cH,~CH —]—C=CH—CH2 y
l_ J:H, ; CH, S
Vitamun Iy
@
[
CH; l >
cn,-f%:cn-cm—cm-]-o:crucn, -
H, . CH, 5
Vitamin K sy
aIn
CH; o
ca,-[-clz=CH—CHg—csz-C=GH-CH’ .
CH, s CH;
Vitamm K o
(I

1soprene units ( 4 X 5 = 20 C atoms) It had been establshed that vit2
min K contans the same ring system with a longer and more up<aturated
side chain

Isler et al (1958a,b) showed recently by total synthesis that the side chan
of vitamm K, consists of seven 1soprene umts (7 X 5 = 35 C atoms), this
15 onhe 150prene untt more than twas formerly accepted Thus, Dosy’s vita
mmnK ,mp 54°C, has formula IT (instead of formula IIT) and 18 actually
2 methyl 3 (all trans farnesylgeranylgeranyl) 1,4 naphthoqunone

The same group of workers 1solated from the mother hiquors of wtamllﬂ
K, < small amount of a compound which proved to be 2 methyl 3 faresy
farnesyl 1,4 naphthoquinone and had thus the structure prev rously s
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signed to Dorsy’s vitamun K, Arcording to a nomenclature proposed by
Dam and accepted by Dorsy, the two compounds, (IT) and (IIT), will be
designated as vitamin Xpasy and vitamin Xy The introduction of this
second 1ndex will facilitate the concise designation of all further homologs
1o be encountered in nature, such as the vitarmn X compounds 1colated
from mycobactena (Snow, 1952, Noll, 1958) and from the tissue of mam-
mals fed with C* labeled 2 methyl 1,4 naphthoqumone (Martws, 1958)
Recent research has shown that 2 methy! 1,4 naphthoquinone (IV) and
its dern atives without a side cham in the 3 position, such as (V) and (VI),
cannot exert all functions of the X vitamins They erther constitute or can
be transformed mto the necessiry exogenous part of the vitarmn X mole
cule since the animal appears to be able to buld on the polysoprenod

o] OR OH
CHy CH— 7 ] > CH; A
X 7 #
]
0 OR NH
Menadione Diesters of 2 Methyl-4 amino 1
menadiol naphthol
K, K hs
awy ™) D

side chain It 15 evident that the designation of compounds (IV)~(VI) as
“vitamins XKz, Ky, and K5 should be discontinued The generte names
‘menadione” and “menadiol ’ will be used n this paper for 2 methyl 1,4
naphthoqumone and 2 methyl 1,4 naphthohvdroquinone, respectively
Since the last survey on vitammn K m ‘Vitamins and Hormones” was
written by Dam (1948b), several review articles haye appeared, each deal
ing with various aspects of the K problem (Dam 1953, Bichnell and Pres
cott 1953, Harns ef af 1954 Jurgens, 1954 Hirschmann, 1955 Martws,
1958) It 15 the purpose of this paper to summarize the progress in chemstry
and biochemistry of the nturally oceurring K vitamns and their close ana
logs In addition, the paper will review the observed differences in action be
tween K vitamms and menadione and an attempt will be made to explain
them on biogenetic considerations Menadione lihe compounds and vitamimn
I antagonists such us Dicumarol will not be discussed the reader being
referred to the comprehensty e survey of this subject by Harns ef al (1954)

II IsoLaTiov
1 Vaamn Ay

Vitumin X, oceurs 1 all green leafy tissues and was first 1solated i pure
form from alfalfa by Doisy’s team and that of Dam nd Karrer independ
ently (Bikley et al, 1939, Dam et al, 1939, Karrer and Geiger, 1939,
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Karrer et al , 1939) At room temperature 1t 18 a viscous vellow oit =
15263, [of)f = —071° = 0 02°, dihydrovitamin K; dracetate, m p 61-62°
Doisy and his collaborators established structure (I) m 1939 by cudatne
degradation and by synthesis (see Doisy ef al , 1941) Color reactions have
been reviewed by Dam (1948b), the physicochemical properties are de
seribed 1 Section III of this paper

Recently Schilling and Dam (1958a, b) put forward a stable color reac
tion with xanthene hydride (5-1mmo 3 thiono 1,2,4 dithiazohdine) which
seems to be especially useful when 2 large number of samples has to be
tested This “Schulling Dam test” 13 not speeific but has definite advantages
over the “Dam Karrer test” [reaction with sodum ethvlate, (Dam et af,
1939, Karrer, 1939)] and the “Irreyerre reaction” [with sodmm diethyl
dithiocarbamate (Irreverre and Sullivan, 1941)] The mam problem will
always be the separation of the vitamun from interfering colormng matters
such as the related benzoquinones

For separation, Schilling and Dam recommend chromatographic filtra
tion through dicalcium phosphate In our laboratories silica gel and silicone
mpregnated filter paper are the preferred adsorbants for the separation of
similar components Decalso and acid alumna are used for crude extracts,
petroleum ether and mxtures of petroleum ether (80-105°C ) with benzene
varymg from 10 1 to 1 1 are used for the development and elution of the
chromatograms Due to the danger of decomposition on decalso and alu
mina, these purific itions should be performed within 3-4 hours

In preparing the crude extracts dried plant materal 1s carefully ground
and extracted with petroleum ether Animal tissues and feces are extracted
with acetone without prehmmary drymg, after removal of acetone, the
residue 15 dissolved m petroleum ether and washed with 95% methanol
Up to 50% of the by-products can be removed n this way m the methanol
phase (Winterstemn and Studer, 1958)

2 Viamn Kygs

Vitamm K, (II), m p 54°C , was 1olated from putrefymg fish meal by
Daoisy and s collaborators, employing extraction with petroleum ether,
chrom itography on decalso, and crystallization at —5°, followed by ve
peated recrvstathzation (McKee ef ol , 1939) The same compound Wwas
1solated by Tishler and Sampson (1948) from autolyzed cells of Bacillus
brems Winterstem adopted Doisy’s procedure and modified 1t by mtro
ducing partial sterihzation of the fish meal (15 minutes, 115-120°) This
results m the survisal of a spore formung saprophyte which produces vita
min K, 1n a reasonable yield By this procedure the vitammn was first ob
tamed as yellow crystals melting between 30° and 40° Ten successne re
crystalhizations raised the melting pomt to 54° Tt could be shown by maxed
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meltmg pont determmations that this compound wasidentical with Doisy’s
vitamin K, and different from a synthetic specimen of compound (III)
(m p 50°), corresponding to the formerly accepted formula of vitamin K,

An extensive svnthetic effort was required to establish that the side chamn
of vitamm K, , mp &4° consists of seven, and not of six, 1soprene units
Its 1dentity with a synthetically prepared specimen of 2 methyl 3 (all

trans farnesylgeranylgeranyl) 1,4 naphthoquimone (II) was finally proved
by comparmng the melting pomnts absorption spectra, and By values as
well as the melting points and the absorption spectra of the dihydrodiace

tates (Isler ef al , 1958a b)

It 1s mnteresting to note that the production of vitamm K by bacteria
vanes within wide limuts and appears to be very dependent on the compo
ation of the bactenal flora Vitamin K; can also be produced on artificial
media contaimng aspartie acid, ammonmum citrate, and glucose (Winter
stein and Studer, 1958)

3 Vitamuin Koo

Durning the punfication of vitamn Kyqs) , 1t was noted that the mp
54° could be obtaned only by repeated crystalhzation from different sol
vents and that lower melting preparations had a higher ¢xtinetion than the
pure crystals A faster moving component could be detected in these prep
aratons by paper chromatography (method of Green and Dam, 1954)
(see Section ITT, 6) Sep-uration was finally effected by means of a chromato
gram lasting 1 fortmight, on a column of siicone impregnated cellulose
From the first fractions passing through the column on the fourth and fifth
days, a new vitamn K; compound, m p 50°, was solated All further frac
tions consisted of vitamin K g5 The new vitamm K factor was shown to
be identical with compound (III), 2 methyl 3 (all trans famnesylfarnesyl)
1,4 naphthoqumone It s thus evident that, besides Doisy’s vitamin
Kais , bacteria produce, 0 smaller amount, the lower 1soprenolog with a
Cuo side chain (Isler ef al, 19582 b)

4 Further Vitamun R, Compounds

The occurrence of a naphthoquinone derivative m my cobacteria has been
deseribed (Francis ef al , 1949, Snow, 1952, Noll and Jackim, 1958) and
seems to be the natural parent compound of Anderson’s phthiocol (Ander
sonand Newman 1933a,b) Noli (1958) succeeded in obtaining 1t erystalline,
withm p 58-59°, starting from Mycobactersum tuberculosis (Béremis) The
physicochermical data and the spectroscopic studies m ultraviolet as well as
tnfrared regions led to the conclusion that the pound 15 a higher 150
prenolog of vitamin K (35, Its behavior on paper chromatography and its
extinetion coefficients would be consistent with a Cg side charn
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Martws (1958) 150lated from the tissue of rats fed with C* labeled mena
dione a labeled K compound which proved to be smilar to both vitamm
EKi wnd K; Comparson with synthetic specimens indicated 2 vitamm k.
compound with an unsaturated C ; side chamn Marts’ diseovery of vita
min K (g 1n the tissue of mammals fed with menadione 18 of the utmost
mmportance and will be further discussed 1 subsequent sections

5 Related Benzogquinones

The structural relationship of vitarin K; to « tocopherol and especially
to & tocopherylquinone (VII} was noted already 1n 1939

o
O g, o
CH,—ECH—CH;—CH,—CH %}——CH,vCH CH;
H; i CH,
o Tocopherylquinone

The structures of a new class of widely occurnng benzogumones (VIIT)
contamng polyisoprene side chains of different lengths have recently been
elucidated and imdepe ndently nimed ubiquinones and coenzvmes @ by the

[}

CH;-,»H—OCH:
CH;~E(I}=CH—CH2—CH -]—C:CH—CHg OCH;
CH, iz CHs
Ubiquinones z = 5-9
(VIID)

two groups of mvestigators (Morton et al, 1957, 1958a,b, Lester et al,
1958, Wolf et al 1958)

The best known re presentative, 1solated from pig and beef heart musele,
contams a Cy side chain and has therefore been designated ubiquinone(50)
and coenzyme Qi A lower isoprenolog, 1solated from yeast and with &
Cyo side chaun, 15 called ubiquinone(30) Further compounds rolated from
mucrobial sources contun Cys , Cuo, and Cys side chains, respectiv ely Thf
dentity of the side chains of the ubiquinones with those of the vitamm K
compounds is remarkable

Another benzoquinone with a polyisoprene side chamn, first described P)
Kofler in 1916, seems to occur in all green leaves together with vitamn Ky
Kofler’s quinone as well s the ubiquinones, g e color reactions simmlar to
those of the K vitamns (positive Dam Karrer test, Irreverre reaction, and
Shilhing Dam test) Its structure has recently been established as an o di
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methylbenzoquinone dermvative (IX) with a side chamn of 45 C atoms
(Tofler et al , 1959a, b, Trenner et al , 1959)

o

(e

CH,—|:«C=CH—CH - cn,j\ftlj=cn—cm CHy
b, i CH; |

Tofler s quinone
(s

6 Conclusions

The formula of Doisy’s vitamm K, has been modified to CyHsiO, (IT)
Contrary to prior assumption 1ts side chamn consists of an odd number
seven, of 1soprene, umts (7 X 5 = 35 C atoms) It 15 nteresting to note that
m this side chain of vitammn XK, we have the first observed example 1n na
ture of a structural part contaimng a high number of 1soprene umts all
linked together 1n the normal head to tail sequence Recent research would
indicate that this building principle 15 a very common one

Three 150prenoclogs of vitamin K ¢ ) hive been 1solated, and 1t 1s evident
that we have to deal with a group of Ka vitamms differing from each other
only mn the number of 1soprene umts making up the side chan

Vitamin K 15 assoeiated m green plant tissues wath Kofler’s quinone wnd
m animal tissues with an ubiquinone These very common benzoguinones,
devord of vitamm K activity, give similar color reactions Thmmation of
these by products prior to any physicochemical evaluation appears to be
essential, and all vitamm K contents of natural matenal reported i the
Literature may prove to be too gh, if not based on bivassay

III PHySICOCHEMICAL PROPERTIES

1 Ultramolet Absorption

The quantitative determmnation of the K vitamns is best achiesed by
measunng the ultraviolet absorption spectrum which 1s typucal for the
naphthoquinone ring system (Fig 1) Vitumin K has the same maxima
and mmma as vitamin K , as have all analogs with the same ring system,
but a varying number of 1soprene units in the side chain Owing to the hicher
molecular weight, the extinetion cocfficients of K, are lower than those of
ki The pure compounds have m petroleum ether 2 molar extinc tion coeffi
cient e at 248 my of about 1900 The dihydrovitamin K diacetates (g 2)
have 1 ethanol a high maximum at 230 mg, & mummum at 216 mu and
low maximum at 270-290 mpy, the molar extmetion coefficient at 230 my
15 about 87 000 The extinetion coefficients (K1 w) of the pure preparation
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proved to be better critena in the 1dentafication of the K vitamins than
CH analy ses, hydrogenation, and halogenation

2 Infrared Absorption

Al K vitamms have sumlar mfrared absorption spectra (Fig 3) The
bands at 6 0-6 3, 7 7, and 14 0 » are charactenstic for the naphthoguinone
ring system, while those at 34, 69, 72, and from 11 to 13 x are mainly
due to the 1soprenoid side chams (Saunders and South, 1949) Tt 1s mter

500

1/
Erem

100

T

220 20 260 290 300 320 w0 mu 30

Fic 1 Ultraviolet absorption spectra (in petroleum ether) Vitamun Ky, —»
vitamn Kacssy

esting to note that the absorption bands of the side chans are much more
pronounced 1n the erystalline state (spectra 3 and 4) than m the hquid
form (spectra 1 and 2) The mirared absorption specetra of the j1soprenologs
vitamm K au and Kags can hardly be distingmshed from each other

3 Nuclear Magnetic Resonance

Nuclear magnetic resonance spectra could have been useful i the strue
tural elucidation and 1dentification of the K vitamins This s demonst’m(cd
m Fig 4 by the nuclear magnetic resonance spectrum of vitamin Ko
The different resonances in Fig 4 ¢ in be attributed to 21l the nonequiv alent
protons 1n the molecule The resonance at —12 cycles per second {cps) s
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due to the aromatic protons, while that at 55 ¢cps ongmnates from the
olefine protons in the side ¢haun The remamning resonances can be atinb
uted to the different methyl and methylene groups m the molecule The
strong resonances it 132 and 143 ¢ p 8 are due to the methylene and methyl
groups m the sde chaimn, whereas the methylene group next to the ring
shows up as a doublet at 96 and 103 ¢ p s (von Planta et al, 1959)

2000 —
1
Eiem 1
1600 B —
1200
] i
’ )
1 ,
sag
[ —~t
‘ { $ >
210 230 256 270 290 30 mp o 330

Y10 2 Ultraviolet ahsorption spectrsa (in ethanol) Dihydrovitamin k, diacetate
—, dihydrovitamin Bags dincetate

4 X Ray Difraction Pattern
This 18 & very useful method for the identification of the erystalline XK,
tompounds, as there are clear differences between 1soprenologs In Fig §
the 1dentical patterns of natural and synthetic vitamm Koun as well as
the different pattern of vitamin Kaao can be seen (I<ler et ol , 1958b)
These patterns show that the unt cell of the K u lattice has a lower sym
metry than that of the K (s lattice

5 Opiical Rotation

Vitamn K, 1solated from natural sources has a v ery low optical rotation
“hich can be interpreted theoretically (Beredjich and Schurch, 1957)
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Fie 4 Nueclear magnetic resonance spectrum taken in CCl solution with benzene
a5 1nternal standard at a radiofrequency of 25 megacycles The chemical shifts are
Ewen i eycles per second
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Tie § \ Rav diffraction patterns of vitamuns hayag and haas, The lattice
SPRtINES and itensities were measured with a Geiger counter goniometer and copper
K. radiation
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phy tylating 1gent More recently Isler and Doebel (1954) have shown that
boron trfivoride etherate 15 « more efficient catalyst In addition they
found th .t ethers and esters of phytol, as well as 1wophytol and its derva
tives, can be employed mstead of phytol

‘The most efficient syntheses reported so far st it from menadiol 1 mono
esters (Fig 8) These are allowed to react wath phytol n the presence of
boron trifluoride etherite, alummum chlorde, or potassium acid sulfate 1s
catalyst (Hirschmann ef al, 1954, Kvita et ol , 1957, Lindlar, 1958) The
unchanged menadiol 1 monoester cn be removed by precipitition with

O0QCCH,
CH; A
CH;fCH~CHg»CHz~CH,—:,—C==CH—CH.OH + /
tn, . CH, o
Phytol
Condensation.
00CCH:s
CH, N
cn,—[—cn_cm—cn —cn,ﬂ—c;cn—cn L
H, ) CH, -
Dihydrovitamin K, 1 monoacetate {sa&nmﬁm on
xidation

Vitammn Isy (1)

Fra 8 Vitamun Ky from phytol and menadiol 1 monoacetate

petroleum ether and filtration The conden<ation product, dihydrovitan
K, 1 monoacetate, which 1 soluble m petroleum ether, can be extracted mto
Clarsen’s allih Thas operation effects hy drolysis of the ester group and 15
followed by oxidation to the quinone The over all yield 1s reported to be as
high as 66 %

2 Racemuc Valamun Ky from Isophytol

Racemic 1s0phy tol was synthesized from lemon grass oil, or totally from
acetone In the synthesis of 1sophytol from lemon grass el (Fig 9) its
man constituent, aitral, 13 condensed with acetone to give pseudolonone
Hvdrogenation leads to hexahydropseudoionone Lengthening of the cham
by an 1soprene umt 1s effected by condensation of this hetone with sodmlIl;
acetylide 1n bquid immonn followed by partial hydrogenation of the tnpl
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tically active 1sophytol by oronolvsis to octahydrofarnesylacetone which
was followed by condensation with acetylene and partial hydrogenation
Its condensation with menadiol followed by oxidation and reductive acety

Iation led to dihydrovitamin K dhacetate, m p 61~62°, which appeared to
be 1dentical in every respect with natural vitammm K; It was concluded
that the shght differences observed between vitamm Kj from phytel and
ric vitamm K from synthetic 1sophytol (rotation, ervstallizing propertres
of the dihydrodiacetates) are due to the asymmetnic C atoms m the side
chain A further conclusion was that the double bond of both products and
of all analogs seems to have the same configuration, most probably the
trans configuration

$ C¥-Labeled T 1lamin K,

Labeled vitamin K, 1s an important tool for the elueidation of 1its fune
tion and 1ts metabolic fate (¥ can be mntroduced erther into the naphtho
quinone ring system, into the methyl group m the 2 position, or mto the
phytyl chamn in the 3 position For the synthesis of 1ibeled menadione, ref
erence should be made to the handbook of Murray and Williams (1958)

Lee et al (1953) synthesized rac vitamn K (X) by condensng menadiol
Iabeled m the methyl group with 1sophytol according to the procedure of
Jsler and Doebel (1954) They obtamed rac vitamm i with o speafic
actrv ity of 0 08 microcurie per mulligram

(JNI’3
CH; [- EH—CHE-—CH —CH — C—CH—CH

H,

2 Methyl ©9 3 p‘nyty‘l 1 4 naphthogamnone
)

i
cm—l/ \m
CHy—|—CH~ CH —CH,~CHy— ]+([;scun-cu}1 /\
H, CH,

2 Methy13 (phytyl 1’ 2 C¥)1 4 naphthoqumonb
Xn

Wursch (1958) prepared C* Inbeled 1sophytol by condensing ootwh)dm)
farnesylacetone with CH labeled 1cetylene this was foilow ed by Pﬂm&
hydrogenation of the triple bond This isophytol was condensed “lt
menadiol 1 monobenzoate according to Lindlar’s procedure (Fig 1:))] g
give dihydrovitamin K; monobenzoate which was transformed mto labele!
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rac vitanun K (XT) with a speeific activaty of 0 7 microcurie per milhgram
Very much higher aetivities could easily be obtamed by the same method
of preparation It has to be noted, however, that radwactive vitamm BN
decomposes relatively rapidly under the mfluence of its own radmation
{Woods and Taylor, 1957)

4 Vutanun Koy from all trans Farnesylgeranylhnalool

The synthesis of the side chain started from acetone and followed the
pattern of the isophy tol synthesis i Fig 9 Cis trans 1somensm at the newly
formed double bonds must be taken mnto account Geranylacetone was <ep

OH
o)z + CH,y N
CH;«{—C-——CH—CH;—CH.—]~(‘?~CH=CH, Y
éH; ¢ (llH: H
all trans Farnesylgeranyllinalool 1Cn“ deusation
OH
CH;
CH —[—('}=CH—CH:—CH,—~ C=CH,—CH;
CH, s CHy OH
Dihydrovitamin Ragssy iomnwn

Vitamm Ksgen (11}
Fio 13 Vitamin Kees from all frans farnesylgeranyllinalool and menadiol

arated mto the pure czs and frans form by careful fractional distillation
Lengthening of the pure frans form was achieved via farnesy) bromde by
acetoacetic ester synthesss In this way, the newly formed double bond has
about 90 % trens and 10% cus configuration, whereas on pyrolysis of the
dihetene adduct about two thirds trans and one third cis forms are obtamed
The farnesylacetone formed was separated mnto the mono ci8 and the
all trans form by chromatography of 1ts semicarbazones on alumma The
synthesis of ail frans farnesylgerwnyilinalool from all irans farnesylacetone
(Fig 12) consists 1 lengthening the side chain three times by an JSOPYCI’;
umt and 1solating each time the pure all trans form of the Cs, Cux, ’111‘[11
(3 hetones by chromatography of their semicarbazones on alumina le
all trans form of the Cs; ketone was finally lengthened to all trans farnesy
geranylhnalool, which was condensed with menadiol (Fig 13) aral
The punfied product crystallized immediately on seeding with natu
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vitaramn K, Tts identity with Dowsy’s vitamm K, isolated from natural
sources was shown by comparing the melting pomnt (54°), absorption spee-
tra, and R, values, as well as the meltimg pomts and absorption spectra of
the dibydrodiacetates The muxed melting points showed no depression
(Isler et al , 19584,b)

& Vitamun R Series

The mtermediates m the synthesis of all trans farnesylgeranylinalool
Listed on the right i Figs 10 and 12, namely methylbutenol (Cs), Linalool
(Cg) nmerolidol (Cys), geranyllinalool (Cy), farnesyllmalool (Css), and
farnesylnerolidol (Ci) were condensed by Isler et al (19582,b) with mena-

()
CH; i =
CH;<[~ (I)=CH—CHngH -]—C=CH—CH. A
CH,: H;
Lower 1soprenologs of vitamin Kogsy z = 0-5

X11)

diol and transformed wto the lower vitamun K, 1soprenologs of the general
formula (AII) by folloning exactly the procedure outhned in Fig 13

All compounds were purified by chromatography and, when possible, by
repeated crystallization Their punty was cheched by measuring the molar
extinction coeffieient at 248 my and that of their dihydrodiacetates at 230
mp The B, values of these compounds, which decrease on lengthenmg the
side chan, are listed n Fig 6 together with the melting pomnts

2 Methyl 3 (all trans farnesylfarnesyl) 1,4 naphthoquinone (IIT), mp
50°, gave a melting point depression with Dotsy’s vitamin Kags, and proved
to be 1dentreal with the faster moving component of 1ts mother hiquors
1solated by Winterstemn from putrefied fish meal (see Section II 3)

Isler et al (1958a,b) synthesized, 1n addition to the all trans compounds
four mono ezs forms (XIII-XVI) with a C o and a Cy side chamn respec
tively the cts bond being erther in the 6,7’ position (nearer to the naphtho
quinone Mng system) or in the 10°,11’ and 18,19’ position respectiyely
(near to the end of the side cham) In contrast to the corresponding ll

(o}
11 10 7 6 CHy
CH,C=CHCH,CH:C=CHCH,CH:C=CHCH;CH,C—CHCH
H, H, Hs H,
2Methy13 (6 7 mono cts geranylgeranyl) 1 4 naphth QI

2 Methyl 3 (10 11 mono e geranylgeranyl) 1 4 naphthoquinone (\IV)
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19 18 Ty CH;: ;
CiHyCH,C~=CHCHa(CiH); CH.C=CHCH; CH2( =CHCH,

H, H, H,

2 Methyl 3 (6' 7 mono c1s farnesylfarnesyl) 1,4 naphthoquinone [4%%]
2 Methyl 3 (18,19 mono cis farnesylfarnesyl) 1 4 naphthoquinone (XVI)

trans forms, these mono cis compounds could not be obtamed 1n a crystal
lme state It 15 noteworthy that the R, values and the absorption spectra
of the stereoforms proved to be nearly identical with those of the all frans
form, whereas the biological activities varied considerably, as will be shown
m Section V &

6 Related Compounds

The vitamin K; series (general formuln XVII) were synthesized by
Isler ¢t al (1953) for companson of their properties with those of vitamin
K, as well as with the corresponding compounds (XII) of the vitammn I

4]
CH;
CH;‘IE—CH—CH ~CH2—CH1-}—C=CH—CH2
CH, CH, It
Isoprenologs of vitamm K, z = 0-5
(XVII)

series 'The same authors synthesized some analogs whose side chams were
ahiphatic, aheyelie, or contamed a benzene ring Their action s antagonists
of Dicumarol proved to be less rehable than that of the compounds of the
vitammn K; and K series

For a complete hst of further analogs and of the menadione hke com
pounds, reference 1s made to Doisy et al (1941) and Deuel (1951)

The recent synthesis of ubiguinone(30) (XVIII) from yeast by Gloor &

[
CHs 0 OCH,
cm—[i—};or{—cm cH -«}-(IT=CH-CH1 OCH,
CH; s CHs
Ubiquinone(30)
(XVIID)

al (1958) 15 noted, as 1t contans the same side chamasvitamin K o The
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simpler analog of (XVIII) with a phytyl chain was synthesized by Morton
et al (1958a) and by Shunk ef al (1958)

7 Conclusions

Vitamm Ky 1s best synthesized by condensation of a menadiol 1 ester
with phytol or 1sophytol and =ubsequent. saponthcation and oudation
Vitamm K; sy nthesized from phy tol appears to be 1dentical with the natural
product, vitamin K; from synthetic 1sophytol differs shightly in having a
racemue phyty) chain The double bonds m 8,y position of all vitarmn K
compounds hive the same, most probably the frans configuration

The structure of vitamms Ky and K (g are established by total syn
thesis The finding that both are all trans compounds 18 quite 1n agreement
with the all trans configuration of natural squalene

The introduction of one double bond with ezs configurition can alter
mn the vitarmn K seres some phystcochemieal properties as well as the
bologien! activity markedly, as shown by companson of some mono czs
forms with the corresponding all trans compounds

V BiovogicilL EvALUATION
1 Methods

The classical method for the brologieal testing of vitamm X active sub
stances 15 the measuning of their effect on the blood clotting time of the
vitarin K deficient chick Dam et al (1951) have desenbed a modified
method, by which a hinear relationship between vitamin K dosige and
clotting time was obtamed

In a second method the antidotal effect of vitamin K to Dicumarol and
related substances m different laboratory animals such as rats rabbits
dogs has been employed and the first quantitative results have recently
been pubhshed by Lowenthal and Taylor (1958}, with the rat as the test
animal

Concerming the mode of action of anticoagulants like Dicumarol good
evidence 15 given 1 a study by Dam {1948a), that the same disturbance
1 the blood elotting mechanism 1s occurnng here as in vitamin ks defietent
ammals A mixture of the plasmas from vitemin X deficient chichs and from
Dicumarol porsoned chicks possessed about the average blood clotting time
of 1ts components If the factors, lacking 1n the two kinds of plasma were
different the mined plasma should clot almost as quickly as normal chichen
phwma There 18 some evidence, however, that vitsmin K deficient plasma
13 lso lacking in a second factor, nd Dicumarol poisoned plasma mn a third
(Dam ind Sgndergawrd 1948) These findings were confirmed by Quick
et al (1952) using dogs wnstead of chicks

In man no difference m the disturbance of the clottng mechamsm
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brought about by vitarmin K deficiency and by admimstration of Dicumarol,
could be detected (Naeye, 1950) In both cases the plasma thromboplastin
component (PTC) was reduced and could be returned to the normal level
by admimstration of vitamin K,

2 Actnty of Vatamun Ky and Menadione in Vitamin K Defiiency

Dam and S¢ndergaard (1953a) found that in the usual test with vitamn
K-deficient chichs, using an assay period of 20 hours or more, the actisities
of vitamm K; and menadione are approximately equal on a molar basis
However, on ntravenous admimstration and measurement of the pro
thrombm time within the first 2 hours, 1t could be shown that vitamin X;
acts more rapidly than menadione There was no difference between vita
mm K; and menadione after 2 hours

Equal activities for vaitamun K; and menadione were found by Fisher
ef al (1956) n the dog, where vitamn X deficiency had been produced by
chrome lach of bile On oral admimstration the water soluble menadione
was more active thin the oily solution of vitamin K,

Simular differences 1 activity between menadione bisulfite, menadione,
and vitamin X; have been obseryed in chichs under practical feeding cond:
tions, and most probably are due to better absorption of the water soluble
forms (Erost wnd Spruth, 1955, Frost et al , 1956, Perdue et al , 1957a,b)

3 Actunly of Vitamin Ky and Menadiones as Antidotes aganst
D ol and Related Subst

Contrary to the full activity of menadiones i vitamin K deficient am
mals, they are much less active than vitamin K; in normahzmg the pro
longed blood clotting times caused by Dicumarol and other anticoagulants
This was first shown m rats by Smuth et al (1946) and Smuth (1947) In
numerous 1 estigations on ammals (Collentine and Quick, 1951, Dam and
Sondergaard, 1953b) and on humans (Ley et ol , 1951, Van Italle ¢t al,
1951 Douglas and Brown, 1952, Toohey, 1952, Rotter and Meyer, 1952,
Larneu Boubée, 1952, Sturup, 1955) the superiority of vitamin K over
menadione m counteracting the anticoagulant effect of Dicumarol and re
lated compounds has been confirmed

In an extensie study, Isler ef al (1953) exammed a great number of
satamin K; and K, denvatives for their antidotal action to different ant1
congulants It was clearly established that a side chain of & mmmum length
18 necessary for this actiity

Lee et al (1950) admmustrated C" labeled Dicumarol to rats They
found that 1t was stored 1 the hiver and that the prolongation of the pro
thrombin time was parallel to the stored Dicumarol The decrease of I
eumarol 1 the Iiver was accelerated by menadiol diphosphate From this
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1t 15 concluded that menadiones, too, have some antidotal action to Dicu-
marol

4 Actwty of Vatamn Ky and K Analogs

A number of 1soprenologs 1n the vitamm Xy and K, series, the syntheses
of which are described m Section IV, 5 and 6 were tested 1 the vitamm
K deficient chich Biologieal activity m either the vitamm K or the vita

TABLE I
BIOLOGICAL ACTIVITY OF THE VITAMIN K, Serips
Side cham 1n 3 position Number .;cuvnlym”\
of ehucks it B = ¢
€ atoms Designation (%)

5 Dimethylallyl 13 <5
10 Dihydrogerany] 10 Approv 10
15 Tetrahydrofarnesyl 12 Approx 30
20 Phytyl 1n 100
25 Octahydrofarnesylgeranyl 12 Approx 80
30 Decahydrofarnesylfarnesyl 9 Approx 50

TABLD I
BLoLoGIcal ACTILITY OF THE Yiramin k., SERes
Side chain 1n 3 position Number of Activity
ek it By = 100%)
C atoms Designation omeks %)

10 Geranyl 9 Approx 15
15 Farnesy! 8 Approx 40
20 Geranylgerany! 135 100
25 Farpesylgeranyl 1 Approx 120
30 Farnesylfarnesyl 15 100
35 Farnesylgeranylgerany1 12 Approx 70

mn K series was found to be clearly dependent on the length of the side
cham (Wiss et ol , 1959) In the vitamin &y series, 1t was the natural form
of vitamin K, with 2 side chain of 20 C atoms which showed the maximum
effect (Table I)

In the vitamin Ka senies the maximum effect was found 1n the vitamin
K analog with 25 C atoms mn the side chamn (Table II) The activaty of this
itatun Ko form was even samewhat higher than that of yitamn K, {(Wiss
ctal 1959) This m1y serve as a hmt that i addition to \itamn gy
Koo, B (g (Section 11, 3 and 1) this form may also occur m nature
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It has been found tht a ¢y tochrome ¢ reductace preparation, de«
by extraction with 1sooctane, can be reactnated by addition of vit
and dernatives (Nason and I ehman, 1956) As desenbed i Seet:
2, other substances with in 1soprene hike side chain, such as ubie
sitimm K, , and K were found to be active Additionally 1t eonld b
that this side cham—and not the redox sy stem—is responsible for
activation (Weber ef af , 19581,b)

On companng the biologienl activities of the above mentioned
K1 and K, 1soprenologs with their reactiy ation effects on extracte
chrome ¢, a good correlation w1s found Lspecially n the vitamm K
there 15 a very close conformity between these two activities (Wel
Wiss, 1959) (Fig 14)

%
120

100

80

60

40

20

Cio Cis Cz Cas

Number of C—atoms i1n the side ~chain

Fic 14 Activity of the vitamin L series ¥white columns biological aet
the chick Black columns reactivation of the cytochrome ¢ reductase

& Stercochemcal Influences on the Actwnty of Vatanun Ay and &

Vitamin K obtamed by total synthesis has a racemic phy tyl side
and differs m this respect from the vitamm K 1solated from nntur
teral It could be shown, however, that there 1s no difference mn the b
cal 1ctnvaty 1m the vitamin K-deficient chich. between the two forms
et al , 1959) (Tablc IIT)

In the vitamm K, forms and their 1soprenologs geometnc 1<0me
possible owing to the double bonds present in the side chan The all
S ar w1 T 4k 187 197 mono-cis forms of vitamin Kaee
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tested on vitammn K deficient chichs No difference was found between the
all trans and the 187,19’ mono ¢zs compound The 6,7’ mono ¢cxs 1omer,
however m which the double bond 1s near the ring, was significantly less
active than were the other two (Table IV)

TABLE IIf
BrotoGieal Acrrvery OF Viramn I witn A Rackanc Sion Cuary anp ViTamry
By wita OpTicALLY Active Stoe Crarx (From Narturat Pryrot)

Number 1 rothrombin
Clucks Corapound of ehicks time
(1n seconds)

Normal - 4 50 & 2 2°
Vit h deficrent - 26 >180

Vit kK deficient Synthetic vit sy 13 87 471
Vit R deficient Nutural vit B 13 85 4 74

Dosag_ 56ug pe k log am of body we ght
b Mean 2 stand rd erros of the mean

TABLE I'V
BroLogicaL ACTIVITY oF THE GEOMETRIC IsOMERS oF ViTayiy ki
WITH A Cyo AND Cyp StoE CHAIN

Side chan 1n 3 position

Number Prott time
Sigl
C atoms Configuration of chicks (n seconds)

all trans 14 86 £ 57

20 6 7 mono rs 14 118 - 10 3 p=002
10 11 mono cis 11 8 £ 77
all frans 13 58 + 4 4

30 6 7 mono c1s 19 133 £ 68 p = 0001
18 19 mono c2s 19 2x£16

Me n :standa de rorof theme n

Trom the 1somers of the vitamn K, analogs with 20 C atoms 1n the side
chain the activity of the 6/,7’ 1somer was also clearly reduced comparcd
with the all trens and 107,11’ mono &5 compound (Wass et al, 1959)
(Table V)

As mentioned 1n Section V, 4 a good correlation between the hiological
actinity and the revctivation of cytochrome ¢ reductase of the different
Ky and R, analogs was found ‘The same could be sad for the above de
senbed 150mers of vitamin K o, (Dig 15) and the K, analogs with 20 C
atoms 1 the side chain (Weber and Wass, 1059) (kg 16)
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6 Conclusions

There 15 ittle doubt that the symptoms produced by vitamin K defi
ciency and by powsoning with Dicumarol and related substances are very
simlar In both cases, admumstered vitamm K acts by normalizing the
prolonged blood clotting time Menadsones, however, are only as active
as vitamn Ki m nutritional vitamin K deficiency and are almost without
effect as antidotes to Dicumarol

As mentioned 1 Section VI, Martius (1958) provided evidence that
menadione 15 transformed 1n the ammal body mto a vitamin K, derivative
by the addition of an 1soprene like side cham of 20 C atoms From obser
vations deseribed m Section VII, 2, 1t would seem that vitamm K; , unhhe
menadione, possesses enzymatic activity 1n the resprratory cham phospho
rylation

Assuming therefore that only vitamm K substanees with a typieal side
cham, as mn vitamm K; and the forms of vitamin X, , are actr e in metabo
lism, the above mentioned differences 1n the biologieal activity of vitamin
K; and of menadione can be explamed Menadiones, necessary only m very
small doses to cure nutrntional vitamin X deficiency, may be quantitatively
transformed nto the active vitamin K, form This biosynthesis bemng
lumited, however, as deseribed 1n Section VI, 1s msufficient to provide the
high amount of metabolieally active vitamin K, needed to counteract
Dicumarol porconing

It could be shown that there 15 a clear dependence of biologieal activity
on the length of the side chain and that there exists a very close relation
ship between the i 1220 activity m the vitammm K deficient chick and the
wn wiro effect on cytochrome ¢ reductase This supports the view that
binding of the enzymatically active form on the mitochondria 1s determmed
by the side chain and that this function becomes the himiting factor for the
wmn mro activity, too

As mentioned above, 1t 15 probable that menadione acts m preventing
vitamin X deficiency only by its consersion mto a vitamin K form con
tainng an 1soprene hke side chain Together with the fact that menadione
1tself could not be found 1n nature, 1t seems logical to accept a vitamin Ky
or a vitamn K form as the biologieal standard In view of 1ts easy avala-
bility, vitamin K; nould seem to be the most appropriate

VI BiosyNTHESIS

The drcussion of this topie will be limited to the special problem of the
synthesis of a vitamin K, denvative from menadione 1n the «mmal bodv,
<mnce nothing 1s hnown about the synthesis of the ring component of vita
min K; or X; by the plint or the bactenal cell

After admimstration of C¥ labeled menadiol diacetate to vitamm K
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deficient chicks over 2 long perod, Martws (1956) found that the Iabeled
C 15 mcorporated 1nto 1 substance which, after distribution between two
orgame solvents, shows a behavior quite similar to that of vitammn k,
Later this substance was identified 1s a vitamm X, compound with  side
chain of 20 C atoms (Martius and Esser, 1958) From this experiment no
mformation about the mechamsm of the side chan synthess 1s wailgble
Investigations on the biosynthesis of ubiquinones may give some mforms
tion on this point, as the side chun of this substance has the same struetura)
arrangement Tt was found that labeled mevalome acid 15 incorporated 1nto
the ubiquinone of rat liver (Gloor and Wiss, 1958) As there 1s little doubt
that the ring component (2,3 dimethovy 5 methylbenzoquinone) 15 essen
tial for the ammal, mevalome acid seems to be used only for the syntheas
of the 1oprene like side chun

The synthess of vitamin Xaeq from menadione seems to go to comple
tion 1f small phy<iologieal doses are given This must be concluded from
the fact that menadione has about the same activity in the vitammn X de
fictlent animal as have vitamin K; and XK., compared on « molar bass
(Section V, 2) Howeyver, the synthesis seems to be lirmted on admimstra
tion of large doses This 1s supported by the following findings

As an antidote to Dicumarol, where larger doses are required, vitamm
K, 1s much more active thain menadione Large doses of menadione, gren
to rats, are partly excreted as dihydromenadione diglucuronde or mono
sulfate As deseribed m Section VI, 1, labeled vitamn IS 1s stored m the
lver to a much higher degree than labeled menadione

VII Mgerasoric FuNcrioN
1 Distribution of Vataman K wn the Ansmal Body and wn the Cell Particulates

A eertain amount of vitamin K 1s stored mn the ammal body After ad
rumistration of CM labeled vitarmin K to rats, most of the radwactiaty
could be detected n the hver (Taylor e al , 1956) The radioactivity after
admunstration of labeled vit umn Ky was twenty four times higher than by
administration of the sume dose of labeled menadione (Taylor et al , 1957)
The obsery ation that vitamin X; or K, given miravenously, had 2 much
more prolonged therapeutic effect in correcting the proconvertin lev el than
menadione, 1s probably also due to the better storige of the vitamns
(Mullar et al , 1956)

Green ef al (1956) determined the vitarun K content of the fiver cell
particulates by the biological method, using vitamin K defierent chlcl\;
Of the total amount, 61% was found n the mitochondrin fraction, 2%
1 the nueleus, and 15% n the supernatant, the caleulation being bsed on
the mitrogen content of the fractions Considering the metabolic function of
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vitamm X, 1t 15 mteresting that vitamm K geems to be present ain iyer
mitochondria m a similar amount as cytochrome ¢ and riboflavin

As mentioned m Section VI, Martius (1926) has shown that menadione
1s transformed 1 the animal body mto a vitamin ke compound with 20
C atoms m the 1soprene side chamn Thus was proved by the admimstration
of C* labeled menadiol diacetate to vitamin X deficient chichs In agree
ment with the results of Green ef ol (1956) on the vitamin K content, of
mitochondria, most of the actrvity was found m the mitochondna fraction
of heart liver, and hadney, the highest bemng n that of heart

Bouman and Slater (1956) however could not find any appreciable
amount of vitamin K 1n the heilin and Hartree heart muscle preparation,
using the biological test on vitamin K deficient chicks

2 The Role of Vatamun K tn the Respiratory Chain Phosphorylation

In recent ivestigntions Marts (1954) provides evidence that vitamin
Ki1snvolved in the biological oxidation system This theors 15 supported
by the following findings The respiratory chan phosphorylation of liver
mutochondria, obtauned from vitamn K defictent chicks 1s depressed com
pared with that of liver from normal chicks (Maitws and Nitz Litzow,
19244) The ¢n 1atro addition of vitimin K; normalizes the ox:dative phos
phorylation (Martws and Nitz Litzow 1954b), whereas menadione and the
vitamin X, analog with 5 C atoms 1n the side chain have no such property
(Martws and Nitz Iitzow, 1955) However, the activity of the analog with
15 C atoms in the side chain was only shghtly less active than vitumn K,
Anticoagulants such as Dicumarol the action of which could be antago
nized by vitamin K, are potent uncouplers of oxidative phosphorylation
(Martws and Nitz Litzow 1953)

With regard to the mode of action of vitamin K; m the respiratory chnun,
Marts (1954) assumed that vitammn K 15 mnsolved 1n the electron trans
ferring system Considering two alternative pathw 1ys from DPNH to cyto
chrome ¢, mn the one where diaphorase or cytochrome ¢ reduetase 15 an
mtermediate step no phosphorylation occurs while the other one mvols
mg vitamn K, 15 coupled with phosphorylation In the vitamin & deficx ney
state, only the first pathway 1s possible, this means that only two of the
three phosphorylation steps coupled to the oxidation are i operation This
18 1n accordance with the finding that the phosphorylation rate m hver
mitochondn from vitemin K deficient chicks 15 reduced to bout 70%
(Martus and Mtz Litzow 1954a) The mamn arguments for the participa
tion of vitamin Ky 1n the electron transferring system are the occurrence
of 1 Inghly active vitamin K reduetase 1n the Lis er and the faet that Dicum
arol and other vitamin K antagomsts are potent competitive inhibitors
(Martius and Strufe 1954, Martws, 1957)
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This last pomnt has been criticized by Colpa Boonstra and Slater (1958),
who were not able to establish that vitamin X 15 reduced to dihy drovitamm
K, by this enzyme From experiments using menadione as a model sub
stance, they concluded that this substance 1s not acting between DPNH
and cytochrome b, but must enter the chain m the region of the flav oprotem
or eytochrome b They stated, however, that there was a strong possibihity
of this reaction bemg entirely artificral

The finding of Cooper and Lehnmger (1956) that Dicumarol also un
couples the oxidative phosphorylation hnked to the oxidation of reduced
cytochrome ¢ 1s not 1n full agreement with the 1deas of Martius and Nitz
Litzow (1953, 1954b), that the uncouphng effect of Dicumarol 1s related
only to the first steps, considered by them to be dependent on vitamm Kk,
It must be supposed, therefore, that either the action of Dicumarol 1s not
related spectfically to vitamn K, or that vitamm Kj 1s acting m 2 manner
different to that assumed by Martwus and Nitz Latzow (1954a,b) Cooper
and Lehninger favor the role of vitamin K as a component of the phosphate
transferring enzyme sy stem at the three known phosphorylatg sites m the
respiratory chain

On the other hand, the investigations of Brodie and Gray (19553,b),
using bacterial enzymes, furmsh evidence for the participation of vitamin
K; m the electron transferring system These authors have combmned a
particulate and o supernatant fraction to get a phosphorylating system
By fractionation of the supernatant, both 1ts menadione reduetase activity
and 1ts ability to restore phosphorylation are mereased

Other investigations from these authors show that oxidation and phos
phorylation are activated by ultraviolet light and that 1t 18 possible to
restore both by addition of vitamm K; Menadione and vitamm K vwere
mactive (Brodie ef al , 1957), while vitamin K; was more active than its
analogs with 15 or 25 C atoms m the side chamm (Brodie, 1958)

Similar results were obtamed by Dallam and Anderson (1957) on rat
Iiver mitochondra After 1nactrsation by wradiation, the oxidative phos
phorylation was reduced to a third of the mitial value, while the ouidation
was not mpared Addition of vitamin K; restores the phosphorylation
From the observation that two thirds of the phosphorylation rate 13
dependent on 1tamin K , they conclude that two of the three phosphoryla
tion steps are concerned with vitammn K, On this pomnt they do not agree
with Martsus and Nitz Litzow (1953, 1954a,b), who considered vitamun K
to be mvolved 1n only one step As phosphorylntion coupled with oudation
of reduced cytochrome ¢ 15 not ;mpaired by irradiation (Dallam and
Anderson, 1958), vitamin K action seems to be related to the phosphory Int
g system of the chamn between DPN and eytochrome ¢ q

Green ef al (1955) could not find any reduction of the succinoxidase an
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DPNH cytochrome ¢ reductase activity i vitamn K deficient chicks and
Dicumarohzed rats They stated, however, that these findings are no
argument agamnst the speculations of Martius (1954) on the participation
of vitamm Xi 1 the electron transferring system

A enterion for a substance to be & member of the respiratory cham 15
1ts ability to reactivate an enzymatic system from which this component
has been removed Such a system has been described by Nason and Lehman
(1956), who uced a rat sheletal muscle cvtochrome ¢ reductase mactis ated
by extraction with 1sooctane Insuch a test vitamm E (Nacon and Lehman,
1956) and vitamm K (Deul et ol , 1958) were found to be active In an
extensive study Weber et al (19584, b) showed, howev er, that this reactiva
tion 15 not related to the redox system but to the 1soprene like side chan
Estertfied tocopherol and the diacetates of the dihydro forms of vitamin
K1, Kz, and of ubiqumone(50) are as active as the free forms Moreover,
1solated side chains, such as phytol and squalene, showed exactly the same
activity as the correspondmng menadione derivatry es, compared on a molar
basis The authors speculate that in this expeniment a special function of
the 1soprene like side chain namely the binding of this vitamm to the fat
material of the mitochondria, 1s demonstrated

3 Tentatwe Role of Vitarmun K wn Pholosynthesis

Arnon et al (1955) have shown that the photosynthetic phosphorylation
rate can be mcreased by addition of menadione phthiocol and other
menadiones Simular results were obtamed by Wessels (1955) As vitamin
K 18 widely spread m plant cells, these authors believe that vitammn X,
may play a specific role in photosynthetic phosphorylation The tentative
mechamsm of the action of vitamm Ki 15 discus-ed by Arnon ef al (1958)
wnd Marré and Servettaz (1958)

4 Contlustons

Bouman and Slater (1957) have pomted out that, before a particular
substance 1s accepted as a component of the man respiratory cham of
enzymes the following critena should be satisfied

(2) It s present 1n enzyme preparations in amounts commensurate with
the enzymatic activity

(b) Its removal from the enzyme preparation results in mactivation of
the enzyme and the activity can be specifically restored by addition of
the substance

(c) It can be shown to undergo oudation and reduction during the
operation of the engyme system at a rate in agreement with the over all
enzymatic activity

Applying these entena to the partieipation of vitamun Ky in the Tespira
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I INTRODUCTION

Many attempts have been made to assign to enzymes the role of bio
chemical regulators as well 4s the function of catalysts For exemple,
changes m the rate of glycogenolysis have been associated with changes m
phosphorylase activity (Sutherland and Corn, 1951) Although the mecha
nism of hormone 4ction 15 not completely understood, many nstances have
been recorded of change In enzymatic activity under varous endocrine
conditions (Knox ef af, 1956, Miner und Henegan, 1951, Roberts and
Szego, 1953) Congenital diseases mvolving abnormal metabolism have been
attrbuted to an ever mcreasing number of enzyme deficiencies

Glucose 6 phosphatase, an enzyme involved 1n hepatic glucose produc
tion, has been studied from these several pomnts of view Recent studies
have indicated that this enzyme may have a role in the regulation of
hepatic glucose production The activity of hepatic glucose 6 phosphbatase
18 altered by fasting and alloxan diabetes, 1s virtually absent mn glycogen
storage disease, and hepatoma, and 1s readily changed by endocrine mamp
ulation Such studies have been summarized m this report for review and
evaluatton An extension of these observations has revenled a strihng
correlation between the activity of this enzyme wnd endocrme regulation
of carbohydrate metabolism

In bringing together data from several laboratories, a comparison of
results 1s made difficult by varations in methods of ensymatic assay and
n the preparation of ammals Therefore, 1 the presentation of data «n
attempt has been made to mdicate vanables which are of mportance 1n
the 1nterpretation of experimental results Attention has been given to the
following conditions age, Weight, strain and species of amimals, nutritional
conditions (fed, fasted, length of fasting), method of sacrifice, and prepira
tion of tissue for assay In relating the sigmficance of an apparent change
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m enzymatic activity to the whole ammal 1t 15 of special importance to
consider the basis of expression of enzymatic actvity per umit tissue (wet
weight, nitrogen, average cell), per organ or per 100 gm body weight

II BrocHEMISIRY OF GLUCOSE 6 PHOSPHATASE

1 identification

The first studies made by Cor and Cor1 (1938) on hepatic glycogenolysis
and hepatic glueose production suggested that the formation of glucose
was mediated by a phosphatase Further study of hver glycogenolysis
(Con et al 1939, Ostern et al , 1939) showed that glucose release from hiver
was by way of hydrolysis of a hexose phosphate, but 1t was not clearly
established whether glucose 1 phosphate (G 1 P) or glucose § phosphate
(G 6 P) was the ester spht In a reinvestigation of the problem of glucose
release from hepatic tissue, Fantl and Rome (1945) mcubated hver brer
with Embden’s equiibrium ester (G 6 P F 6 P) If a nonspecific phos
phatase split this ester, glucose to fructose hberated would be expeeted to
be m aratio of 2 1 Instead, & ratio of 8 1 was found These authors there
fore concluded that there was present m Iiver o specifie G 6 Pase respon
sible for the release of glucose

Broh Kahn and Mirshy (1948) studied the relative rates of release of
glucose from G 1 P and G 6 P by Irver brex and from thewr data concluded
that no speaific glucose 1 phosphatase exists in hiver and that G1 P 1s
converted to G 6 P before hydrolysis The report by Faulkner (1955) of a
glucose 1 phosphatase m silkworm blood prompted & remnvestigation of
this problem by Goodlad and Mills (1956) By differential centrifugation
these authors were able to separate phosphoglucomutase and G 6 Pase
activities and demonstrate o two step hydrolysis of G 1 P involving first
conversion to the 6 phosphate ester and then hydrolysis

De Duve et al (1949) and Swanson (1949) have succceded 1n partally
punfymg hepatic G 6 Pase and separating this activity from that of amd
phosphatase The properties of this enzyme differ markedly from those of
acid and alkaline phophatases and will be discussed 1n the following <ce
tions under the properties of G 6 Pase

2 Assay Methods

Glucose 6 phosphatase catalyzes the reaction glucose 6 phosphate —
glucose + morganic phosphate The activity of this enzyme can easily be
assayed by measuring the appearance of morganic phosphate following the
weubation of G 6 P with v er homogenates (de Duve et al , 1919, Swanson,
1950) In the usual assay, homogenate representing 10-20 mg of wet Iiver
15 meubated with 02 A G 6-P 1n aitrate buffer (pll 64) at 30° or 38° C
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The reaction 13 termmated by the iddition of trichloroncetic aad and
morgani¢ phosphate measured by the method of Fishe and Subbarow (1922}

A manometric assay for G 6 Pase has also been devised (Ashmore ef al,
1954) utahizing a coupled reaction between G 6 Pasc and glucose oudnee
This method depends upon the measurement of glucose released from G 6 P
The glucose Liberated 15 conyerted to glucome amd by glucose ovidase n
the presence of catalase, and the oxygen consumption 1s measuted mano
metrnecally

8 pH Optemum

Liver G 6-Pase 15 most active between pH 6 and 7 (Ashmore ¢f af,
1954, Com and Cor, 1952, de Duve et ol , 1949, Swanson, 1950) Actrvty
of this enzyme falls off rapidly on exther side of 6 5, such that less than 20%
of the optimum actrvity can be demonstrated at pH 5 or 8 In respect to
pH optimum, this enzyme differs markedly from aeid and alkaline phos
phatases De Duve and Beaufay (1951) found {hat a rapid mactivation of
G 6 Pase oceurs below pH 5 5 and that the enzvme 15 precipitated at pH
50 By this method G 6 Pase activity can be separated from actd pho~
phatise Maximum stability of the enzyme 1s found at pH 80 (Beaufay
and de Duve, 1954a)

4 Temperature Stability

Fantl and Rome (1945) noted that G 6 Pase activity was lost m hver
homogenates stored for several days at +6° C However, liver microsome
preparations rich m G 6 Pase activity may be Lept for several days at 6°
mn Versene buffer without excessive loss of activity (Beaufay et al , 1904b)
On the other hand, there 1s appreciable loss of activity 1n whole homogenates
standmg for only a few mnutes at room temperature If lier trsue 15
frozen (Cor1 and Con, 1952), there 1s no appreciable loss of G 6 Pase actn
1ty over a period of several months There 1s also no loss of G 6 Pase acti
1ty m rat liver shees mcubated 1n oxygenated buffer for periods up to 90
minutes (Cahill ef ol , 19572) However, activity 1s lost rapidly m anovic

liver at 38°C
5 Speaificity

Inorgame phosphate 1s sphit from a number of orgame phosphates when
they are mcubated with liver homogenate under conditions optimum for
G 6 Pase Table I summarnizes the results of such studies by Beaufay and
de Duve (1954a), Crane (1955), Maley and Lardy (1936) Although o
large number of organic phosphates are hydrolyzed by microsome prepara
tions, all of the closely related hevose phosphates are hy drolyzed at one
fifth or less the rate of G 6 P Beaufay and de Duve (1954a) conclude that
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G 6 Pase 15 the ensyme catalyzing the hydroly«s of these substrates since
activity 15 lost by briefly acidifying the preparation to pH 5 Under such
conditions neither acid nor alkaline phosphatase activity 15 destroyed
Evaluation of K. for the varous orgamc phosphates mndicates that the
ability of these substrates to mhubit competitively G 6 P hydrolysis 15 1n
accord with a single enzymatic activity (Crane, 1955)

TABLF 1
Reuative Rates oF HyproLvars or Various Oraanic PROSPHATES
BY LIVER MICROSOMES

Substrate Rate Reference
Glucose 6 phosphate 100 Crane {1955)
Allose 6 phosphate 90 Crane (1955)
1 5 Sorbitan 6 phosphate 74 Crane (1955)
Manno e 6 phosphate 50 Crane (1955)
Galactose 6 phosphate 28 Beaufay and de Duve (19542)
Crane (1955)
Ribose 5 phosphate 30 Beaufay snd de Duve (1954a)
Pheny) phosphate 24 Beaufay and de Duve (1954a)
a Glycerol phosphate 20 Beaufay and de Duve (1954a)
Fructose 6 phosphate 19 Beaufay and de Duve (1954a)
2 Deoxyglucose 6 phosphate 20 Maley and Lardy (1956)
Tagatose 6 phosphate 1 Maley and Lardy (1956)
Glucosamine 6 phosphate 8 Maley and Lardy (1956)
Fructose 1 phosphate 7 Beaufay and de Duve (1954a)
8 Glyeerol phosphate 5 Beaufay and de Duve (1954a)
6 Phosphogluconate 4 Beaufay and de Duve (1954a)
N acety] glucosamine 6 phos 22 Maley and Lardy (1956)
phate
Fructose 1 § diphosphate 14 Beaufay snd de Duve (1954a)
Glucose 1 phosphate o5 Beaufay and de Duve (1954a)

Maley and Lardy (1956)

T1 rate of hyd olyws of va ous organic phosphates by ¢ Liver microsome p eparat ona ncubated at
D 87 expressed in relat on to G 6 P hydrolysis wh chisa hitrarily expressed as 100

In whole homogenates the interconyersion of F 6 I’ to G 6 P 15 so rapid
that the morganic phosphate released 1s nied by Umost equivalent
quiwntities of gluco e (Beaufay et al 1954, de Duve 1953) However,
washed liver mierosomes free of phosphoglucose 1somerase also spht I' 6 P
the products i this ease bemng fructose and morgime phosphate In order
to test the relatnve affinity of this enzyme for the two substrates, mixtures
of G 6P and F 6 P were mcubated with v wshed microsome preparations
and etivaty wis followed manometrically (Ashmore ef al, 1954) The

rite of glucose release was not altered by addition of up to 4 moles excess
T6p
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& Transphosphorylation

In addition to catalyzing the hydrolysis of glucose 6 phosphate, liver
microsomes also catalyze an exchange of lnbeled glucose for unlabeled
glucose 1n the hexose phosphate ester Hass and Byrne (personal commun
cation) envision the reaction sequence as follows Enzyme + G6P =
enzyme — G 6-P complex = enzyme — P -+ G Such a sequence of reac
tions would be consistent with the observed exchange of C* between la
beled glucose and unlabeled glucose 6 phosphate m the presence of Iiver
microsome preparations, as well as with the competitive mmhibition of he
patic glucose 6 phosphatase activity by glucose (Segal et ol , 1958)

A number of closely related hexoses other than glucose have been found
to mhibit glucose 6 phosphatase activity as measured by the release of
P, from G 6 P One of the most effective mhibitors 1s 3 deoxyglucose In
this particular case 1t has been demonstrated that an exchange reaction
oceurs  Glucose 6 phosphate + 3 deoxyglucose = 3 deoxyglucose 6
phosphate 4 glucose (M Nemer and J Ashmore, unpubhished)

Exchange reactions of this sort lead to many nteresting pomnts of specula
tion For example, by such an exchange it 1s possible to intreduce labeled
glucose, or glucose derivatives as 3 deoxyglucose, into the glycoly tic system
without phosphorylation by a hinase and ATP It 1s also possible that
mhibition of G 6 Pase activity by glucose serves n the regulation of hepatic
glucose production

The enzymatic transfer of phosphate groups mediated by a number of
tissue phosphatases has been more extensively reviewed by Axelrod (1956)

7 Actwation and Inkibition

The mstability of G 6 Pase to pH and temperature has been previously
discussed Loss of G 6 Pase activity following dialysis has been noted
(Fant] et al, 1945, Swanson, 1950) Activity 15 also destroyed by brief
contact with acetone or ethanol at 0° and in concentrations as low as 10%
(Swanson, 1950)

a Ions Neher caleum, magnesium (Swanson, 1950), nor sodmum and
potassium (Ashmore et al , 1954) alter G 6 Pase activity although shght
nhibition by mgh concentration of calewum and magnesum has been
observed (Beaufay and de Duve, 1954a) The enzyme 15 not mhibited by
Be 1on at 10~ M (Ashmore et al , 1954, Cochran et al , 1951) 1 contrast
with alkaline phosphatase, ATPase, and phosphoglucomutase, which are
strongly mhibited by beryllmm at this concentration Zaine, copper, and
1odide 10ms result mn 1reversible mactivation of the enzyme (Beaufay et al,
1954) Glucose 6 phosphatase 13 strongly inhibited by 01 M fluonde,
molybdate, and arsenate (Swanson, 1950)

b Phlomzin Although phlonzin has been used to whibit various facets
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of glucose metabolism over a pertod of over half a century the exact
mechanism or mechanisms of 1ts action are not well understood In relation
to liver metabolism, Cort and Cor: (1938) first observed that phlorizn
inhibited the formation of glucose by liver homogenates Extension of these
studies by Broh Kahn and Murshy (1948) and by Fant! and Rome (1945)
mdicated that the phlorzin mhibition was mn the hydrolysis of G6 P to
glucose and orgame phosphate Although this would indicate phlorizin
mhibition of hepatic G 6 Pase Swanson was unable to demonstrate any
phlorizin mhibition of punfied G 6 Pase preparations (Swanson, 1950)
Howeser, recent studies using erude homogenates of both liver and kidney
dicate phlonzin mnhibition of G 6 Pase activity 1n these tissues (Ashmore,
unpublished) Inhibition analysis (Lineweaver Burk plots) of studies on
Lidney homogenates mdicates that the inibition 1s competitive Consider
mg the possible role of G 6 Pase m glucose resorption from the kidney
tubule and the mechamsm of phlonzin glucosura, this problem should be
further mv estigated

¢ Bile Acids In attempts to separate G 6 Pase from other protems,
Beaufay et al (1954) have incubated liver microsomes with lecithinase,
ribonuclease, and deoxycholic actd They observed that complete dissolu
tion of the microsome by these substances resulted mn a loss of G 6 Pase
activity Bile acids over a range of 10-% to 10 2 }{ may either markedly
accelerate or mhibit the phosphatase reaction, depending upon the con
centration of bile acd used (Ashmore ef al, 1954) Concentration of
deoxycholate up to 10-% A and greater than 10-3 Af mhibited the enzyme
However between 10~ M and 10-% Af a twofold mncrease in activity was
observed Glycocholit and taurocholic acids were also observed to have
this effect

d SH Reagents Although no inhbition 15 observed with 1odoacetate
(Swanson, 1950), both N ethylmaleimude and p chloromercuribenzoate at
0001 M mhibit G 6 Pase (Ashmore, unpublished) Inactivation by copper
and alloxan (Beaufay and de Duve 1954a) also suggests possible mvolve
ment of SH groups mn the enzyme

A phosphatase mactivating system 1s found n the soluble fraction of
Iner (Beaufay et ol 195%) Such mactivation may be mhibited by epineph
mine m excess of the substrate and by chelating agents such 13 Versene
The products of reaction tend to mhibit shghtly In this respect phosphate
has a more pronounced effect than does glucose

8 Expression of Glucose-6 phosphatase Actwnty

Since thiy enzyme 1s most frequently assayed by phosphate release,
actiaty 1 usually expressed n terms of mulhgrams or micromoles of n
orgame P Iiberated from G 6-P dunng imcubation In studies on the phys:
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ology of G 6 Pase, various umits of reference have been tnhen Cor1 and
Cor (1952) have expressed activity per umit of wet weight or dry weight
and per mmlhgram mitrogen In ammal studies, activity has been evpres:ed
as actvity 1n total liver per umt of body weight and per uv erage cell, as
well as per umt of wet weight and per milligram nitrogen (Weber ef al
1958) In most cases mn which phosphatase actry 1ty has been compared
under differing sets of conditions, the results are the same regardless of the
mode of expression of G 6 Pase However, mn some conditions such as
fasting and hormone treatment, marked changes 1n liver mass and body
weight may occur In such cases actrvity should be compared on some bass
other than wet weight Activity per total hiver or on 2 liver per 100 gm
body weight ratio are perhaps most meammngful in considering the relation
of an enzyme activity to the economy of the organism

III CyrocHEMISTRY OF GLUCOSE § PHOSPHATASE

1 Dustribution of Glucose 6 phosphatase tn Anamal Trssues

a In Adult Amimals The presence of G 6 Pase activity m liver tissue
was demonstrated by early workers i this field (Fantl et al , 1942, Fantl
and Rome, 1945) Systematic investigation of this enzy me m animal tissues
has recently been conducted The ditn on G 6 Pase activity in varous
normal rat organs determmed 1n extracts (de Duve ef al, 1949 Hers and
de Duve, 1950) were generally confirmed by results obtaned i homog
enates (Weber and Cantero 1955a) (see Table IT) It 1s nteresting that the
G 6 Pase activity of the hadney (per gram wet weight and per mulligram
nitrogen) 15 as high as that of the Inver (Weber and Cantero, 19552)
Possibly this high G 6 Pase activity 1s connected with the ability of the
kidney to release sugar into the bloodstream (Drury et al , 1950, de Duve
et al, 1955) Organs which do not release glucose into the bloodstream
have Iittle or no activity

b In Embryonc and Newborn Ammals G 6 Pase activity m embryos
has been examined only in the Iner Nemeth (1954) studied G 6 Pase
the liver of the fetal gusnea pig Pregnant gumnea pigs were sacrificed by
dislocation of the cervical vertebrae The enzyme was assayed i tissue
homogenates made up m distilled water All reaction mixtures were 2%
wet weight m tissue and 10 mmolarm G 6 P and were mcubated at 32°C
A buffer was not used, but the reaction mixtures were adjusted to pH 68
with a few drops of dilute HCl Under these conditions there was no GG
Pase activity found 1n the fetal guinea pig Iver until, or just before, term
To rule out the possibility of a deficiency of a heat stable cofactor i the
embryonic tissue, hoiled homogenate prepared from adult guinea pig Iver
was added to a reaction mixture contamnmng fresh embryome lner No
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effect was demonstrated It was also shown that the absence of activity in
embryonie liver was not due to the presence of an inhibitor, because homog-
enates of fresh fetal hver did not mhibit a reaction misture contaming
adult hver homogenate

The absence of G 6 Pase activity in fetal iver and the appearance of
high activity m the Iiver of newborn nmmals was also demonstrated m the
rat (Weber and Cintero, 1955b) In these studies G 6§ Pase activity was
measured 1 homogenates prepared m 025 A sucrose according to the
methed of Cort and Con (1952), and the activity was expressed per umt
wet weight of tissue

TABLE I1*
GLUrosE § PHOSPHATASE AcTIVITY IN NomrMAL Rar Oreans

Sperific

Organ Activity?® Percent actavity Percent
Laver 213 100 10 100
hadpey 203 95 730 103
Spleen 16 8 54 8
Bramm 1 5 49 7
Intestine 8 4 42 8
Lung 1 1 10 1
Muscle 1 1 10 1

From Web  and Cantero (1955 )
The values fethem nofs or mo e determ nations

¥ Micrograms of phosphorus liber ted 1n 15 minutes per 100 ng wet we ghtat 31 C
Lavera bt rly ass gned a value of 1007

4 \icrograms of phosphorus 1 be ated 1n 15 munute permll gr m mitrog nat31 C

An attempt wns also made to express enzymatic activity per average
cell, and cell counts were mude on embryome and newborn rat iver These
cell counts were extremely high, and 1t was recogmzed, on the basis of
Iistological sections, that besides the parenchymal cells the different devel
opmental forms of white and red blood cell series could interfere with
correct counting Therefore the expression of G 6 Pase activity on per
cell basis was not considered advisable m embryome and newborn rat
Iner (Fig 1)

An attempt was made to correlate liver glycogen with G 6 Pase activaty
In the opinion of Nemeth (1954), the accumulation of liver gly cogen 1 the
lite phase of gestation 15 due to the absence of G 6 Pase nctinaty n this
orgin A parallebsm was drawn with 4 certain type of glycogen storage
disense which was considered by Nemeth (1954) as a persistence of the
fetal state However, in studies in the human the presence of G ¢ Pase was
demonstrited 1n embryonmc liver (Ashmore, unpublished) In all cases
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appreclable activity was observed In the human, G 6 Pase appears quite
early 1n the gestation period (fourth or fifth month)

2 Intracellular Dastribution of Glucose 6 phosphatase

The localization of G 6 Pase in the cell has been examned by quantitative
chemical determmation of the enzyme in subeellular fractions and by
Instochemical study of tissue sections Al studies on the mtracellular
localization of this enzyme have been performed 1n Iiver and kidney
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F1a 1 Glucose 6 phosphatase activity and cellulanty in embryome newhorn
and adult rat hver @ =~ G 6 Pase activity expressed i micrograms phosphorus
liberated 1n 15 minutes at 31 C per 100 mg wet hiver . = cell counts expressed in
mlhions of nueclet per gram wet liver 14 16 18 20 = days of gestation, T = term
N = newborn A = adult Reprinted from Weber and Cantero (1955b)

o Dufferential Centrifugation Studies The greatest comtribution to the
Jocrhization of G 6 Pase activity m the cell was given by the appheation of
differential centnfugation methods By this approach, hiver tissue of m]t]s,
mouse, gunea pig, frog, and rabbit were mvestigated The results of the
different laboratores are not strictly comparable because of dlﬁerenceés m
species, sex, age, and nutritional condition of animals used mn these stu 1es1
However, a reasonable agreement 15 reached n recognizing the mxcrost;!;;
{raction as the main source of G 6 Pase 'lctl_\ 1ty (Appelmans et ol , 1 . ,

Yet and de Duve, 1951, de Duve et al, 1955, Hers et al , 1951, Schnexder
Bert 1950, Snanson, 1949 Weberet af, 1956} It has al<o been shown that
fi a*lh,e rat ’24 hour fasting does not alte'“ ~ellular distribution of
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this enzyme (Weber et al, 1956) Thgh doses of cortisone admnistr ition
were without effcct on the percentage distribution of G 6 Pase activity
although the activity of the average cell was markedly increased as com
pared to that of o normal cell Fasting of corticone treated ammals for 24
hours also failed to influence the percentage of intracellular distribution of
the enzyme (Weber et al , 1956) It 1s of interest to note that supernatant
flmd prepared by centnifugation at 100 000 g for 30 minutes yelds a hver
extract free of G 6 Pase activity This may be of use m earbohydrate
studies when the presence of G 6 Pase activity 1s undesirable

A further development in the localization of G 6 Pase activity may be
expected when improved cell fractionation methods and electron miero
scopie check of the morphology of 1solated fractions are wpplied m the
study of this enzyme

b Histochemical Studies Chiquowne (1953) demonstrated G 6 Pase mn
frozen sections of mouse hiver and kidney In both organs the enzyme 18
present only within pirenchymal elements and 15 absent mn stromal tissues
It was shown thit the enzyme was more abundant in the peripheral third
of the hepatic lobule than in the mnner two thirds Inside the hiver cell G 6
Pase 15 concentrated about the nuclear membrane No significant changes
1n enzyme distribution 1n the liver were observed 1 relation to the dwrnal
cycle

In the hidney the enzyme was demonstrated i the proximal convoluted
tubule, concentrated at the baal pole of the cells and 1n portions of the
renal glomerulus Deane (1944) reported that the basophihc bodies mn the
hepatic cells of white mice are usually grouped about the nucleus and has
equated these bodies with the microsomal fraction of differential centrifuga
tion studies Since most mvestigators have shown that G 6 Pase 15 asso
ctated with the microsomal fraction of Inver cells (Table III) the hsto
chemical distribution of the enzyme as reported by Chiquome 1s consistent
with Deane s deseription of the ditrnibution of the microsome material

The histochemical demonstration that the distnibution of the enzyme
does not change sigmficantly duning a 24 hour pertod after feeding 1s 1n
hne with the report (Weber et al , 1956) based on chemical determination
that G 6 Pase activity 18 mamntained 1t normal level in the aterage Liter cell
after 24 hour fasting

On the basis of the specific biochemical charactensties of G 6 Pase, 1t
was posable to show that this enzy me 15 located 1n cellular regions different
from those 1 which acid or ilkaline phosphatases are found (Chiquorm,
1953) Sumilar histochemical procedures were used recently 1n study ing the
semimal vesicles and prostate gland of the rat (Kuhlman 1954) It was
shown that tissues of the male accessory glands are capable of hydroly zing
both G6T and T 6P The hstoch | reaction demonstrated m this

N
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study permitted detection of a labile enzyme localized differently from the
more stable acid and alkaline phosphatases The epithelia of the semmal
vesicles and prostate gland showed evidence of phosphatase actis 1ty m the
cells when either F-6-P or G- 6-P were used as substrates The connectie
t1ssue stroma beneath the epithehum was negative The optimum pH for
the reaction was between 6 3 and 70 The mntensity of the reaction fell off
rapidly above and below these values and was zero 1t pH 5 and 10

IV PuysioLocy oF GLUCOSE 6 PHOSPHATASE

1 Relation to Blood Glucose

Smce the muntenance of the blood glucose, ansing endogenously, 1s de
pendent upon the presence of the liver and more specifically upon adequate
glucose 6 phosphatase activity 1n the liver, 1t 1s but logieal to suspect that
this enzyme might be mvolved m the regulation of hepatic glucose produc
tion Two types of studies have been done n attempt to relate G 6 Pase
activity to glucose production (1) companson of G 6 Pase activity and
blood glucose 1 fasting animals, (2) comparison of G 6 Pase activity and
en vatro glucose production n rat hver shees

Blood glucose 1s regulated by four factors (a) rate of nbsorption of
duetary glucose, (b) hepatic glucose production, (¢} peripheral utilization,
and (d) m extreme cases, by renal excretion In fasting rats the contribu
tion of intestinal absorption 1s elminated and, m the absence of specific
peripheral inhibition, utilization by extrahepatic tissues should remamn
rather constant Under such conditions a positive correlation between
blood glucose levels and hepatic G 6 Pase activity can be observed mn
fasting normal, cortisone treated, adrenalectomized and hypophysecto
muzed rats (Weber and Cantero, 1955¢, 1057¢) and 1 obese hyperglycemic
muce (Shull ef ol , 1956) This 1 llustrated by Fig 2 It should be noted,
howes er, that the demonstration of a correlation between G 6 Pase activity
and blood glucose depends to some extent on the basis upon which G 6 Pase
activity 1s expressed Smce the enzyme 1s concentrated mamly m the hver,
expressing totnl phosphatase activity per 100 gm body weight 13 expected
to give mformation about the “total avalable” G 6 Pase activity the
orgamsm When this 15 done a parallelsm between total Iver G 6 Pase
activity and blood sugar level may be observed (Fig 2)

Glucose production by rat hver slices obtamed from normal, diabetic,
adrenalectomized dinbetic, and adrenalectomized normal rats shows some
correlation with the G 6 Pase activity of the tissue (Table IV) (Ashmore
et al , 1956b) However, n tune sequence studies, it can be demonstrated
that the mereased glucose production by the tissue in wriro precedes an
imcrease 1n the phosphatase activity m the adrenalectomized dubetic rait
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Tro 2 Comparison of blood sugar and hepatic ghice e 6 phosphatase setivity
the rat The blood sugar 1s expressed 1 mifligrams per cent The enzymatic actinty
18 pxpressed us total avastable lver G 6 Pase actvaty Normal untreated anumals
Cortisone nnumals were given dasly mntramuscular snjectiona of 25 mg of cortisone
acetate for 5 days and were sacrificed on the sixth day Vehicle ammals injected the
game way with the vehicle #¢d a3 the suspending medium for cortisone 4z adrenal
ectomized rata Hx fivpophy cctomized rata Az + Hz adrennlectomized and hy
paphysectomized rats Hx + SHAM HY Px hypophysectomized rats wiich were sub
Jected Lo sham hephiectomy o eration Hx 4 HOPX hypophy ectomred ammals
whieh were aut d to partial b Rep d from Weber and Cantero
(1957¢c)
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treated with hydrocortisone Also, 1t should be noted that hepatic glueose
production can be mcreased n viro by glucagon or epinephrine or by altera
tion of the 10nic composition of the incubation medium without any appar
ent increase m G 6 Pase actrvity (Cahill et al , 1957a) In these cases, liver
phosphorylase 15 the enzyme whose activity 15 mcreased and the enhanced
glucose released 1s the result of glycogenolysis Decreased glucose produc
tion of liver slices 1 the presence of phlonzin or fluonide (Niemeyer, 1900)
may be the result of decreased G 6 Pase activity There 1s no question but
what an absence of this enzyme will result 1n no glucose production, as 15 the
case n von Gierke’s disease, where there 15 a congenital absence of G 6 Pase
(Cor1 and Cor1, 1952)

TABLE 1V
ComparisoN or Grucose Propucrion anp HElATic
GLUCOSE 6 PHOSPHATASE ACTIVITY

Glucose G 6 Pase

produced  (umoles P/gm liver)
Normal 69 151
Ihabetic 149 375
Adrenalectorzed diabetic 76 195
Adrenalectomized normal 67 178

A companson of glueose production by rat liver shices incubated 1n a high b medium with hepatie glu
cose 6 phosphatase activity Glucose production 1s expressed as micromol s glucose per gram wet hver per 90
munutes Glucose 6 phosphatase activity 1s expressed s micromoles P libersted per gram wet Jiver per 30
minutes

2 Relation to Glycogen Synthesis

One can easily 1magime glycogen as an overflow reservor for the G 6T
pool Under such condrtions phosphatase would serve as the mun drun of
the pool and m this capacity might regulate the distmbution of G6P
between glucose and glycogen In abnormaf conditions where there & ¢
sirtual absence of G 6 Pase in the Inver, glycogen tends to accumulate An
iteresting relation between glycogen content and G G Pase activity
fetal Iner has been noted 1n the precedmng section (Nemeth, 1954, Weber
and Cantero, 1955b)

Tn rat iy er shces a relation between G 6 Pase and the percentage of G 6 P
which goes to glycogen can be demonstrated (Ashmore et al, 1926b)
(Table V) The percentage of G 6 P to glycogen has been experimentally
derrved from studies with labeled pyruvate and represents the ratio
pyrusate converted to glycogen over pyruvate comverted to glucose pluJ
glycogen In these studies the percentage of G 6 P to glycogen decrease
as the G 6 Pase actnity mereased It 1s therefore not unreasonble to
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expect that G 6 Pase activity could regulate the relative percentage of
G 6 P molecules converted to glucose and glycogen under specific condi-
tion of constant G 6 P production and m the absence of other enzymatic
defects between G 6 P and glycogen

8 Rale of Glucose 6 phosphatase Relatwe to Other Pathuways

In assessing the role of G 6 Pase 1n hepatic metabolism 1t 15 of importance
to know the rate of the phosphatase pathway n relation to the other
available pathways of G 6 P metabolism Inliver four pathways of metabo
Lsm are avulable for G 6 P (1) to glycogen via phosphoglucomutase, (2)

FABLE V
Reramion oF Liver ( LUCOSE 6 PHOSPHATASE T0 GLYCOGEN Fommation
Rat Time Per cent G6 P Glucose 6
(hours) to glycogen  phosphatase
Normal 50 157
Disbetic 12 354
Adrenalectomized diabetic 35 150
Adrenalectomized normal 47 178
Adrenalectormzed diabetie - 2 24 155
17 hydroxycorticosterone
[ 23 162
12 17 210
21 10 246
48 15 310
Glucose § sar G 6 Popl t per gram of lver pe 30manutes

T cent G 6 P to glycogen 1a the m o pyTuvate to glycog n over pyruvate to glucose plus glycogen meas
ured nratlve sl ces dunag a 90-m nute meubat on

to glucose and inorgime phosphate via glucose 6 phosphatase, (3) to
pentose and CO via the hexosephosphate oxidation pathway, and (4)
fructose 6 phosphate (F 6 P) and the Embden Meverhof glycolytie path
way 112 phosphohevoseisomerase

A comparison of the four enzymes mitially competing for G 6 P shows
that the equilibrium of both phosphoglucomutase and phosphohexoseisom
erase favors G 6 P formation on the otherhand G 6 P dehydrogenase and
glucose 6 phosphatase result in G 6 I removal Assays of phosphatase and
dehydrogenase activitv in the same homogenate under conditions optimum
for cach enzyme mndicate that the phosphatase 1s many times more active
than the dehydrogenase (Ashmore et al , 19a7b Glock ¢t al , 1956, Per<he
el al 1907, Weber and Cantero 1957e) Measurement of the activities of
phosphatase dehydrogenase mutase and 1somerase (Webcr and Cantero,
1927¢) from the same Iiver homogenate showed that under conditions of
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maximal enzymatic activity the relative rates of these four enzymes are
phosphohexoseisomerase > phosphoglucomutase > G 6 Page > GG6P
dehydrogenase (see Table VIII, Section VI)

From studies wath rat liver shees and C labeled glucose and fructosg
one can calculate the relative rates of the four pathways of G 6 P metaho
lism Per 100 molecules of glucose phosphorylnted, 2 are oxidized via the
phosphogluconate oudation pathway, 18 to glycogen, 55 are hydrolyzed
by G 6 Pase and 25 are metabolized via the Embden Mey erhof glycolytic
pathway Although these values are obtamed from sn wiro experiments,
they strongly support the role of G 6 Pase m the regulation of hepitic
glucose metabolism (Ashmore ef al , 1957b)

V REGULATION oF GLUCOSE 6 PHOSPHATASE ACTIVITY

1 Introductory Remarks

Regulation of an enzymatic activity in the sense of a direct mteraction
between the regulatory substance and the enzyme has not been demon
strated However, changes i the activities of many enzymes have been
associated with over all metabohic regulation, particularly with respect
to the endoerne hormones In the specific case of glucose 6 phosphatase,
where the physiological function of the enzyme 1s known, 1t 15 often easy
to interpret the results of hormonal studies m relation to the known general
metabolic effects of the endocrmne function under study Yet, a change of
enzymatic activity following endocrine manipulation should mn no ease be
construed to prove activation or inhition of the enzyme by the hormone
per se Indeed, 1n no instance has change m actrity in glucose 6 phos
phatase been noted other than after the sn 1uo wdmimstration of the
regulatory substance over a period of several hours or several days

In addition to regulation of glucose 6 phosphatase activity by hormonal
substances certain dietary alterations have been shown to cause marked
changes 1n the activity of this enzyme This might suggest to some that
hormones affect regulation through over all changes 1n mtermediary metab
olism, causing an increase I enzyme activity resulting from changes
substrate concentration Although such speculation 1s mteresting, 1t e
mans at present without any experimental substantiation

An attempt 15 made m this section to present the few established facts
relatmg to the hormonal and dietary regulation of Inver G 6 Pase acfivity

1t should be noted that m mstances of reported changes m G 6 Pase
actnty resulting from hormone admimstration or removal, special expert
mental conditions may be necessary to obtan clear cut effects (Weber and
Cantero, 1957¢) (see Fig 2) The basis on which , natic activity &
evpressed may be of great wnee, becau sssible change 1
liver weight and hver,: wtratiotr 1#n] crreum
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stances (Weber and Cantero, 1957¢) However, it 15 most encouraging
that the results obtamed by the several laboratores reportmg hormonal
studies are 1 general agreement and do not require resolution of differences
due to basis of calculation or specific technique employed

2 Adrenal Gland

o Hormome Admuustration Studies Admmstration of large doses of
cortisone (25 mg per 100 gm body weight) to intact rats resulted m a
marked merease 1 hiver G 6 Pase activity (This increase was evident
whether activity was expressed per gram wet liver, per milligram hver
nitrogen, per average cell, or on a liver body weight ratio ) Ammals showing
an mereased hepatic G 6 Pase activity also exhibited elevated blood sugar
levels and marked liver glycogen deposition (Weber et al , 1955) Admms
tration of smaller doses of cortisone (15 mg per 100 gm body weight)
(Menon and Gornall 1956) as well as hydrocortisone (Ashmore et ol ,
1954) also result in ncreased hepatic glucose 6 phosphatase m normal fed
rats Hydrocortisone (5 mg per 12 hours) mjected over a period of 48
hours will give an mere1se in G 6 Pase activitv of 34% when activity 1s
expressed per gram wet liver In only one mstance has a failure to obtamn
an merease 1n hepatic glucose 6 phosphatase activity been reported after
the admimstration of cortisone or adrenal cortieal extracts (Langdon and
Weakley, 1955)

Anincrease in G 6 Pase activity 1n ammals fasted 24 hours before sacnifice
can be obtained with cortisone administration (Weber et al  1956) (see Fig
2) The mcreased G 6 Pase activity of the homogenate of lhvers from
cortisone mjected rats was reflected m the inerease of the enzyme activity
m all three particulate fractions and was mawly due to increases n the
G 6 Pase activities m the nuclear and mutochondrial fractions The pos-
sibility of a contamination of the nuclear and mitochondnal portions by
IMETUSOMES Was not completely excluded The vontrol anmmals m this seres
were myected with the vehicle, which cont uned only the suspending medium
without cortisone The admimistration of vehicle did not cause any sigmifi

cnt alterations n the percentage distribution of G 6 Pase as campared to
normal unmjected fed or fasted ammals Cortisone cused an ncrease m
the mitochondnal activity both 1n fed and fasted animals of 89% and 42%
respectnvely From these results the following suggestion was made “The
demonstration of the effect of cortisone on Iner G 6 Pase activity brnings
up the possibility that the adrenal cortex may play a role m the phy<io-
logieal mamntenance and regulation of this enzyme (Weber et al  1956)

Injection of hydrocortisone (1 mg perday ) 1n hy pophy sectomized ammals
caused a definite nerease mm hver G 6 Pase netiaty (EHarper, 1956)

b Hormone Remotal Studies Effect of adrenalectomy . normal animals
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The effect of adrenalectomy was exammed on blood sugar and Iner G §
Pase activity m Wistar rats Enzymatie activity was expressed per ay erage
Liver cell and per 100 gm body weight The results demonstrated that m
Jasted adrenalectomized ammals the decreased blood sugar levels followed
decreased hiver G 6 Pase activities (Weber and Cantero, 1955¢) Later it
was reported that adrenalectormy 1n fed rats had no effect on liver G 6 Pace
as espressed per gram wet liver or per total hver weight (Ashmore ef o?,
1956b)

In further studies (Weber and Cantero, 1957c) 1t was confirmed that
hver G 6 Pase activity was apparently not affected in fed adrenalectomized
rats when the data were expressed per unit wet weight, however, o signif
1eant decrease (32%) was found when data were expressed per average
cell, or per 100 gm body weight (total available activity) In fasted adre
nalectomized ammals the hiver G 6 Pase activity was decreased per wet
weight, per cell, or per 100 gm body weight as compared to normal fasted
ammals The authors pomnted out that in normal fasting ammals the total
avatlable hver G 6 Pase activity 1s increased, while other enzymes mnvolved
m G 6 P utihization are markedly decreased (Weber and Cantero, 19563,
1957d) On the other hand, in the absence of the adrenal gland or hypo
physis the fasting ammmal 1s unable to increase Inver G 6 Pase activity to
normal fasting levels (Weber and Cantero, 1957¢) (see Fig 2) However,
the administration of cortisone over a period of 48 hours prior to fast re
stores the hepatic response to fasting to normal (Froesch el al , 1958)

Effect on adrenaleciomy wn diabetic Is Adrenalectomy 1n alloxan
diabetics rats returned hver G 6 Pase activity to normal That th effect
was due to the absence of adrenal cortical hormone was evidenced by the
increase 1 G 6 Pase 1 the adrenalectomized diabetic rats to diabetic
levels, 218% of normal, by mjection of 17 hydroxy corticosterone (5 mg
per 12 hours) over a 48 hour period (Ashmore et o, 1956b) It was also
shown that m adrenalectomized smmals msuln mjection eaused a more
marked drop m hiver G 6 Pase activity than m normal animals (Ashmore
et al 1956b)

Effect of adrenal wn hypoph d Is When hypophy
sectomuzed rats were subjected to adrenalectomy, no sigmficant additional
reduction was found m fed or fasted animals (Weber and Cantero, 1957¢)

¢ Mechamsm of Action The following posstbilities are considered for the
mechanism of action of a hormone (1) direct effect on enzyme or enzyme
synthests (2) nfluence of enzymatic activity through cofactors, @) m
direct mfluence of enzymatic actrvaty through substrate level (G 6 P)

Study of direct effect, 1n vitro effect of cortisone It was shown that the GG
Pase activity of cell free Iy er homogenates was not mfluenced by the add:
{100 of cortisone even n high concentration Premcubation (15-60 munutes)
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of liver homogenate with cortisone at 37° C also failed to affect G 6 Pase
activaty (Weber ef al  1956)

Study of wdurect effect Long term studies have brought support to the
possibility that corticone may act through influencing gluconeogenesis,
which i turn would affect the G 6 Pise level in the liver cell (Ashmore
et al, 1956b) These workers have demonstrated that m the biological
sequence after corticone admmistration to adrenalectomized diabetic rats
the resulting mcreased gluconeogenesis preceded by scveral hours the m
erease 1n hepatic G 6 Pase Thus, 1t seems unlikely that the mcreased glu
cose production 15 a direct result of the effect of the hormone on the enzyme
1n the case of the diabetic ammal On the other hand, 1t 15 possible that
relations are different in the normal amimals, and the possibility of a direct
effect of hormones on Iiver G 6 Pase should be further explored

8 Puwtary Gland

a Hormone Admumistration Studies Effect of growth hormone Langdon
and Weaklev (1955) studied the effect of pituitary growth hormone (1p m
a single dose 10 mg per kilo, 18 hours prior to sacnfice) on fed Sprague
Dawley rats weighing 75-200 gm Liver G 6 Pase activity was expressed
per gram of hiver and per 100 gm body weight No significant difference
was found n the G 6 Pase activity of homogenate and microsomal fraction
of normal and growth hormone njected rats On the other hand, Menon
and Gornall (1956) found that admmstration of 100 ug of grow th hormone
per 100 gm body weight almost doubled iver G 6 Pase m normal rats
Growth hormone admimstration also restored hepatic G 6 Pase of hypophy
sectomazed or adrenalectomized rats to normal levels

Effect of cortiotromn (ACTH) Shull et al (1956b) demonstrated the
effect of ACTH on Iver G 6 Pase in male muce of LAF, strain The expert
ments were performed on mice grafted with radiation mduced (Furth et al ,
1953) ACTH secreting tumors One half of the ammals at 10 weeks of age
were grafted subcutaneously with the tumors The untreated mice served
as controls All anmmals had food and water ad bitum The water contaned
animal formula Terramycin HCL at a level of 8 gm per gallon and served
to prevent nfection to which ACTH secreting tumor bearmg mice are
highly susceptible At 17 weeks of age all animals were sacrificed The
tumors at this time 2veraged 1 ¢m 1n diameter the body weight of tumor
bearing and control mice was about the same A modification of the assay
of Swanson (1950) was used to measure ner G 6 Pase actinity (Shull e al,
1926b) Enzymatic activity was expressed per gram wet weight and per
total ner

The ltver G 6 Pase activity per gram wet weight and per total lner was
significantly hugher in the tumor bearing mice than that of the normal muce
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In addition, fasting did not cause a reduction 1 blood glucose level 1 the
tumor bearing group, while 1t did m the normal controls Similarly, the
tumor-bearing mice retamed approvimately four times more Iver gly cogen
after 24 hour fast than their controls

Shuil et ol (1956b) draw the conclusion that “the strihing merease m
G 6 Pase activity per gm of Liver observed i tumor-bearing mice mdicates
that the activity of this enzyme 1n t1v0 15 probably controlled, at least m
part, by the adrenal cortical hormones ” The authors also noted that these
tumor be iring mice excrete 0 5 pg per day total neutral Cy, steroids in the
urine of which corticosterone compnised 03 pg (Schull e al , 1956b) Only
traces of Compounds E and ¥ and no aldosterone were found Therefore,
the 45 % 1ncrease n G 6 Pase activity observed m the tumor bearmng mice
was probibly produced largely by corticosterone

b Hormone Removal Studies Effect of hypophysectomy 'The effect of
hypophysectomy on hver G 6 Pase activity was shown in Wistar rats of
100 gm weight (Weber and Cantero, 1957c), the blood glucose level was
assayed and homogenate G 6 Pase activity was expressed per average Iver
cell and per 100 gm body weight In 24 hour fasted hypophysectomized
animals the sigmficantly decreased blood sugar levels were paralleled by
decreased liver G 6 Pase activities When hypophysectormized anmals were
partially hepatectormzed, 24 hour fasting resulted m hypoglyceme blood
sugar levels and extremely low G 6 Pase activities (Weber and Cantero,
1957¢) The lack of mamtenance of blood sugar level and hver G G Pase
activity m hypophysectomized ammals when subjected to fastmg 13
marhed contrast to the mamtenance of blood sugar level and liver G 6 Pase
activity 1 mtact normal fasted rats (see Fig 2)

Harper desenibed a fall m liver G 6 Pase actwity (from about 45 to
about 2 5 mg P/gm fresh liver per hour) after hypophysectomy, and sim
slar low values were obtamned m alloxan dinbetie rats that had been hy
pophysectomized When rats were fed ad libiturn no response to growth
hormone mjection was detected Combined mjections of hydrocortisone
and thyroxine mcreased the liver G 6 Pase activity of hypophy sectomized
rats to a level above that of the mtact normal rat Injections of hy dro
cortisone or thyroxine separately did not restore normal activity (Harper,
1956) A decrease 1n hepatic G 6 Pase activity m hypophysectomized rats
has also been described by Reid ef ol (1956)

4 Pancreas

a Hormone Removal Studies Effect on allozan Smce there 1s an mcren<§

1 hepatic glucose production m alloxan diabetic rats, 16 mght be expecte

that such animals would show an merease i liver G 6 Pase actwvity Phos
phatase actwvity 1n the diabetic rats 1s found to be inereased whether ex
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and microsome preparations, but comparable activation 1s obserye
simiar preparations of Liver from alloxan diabetic rats (Ashmore an
bett, 1955) It therefore appears likely that the merease m activity ob
i diabetes represents an actual merease 1 the enzvme

Studies by Segal ef ol (1958) on kinetie parameters of ltver G 6 T
normal and diabetic rats indicate that the apparent Michiehs co
(K., for this enzyme 15 different m homogenates of liver from norm
diabetic rats The average A ,, found for 3 6 Pase m normal hiver we
X 10~% M while the K, for the diibetic was 327 X 10~* 3f The I
served in homogunates of normal rat hiver agrees with the average
2 X 10°* M (Hass and Byrne, personal communication, Nemer, I
and Ashmore, unpublished) In view of the differences in apparent &
served by various myestigators, using shghtly different but still |
unpurified tissue preparations, the differences observed between n
and diabetic tissues are difficult to mterpret Such differences mug
tually represent mtrinsic differences in property which 1s retaned t
punified enzyme, but most likely they represent o shghtly altered mil
the, diabetic iver Since G 6 Pase actisity 1s found 1n the mcrosoma
tion of liver cells, 1¢ 18 possible that changes m the composition of thi
tion could account for differences in kinetic parameters measured

Fastmg mn the alloxan diabetic rat results i a net decrease m toty
G 6 Pase, although activity of the enzyme per gram of Liver 15 uncha
Fasted normal and alloxan diibetic rats therefore have about the same
Pase actnv ity per gram of hver (Ashmore et al , 1954)

Adrenalectorruzed diabetic rats have normal liver G 6 Pase ac
(Ashmore et al , 1956b) The role of the adrenal steroids in regulation
6 Pase actrvity m the alloxamzed rat has been discussed under the a¢
gland

b Buologwcal Signrficance of Increased Larer G 6 Pase Actunty wn dia
What 15 the mgmficance of the mcrease m G 6 Pase observed i diab
An mcreage m the activity of several other enzymes has been noli
Iivers of alloxan diabetic rats (Ashmore et al , 1956b) Copenhtver
(1951) have observed an Increase m succinic oudase, an merese i £
curonidase (another microsomal enzyme) has also been noted (Tubn, 1
On the other hand, a decrease 1n G 6 Pase dehy drogenase has been rept
(Gloch and McLean, 1955) At present any relation between any of 1
various enzymtic activities 1s too remote to permit speculation

Not only can an mcrease in G 6 Pase cause increased glucose produc
but 1t can also, by drumng off the product of the glucoknase reac
give the net result of dimmshed hepatie glucose ntdization In order
ther to elaborate the role of this enzyme m such possible reactions, 4 ¢
of studses on the bioehe mical sequence of ey ents was undertahen alks
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diabetic rats trented with msuhin and in adrenalectomized dinbetic rats,
with cortisone

¢ Hormone Admunstration Studies Effect of insulin and glucagon It was

demonstrated m Wistar rats that injection of msulin mnto alloxan diabetic
1ats {5 umits of protamine zine msulin at 12 hour mtervals begimning 48
hours prior to sacrifice of the animals) returned G 6 Pase activity per gram
of Iiver toward normal (Ashmore et al , 1954) This finding was later con
firmed by demonstrating that msulin admmistration (200 units of prota
mine zine msuhin per kilo mjected subcutaneously 12 hours prior to sacri
fiee) lowered the activity of iver G 6 Pase of diabetic rats to nearly normal
values (Langdon and Weakley, 1955)

The biological sequence of events was investigated 1n alloxan diabetic
T uts sacrificed at v wrtous tumes after msulin administration (Ashmore et al ,
1956b) Fall of blood sugar in the animal, imcorporation of carbon from
pyruvate 2 C1 mto glucose, and changes mn hepatie G 6 Pase were com
pared There was an immediate response of blood sugar to mnjected msulin,
normal values bemg reached in 5 hours Gluconeogenesis (conversion of
pyrusate to glucose) contmued at diabetic rates durmg this period and was
returned to normal only after 2448 hours of msuln admumstration The
G 6 Pase act1v1ty, expressed per gram Inver, hikewise remained at dibetic
levels for 6 hours after injection of msulin but had decreased after 12 hours

However, when hydrocortisone was admmstered to adrenalectomized
chabetic rats, an mcrease in gluconeogenesis preceded by several hours any
merease m Gt 6 Pase It has therefore been concluded that the mereased
G 6 Pase activ ity in the diabetic 1s the result of an mereased gluconcogenests
(Ashmore et ol , 1956b) This conelusion 1s further strengthened by the
observation (Harper 1956) that rats mamtamed on a high protemn diet
have hepatie G 6 Pase activity comparible to that of the dwbetic It 1s
uso apparent that the 1ok of insulm per se 15 not the cause of the mereased
phosphatase actnaty, smce adrennlectomy of the allovan diabetie rcturns
the activity of this enzyme to normal (Ashmore et al  1956b)

The effect of an mcrease 1n G 6 Pase activity on the relattve rates of the
various pathways of G 6 P metabolism has been calculated, and 1t was
found that 1n the normal liver @ witro 55% of the G 6 P 15 metabolized
v1a the phosphatase reaction while m the diabetic this s mereased to 73 %
Not onlv does the increased G 6 Pase activity result i mcreased hydrolysis
of G 6 P to gluco.e, but also m 2 reduction of glycogen formation from 18 %
m the normal to 2% m the diabetic The data mdicate that an wncrease
G 6 Pase does not markedly alter the relative rates of metabolism of G 6 P
w1t the Tmbden Meyerhof 1nd the phosphogluconate oudation pathways

The effect of insulin 22 1fro was tested by adding the hormone to hiver
homogenntes, howes er, no change was demonstrated i G 6 Pisc actinaty
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Attempts to demonstrate hormonal regulation of G 6 Pase 1 ntro have
been regularly unsuccessful (Langdon and Wealley, 1955, G Weber, un
published)

Injections of Glueagon (100 ug per 100 gm body weght) almost doubled
Liver G 6 Pas¢ n normal rats (Menon and Gornall, 1956) Acute injection
of glucagon 1 dogs under pentothal anesthesia, with senal liver biopsy
over a period of 6 hours, caused an merease m G 6 Pase on wet weight
basis However, the liver of dogs recerving the sustamed glucagon mfu
s10n became perceptibly smaller during the experiment Thus, the apparent
elevation of G 6 Pase activity may be only a concentration of the enzyme
due to loss of glycogen and water and reduction of liver mass (Cahill efal,
1957b)

5 Thyrod Gland

Hormone admimstration studies An mcrease mn hepatic G 6 Pase has
been observed m ammals made thyrotoxic by the mjection of thyrovune
over 4 period of several days (Glock ef al , 1956, Harper, 1956, Maley and
Lardy, 1955) Treatment of rats with 05 gm pL thyroxine per day for8
days produced a 47 % ncrease m G 6 Pase activity per gram wet liver and
30% of normal when expressed per total liver

Injection of thyroxine (5 gm per 100 gm body weight) 1s also effectne
m mereasing liver G 6 Pase of hypophysectomized rats above normal
(Harper, 1956, Menon and Gornall, 1956) Rats fed a normal det supple
mented with 2% desiceated thyroid for 10-30 days also showed a 50% n
crease m hiver G 6 Pase activity when the results were expresced as moles
of P released per total liver wet weight and 20% when expressed per total
Iiver nitrogen content (Maley, 1957)

It 1s possible that the glucokmase glucose 6 phosphatase system could
easily serve as a device for draming off high energy phosphate mto useless
work, smee 2 single ghicose molecule may be tedly phosphorylated
and dephosphorylated at the expense of one ad¢nosme triphosphate per
trip An increase in G 6 Pase activity 1 thyrotoxicosis suggests that thl;
system may be accelerated and thus contribute to an over all decrease
cellular efficiency of energy utilization

6 Summary of Hormonal Effects

The bioche mical behav1or of hepatic G 6 Pase 15 1n good agreement \\'l}tlh
the phyiologieal and clinieal data of hyperactivity and hypoactivity of tale
adrenal and pituitary glands It has long been recognized that adrelrll "
ectomized and hypophysectomized anmmals are unable to mamtan t ;;d
blood sugar level when subjected to fasting The demonstration of decrea: "
Iver G 6 Pase actnity 1n fasted hypophysectormzed or qd:enalecwfmlllfn "
animals (Weber and Cantero, 1957¢) may offer an explanation for the fa
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blood sugar The mcreased liver G 6 Pase activity after cortisone adminis
tration (Weber et al , 1956) may partially explain the increase i the rate of
glucose production after cortisone treatment

Experimental studies of the drabetic syndrome have emphasized the
existence of a hormone balance, mvolving the hypophysis, adrenal cortex,
and pancreas, that partieipates n the regulation of carbohydrate metab
ohistn m normal ammals The results of the studies on liver G 6 Pase are
consistent with the classical experiments, which clearly established the
mterdependence of the endoerine organs mn regulating carbohydrate metab
ohsm (Houssay, 1929, Long and Lukens, 1936) The agreement 1s well
ilustrated m experunents (Ashmore et ol , 1956b) which showed that ad
ministration of adrenal cortical hormone caused a greater mcrease m hver
G 6 Pase actrvity m the adrenilectomized dinbetic animals than it did i
normal rats On the other hand, myection of msubn to adrenalectomized
ammals resulted m a more marked decrease in G 6 Pase activity 1 these
animals than 1t did m normal ones

The observation that hypophysectomy causes a more marked decrease
m Iiver G 6 Pase activity than docs adrenalectomy (Weber and Cantero,
1957¢), indicates that the decreased hepatic G 6 Pase actiity i hypophy
sectomized ammals can not be attributed solely to decreased or absent
adrenocortical actiyity Since thyroxine will also cause an increase n G 6
Pase activity 1t 15 possible that the effect of hypophysectomy on hepatic
G 6 Pase activity 1s mediated through at least two endocrine organs, the
adrenal cortex and the thyroid gland {Weber and Cantero 1957¢)

Climeal studies have long demonstrated the influence of hyper or hypo
thyrowd conditions on carbohydrate tolerance (Maley and Lardy, 1956) and
on coexisting diabetes mellitus 1n humans (Joslm, 1935) Soshin and asso
aates d rated that the ad sjon of thyroxine to hypophy
seetomized dogs muntained a normal blood sugar level through long periods
of fasting (Soshin et al , 1939) The demonstration of the effect of thyroxine
on Iver G 6 Pase 15 1n agreement with the previously shown effects of this
hormone on carbohydrate metabolism

7 LDffect of Fasting

Changes i hepitic G 6 Pase activity 1n fasting rats and mice have been
studied rather extensively There 1s approximately a twofold merease in the
actnity of this enzyme per gram wet hiver on fasting for 24 hours (Ashmore
etal,1954 Langdonand Weakley, 1955, Weber and Cantero, 1954) (Fig 3)
Sinee the Iiver must serve as the major source of blood glucose during long
penods of fast (Duncan, 1952), 1t 15 not at all surprising that the enzyme
nvolved 1n the immediate release of glucose from this tissue should be in
creased

The 1nerease 1n hepatic G 6 Pase activity induced by fasting provides an
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excellent example of how changes i an enzyme actn 1ty can be interpreted
As mentioned previously, the increase 1s very marked when expressed per
gram of wet liver A similar increase m activ ity 15 also observed if activity
15 expressed per milligram mtrogen, but no sigmficant increase 1s obceryed
on fasting if the results are expressed per average cell or per total Iner
(Table VI} (Weber ef al , 1956)

In fasting there 1s a marked reduction in liver mass, but without apparent
reduction m the number of hver cells (Weber and Cantero, 1908a) Al
though the amount of enzyme per liver or per cell remams relatn ely con
stant, 1ts concentration 1n protoplasm 1s evidently mereased since actraty
per mulligram mtrogen shows an merease It 1s also to be noted that G 6

TABLE VI
CuangEs 1N HEPaTiC GLUCOSE 6 PHOSPHATASE ACTIVITY OBSERVED
wITH FasTiNg AND DIETARY CHANGE

Glucose 6 phosphatase activity®

Diet Per gm Per 100 gm  Per gm Per av
hver body wt protemn cell
Fasting 24 hours 153 110 145 108
High protein diet 146 165 150 -~
High fat diet 180 162 142 -
High fructose diet 185 210 150 -~
High galactose diet 185 170 190 -~

= For the compos tion of the vanous diets see Freedland and Harper (1957} N
B Glucose § phosphatase activity i expressed as a per cent of the activity found m antmals fed 8 basal dief

Pase has the same intracellular distribution 1n liver from fasting as m liver
from fed rats In each case 45-50 % of the total homogenate actrvity can be
recovered m the microsomal fraction (Weber ef al , 1956)

The role of the adrenal cortex in mamtenance of (G 6 Pase activity dunng
fasting 18 mndicated by the marked reduction of phosphatase actrvity 1n
Iivers from fasting adrenalectomized and fasting hypophysectomized rats
(Froesch et al , 1958, Weber and Cantero, 1955¢, 1957¢)

Studies on enzyme changes during 1 day (Weber and Cantero, 19562) or
prolonged fast 1 rats (6 days) (Weber and Cantero, 1958a) showed thﬂ;
hepatic G 6 Pase markedly mncreased, whereas phosphoglucomutase an
phosphohexoseisomerase apparently did not change when expressed on 3
wet weight basis However, when expressed per average cell, 1t was foun{
that G 6 Pase activity was mamntamed at normal values during 6 day 810
fastmg During the same period phosphohevoseisomerase and phosp}w{]; l:t
comutase progressiyely decreased, and about 70 % of thewr actrvity naslo
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by the end of 6 days’ fasting Essentially sumlar results were obtained when
enzymatic activ1ties were expressed per 100 gm body weight

8 Effect of Diet

Changes m G 6 Pase activity have been obsersed m rats fed on punfied
diets low m glucose content (Freedland and Harper, 1957) For example,
substitution of 1socaloric equrialents of proten fat, galactose, or fructose
for the dietary glucose results m a marked merease mn hepatic G 6 Pase
actraty caleulated per gram of liver, per unit of body weight or per gram
of hver protem These data are summanzed in Table VI Fasting for 24
hours before the start of the experimental diet did not affect these results
However no sigmficant nerease m hepatic G 6 Pase actnaty could be
demonstrated 1n rats fed for & days on a protemn free dict (Ireedland and
Harper 1958a)

Freedland and Harper (1958a) have found that mclusion of 31 calone
per cent of the diet as dextrn prevents mcreased G 6 Pase actvity m
response to both hugh protemn and high fat diets The authors suggest that
this amount of glucose, 31 % of the daily caloric mtake, may well repre~ent
the amount of glucose needed to mantain blood glucose and to satisfy
other body requirements without unduly stimulating gluconeogenesis
Freedland and Harper (1958a b) have further found that mclusion of as
hittle as 6 % fructose n the diet will cause an mnerease mn hepatic G 6 Pase
activity, whereas 50 % galactose 1n the diet 1s required to produce a simt
lar effect

Such chinges m liver G 6 Pase activity 1 response to dietary changes
huve been described as metabohe adaptations (Freedland and Harper,
1958b) However, 1t 15 not as yet established whether these changes in
enzymatic activity represent ‘adaptation” to an increase m substrate or
whether such changes with dietary mtake are mediated by the endocrine
glands For example, insulin release from the pancreas stimulated by feed
g diets lugh 1 glucose could possihly re<ult n lower hepatic G 6 Pasc
activity On the other hand, enzymatic changes observed m high fat and
high protemn diets may well be related to an increased elaboration of adrenal
steroids rather than a ‘ primary adaptation” to the diet

The reverse of this argument has also been apphed Harper (1996) rea
sons that since protein feeding results in increased G 6 Pase activitv similar
to that observed 1n the dinbetic then 1t follows that i the diabetic the
incrensed phosphatase activity probably represents an adaptation to a
dimmution 1n the avulability of glucose rather than a direct response to
a lack of insulin Such reasoning does not appear to stand up when apphed
to the deerease 1 activity obsersyed i the adrenalectomized diabetic animal
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or to the mereased activity observed i ammals treated with adrenal
steroids

The effect of carcinogeme and control basal diet on Iiver G 6 Pase actyy
1ty (Span, 1956, Weber and Cantero 1955a) 3¢ diseussed 1 Section VI

VI PaTHOLOGY OF GLUCOSE 6 PHOSPHATASE

1 In Glycogen Storage Disease

Von Gierke’s, or hepatic glycogen storage, disease, 15 thought to repre
sent 1 congemital hepatic deficiency of glucose 6 phosphatase (Con and
Con, 1952, Harris, 1952, Harns and Olmo, 1954, Schwartz et al, 1957)
Absence of glucose 6 phosphatase activity 1 hiver from von Gierhe’s dis
case obtawned at autopsy (Cort and Cort, 1952), represents the first instance
m which the actiity of this particular enzyme was assovated with a
pathological state In order to rule out the possibility that G 6 Pase activ
ity was decreased due to the presente of an mhibitor, homogenates of Iver
from glycogen storage patients were incubated with homogenates of nor
mal liver (Con and Corn, 1952) No mhibition could be detected over the
pH ringe 5 to 9 That decreased activity might be due to absence of co
factors was also ruled out by the addition of boiled extracts of normal liver
to homogenates of hver from von Gierke’s The almost complete absence
of G 6 Pase activity from liver 1n glycogen storage disease was regarded
as the possible primary cause of the clinical symptoms (Cor1 and Com,
1952)

Cor and Con have drawn attention to the fact that abnormal storage
of glycogen 1 sheletal muscle or heart muscle cannot be explamned by a
lack of G 6 Pase since this enzyme 1s normally absent from these tissues
Their suggestion that the activity of amylo 1,6 glucosidase be measured
m these tissues has been followed up, and o deficiency of thig enzymatic
activity 1n muscle glycogen storage disease has been established (Illng
worth et al , 1956)

Schwartz et al (1957) have reported clinieal biochemical studies on a
8 month old infant who was diagnosed s a case of hepatorenal glycogen
storage disease Luver biopsy was obtained at an exploratory laparotomy
The liver homogenate was assayed for G 6 Pase activity by the method of
Cor1 and Cont (1952), and no morgame phosphate production from G 6 P
was <hown Addition of deoxycholic acid (10~ Af) to the mcubation mix
ture resulted 1n no activation of the enzyme (Ashmore and Nesbett, 1955)
The liver homogenate was also incubated with C¥ glucose Glycogen breah
down durmng meubation wath the formation of lactate was obsery ed The
specific actraty of radioglucose was unchanged during the mcubation,
suggesting no dilution by glucose formation from glycogen or other pre
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cursors The abeence of G 6 Pase was ulso demonstrated by utihzing the
imtravenous galactose tolerance test The 1 vio demonstration of mmpaired
G 6 Pase activaty was mdicated by normal galactose utihzation with mn
creased lactate production and without an mncrease 1n blood glucose despite
the presence of hy poglycemia

2 Attempts to Influence Hepahe Glucose 6 phosphatase
wn Glycogen Storage Disease

The use of thyroune and adrenal cortical steroids i the trentment of
von Gierhe s disease has been suggested (Koulischer and Pichering 1956)
However, there 15 no evidence as yet available to mdicate that hormonal
treatment will increase the activity of liver G 6 Pase mn such cases Harns
and Olmo (1954) examined hepatic G 6 Pase activity under vanous chmeal
conditions They observed that not only glycogen storage diseace, but also
other hepatic storage diseases affected G 6 Pase activity mn this organ
Cases of edema of the liver, passive congestion, fatty liver, bihary and
Laennec’s cirrhosis, and acute and chronie atrophy were accompanted by
decreases 1n G 6 Pase activity commensurate with the degree of damage
to the liver as obeerved histologieally It was also noted that mvasion of
the liver by tumor tissue also caused a significant reduction in G 6 Pase
activity m the hver tissue

8 In Neoplasia

Recently the behavior of G 6 Pase has been studied m homogenates of
various tumor tissues {Weber and Cantero 1955a) No G 6 Pase activity
was found n sarcoma 37 adenocarcinoma E 0771, or lymphosarcoma
GC3HED It 18 of special interest that G 6 Pase activitv 1s abeent n the
Novikoff tumor The histologieal picture of the Novihoff tumor (Weber
and Cantero 1955a) shows that one is justified in calling this tumor a
hepatoma If this tumor were a cholangtoma the mereased number of bile
duct cells which do not contamn G 6 Pase mght explain 1ts lack of G 6
Pase activity However, since this tumor 18 composed of parenchymal cells,
which normally contan much G 6 Pase (Chiguone, 1953), the absence of
activity 1s real and not eaused by a change n the cell population of the
tissue (Weber and Cuntero, 1905a)

The ¢ studies of neoplastic tissues were done on homogenates prepared
1n 1sotonie sucrose Investigition was also carrted out to determine whether
G 6 Pase activity could be demonstrated under different assay conditions
Since most of the normal liver G 6 Pase actnity 1s concentrated 1 the
mierosomal fraction the possibihity arose that m a homogenate prepared
1 sotome sucrose the hepatoma microsomes were not broken and G 6
Pase could not be hiberated or the substrate could not reach the enzyme
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for 150 days, followed by a period of 30 days on Purma Fox Chow The
enzymatic ctivity was expressed on wet weight and nitrogen basis and
aleo 1 per cent change as compared with the normnl, fox chow fed am
mals The feeding of the control semusynthetic diet increased hiver G 6 Past,
actnvity On the other hand, the G 6 Pase activity of the liver progressively
decreased during DAB feeding, and at 180 days the activity was almost
completely abscnt from the mduced hepatomas The difference between
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DAYS OF EXPERIMENT
T1c 4 Glucose 6 phosphatase activity during carcinogene 1s Rats were on DAB
diet for 150 days then on fox chow for 30 days Activity 1s expressed as per cent
change from control fox chow fed rats killed at the same time I'ach point represents
the average of at least three animals Reprinted from Weber and Cantero (1095a)

the values of control and DAB fed rats was sigmficant on both wet weight
and nmitrogen basis (see Fig 4)

Smee the semisynthetic dict (Allard ef al , 1053) has 2 very high earbo
hydrate content the nereased G 6 Pase nctivity might be considered an
whiptave response of the orgamsm (Weber and Cantero, 19559) On the
other hand when the carcinogenic dy¢ w18 ncorporated mto the semisyn
thetic diet very hittle merease was obscrved and after 40 days the enzyme
actinaty progressnely decrensed The almost complete absence of G 6 Pice
activaty m the mduced hepatoma agrees well with the finding that this
enzyme 15 1hsent 1n the transplanted Novikoff hepatoma

The deerese i hepatic G 6 Pase actinity dunng azo dye earcinogenesis
was recently confirmed by Spun (1956) In the e studies 3’ methyl-4
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However, Novikoff hepatoma homogenates prepared m 1sotone Nagl or
m distilled water also had no G 6 Pase activity Preparation of more con
centrated (20 %) or highly diluted (1 %) hepatoma homogenate also fuled
to show any G 6 Pase actrvity (Weber and Cantero, 19552, b)

It was also shown that the absence of G 6 Pase activity m neoplastic
tissues 1s not due to the presence of an mhibitor, since homogenates of
adenocaremoma or hepatoma did not mhibit reaction mixtures containing
normal iver A 1 hour premcubation of various tumor homogenates with
normal iy er homogenate, prior to the enzyme assay, was also without ny
effect on the G 6 Pase activity of the normal liver (Weber and Cantero,
19550)

4 Attempts to Induce or Restore Glucose € phosphatase
Actinty wn Neoplastic Laver

Since fasting greatly ncreases normal liver G 6 Pase activity (Ashmore
et al, 1954, Langdon and Wealkley, 1955, Weber and Cantero, 1954, Weber
et al , 1955, 1956), rats bearing 6 day old transplanted Novikoff hepatomas
were fasted for 24 hours and then sacrificed The livers of these rats showed
a 60 % mcrease n G 6 Pase activity per wet weight, but again no actinity
could be demonstrated mn the mtrapenitoneally transplanted hepitoma
(Weber and Cantero, 1957b)

Cortisone administration has been shown to result m an mnereased liver
G 6 Pase activity (Ashmore et al , 1957b, Langdon and Weakley, 1905,
Weber et al , 1955, 1956), however, mjections of high doses of cortisone
(25 mg per rat of 100 gm weight) for 5 days failed to cause any demon
strable G 6 Pase activity 1n the Novikoff hepatoma (Weber and Cantero,
1957b)

The results of these studies on the effect of fasting and cortizone adminis
tration on G 6 Pase activity of Novikoff hepatoma showed that either the
enzyme was completely absent m this tumor or that the hepatoma cells
did not react to these physwlogical stimuli m the same way 1S normal
Inver cells did (Weber and Cantero, 1957b)

& In Carcinogenests

The behavior of G 6 Pase activity hns also been exammed dunng car
cinogenests and 1n the resulting primary tumors (Weber and Cantero,
1955a) Precancerous livers were taken from male Wistar rats of 200 gm ,
which were fed up to 150 days o semusynthetic diet m which 4 dimethy!
ammoazobenzene (DAB) was meorporated at o concentration of 006%
Contro! ammals receryed the semisynthetie diet alone Rats were sacrificed
at different mtervals after they had been on the diets for 50-60 days
Primary mduced liver tumors were obtamed from rats fed the DAB det



CLUCOSF § PHOSPHATASE 123

for 150 days, folloned by @ pertod of 30 days on Purina Fox Chow The
enzymatic actnvity was expressed on wet weight and mitrogen basis and
also 1n per cent change 1s compared with the normal, fox chow fed am
mals The feeding of the control semusynthetic diet mnereased Iiver G 6 Pase
activity On the other hand, the G 6 Pase activity of the hver progressively
deereased during DAB feeding, and at 180 days the activity was almost
completely absent from the nduced hepatomas The difference between
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F1a 4 Glucose 6 phosphatace activity during carcinogenesis Rats were on DAB
diet, for 150 days then on fox chow for 30 days Activity 1s expressed as per cent
change from control fox chow fed rats hilled at the same time Each point represents
the average of at least threc ammals Reprinted from Wber and Cantero (1935a)

the values of control and DAB fed rats was sigmificant on both wet weight
and mitrogen basis (see Tig 1)

Smce the <emusy nthetic diet (Allard ef ol , 1953) has a very high earbo
hydrate content the mncreased G 6 Pa ¢ activity mught be considered an
wdaptre response of the orgamsm (Weber and Cantero, 19552) On the
other hand when the carcinogenic dy e was incorporated nto the semisyn
thetic diet very Little increasc was observed and after 40 days the enzyme
actnvity progressively decreased The almost complete absence of G 6 Pase
actinity mn the mduced hepatoma agrees well with the finding that this
enzyme 15 ibeent 1n the transplanted Novihoff hepatoma

The decrease n hepitic G 6 Pase netivity durng azo dye eareinogenesis
was recently confirmed by Spun (1956) In these studies 3’ methyl4
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dehydrogenase (Weber et al , 1956) runs parallel with the regeneration of
G 6 Pase (Weber and Cantero, 1957b) These three enzy mes are locahized
in the nonparticulate fraction (Glock and McLean, 1953, Hers et al , 1951)

TABLE VIII*
AMOUAT OF G 6 P METABOLIZED tn Vafro UNDER OPmiMsL PH AND SUBSTRATE
Conprrions 8y Human anp RaT Liver Enzruss

Activity Actinmity
per gm wet weight per mg mitrogen
Inzymes (umoles/hour) {umoles/hour)
Rat Human Rat Human

Phosphohexoseisomerase | 10730 =+ 1733] 16630 = 5241| 715 + 05 [ 1122 + 3%

(100) (100) (100} (100)
Phosphoglucomutase 6932 =+ 803 | 10149 = 5016 463 =+ 51 711 = 312
65) (65) (65) (64)
Glucose 6 phosphatase 463 N 49 255 4+ 118 [ 144 £ 15 8438
#3) (16) @0) © 8)
G 6 P dehydrogenase 65 3 24 90 + 24 2309 52x14
© 6y ©6) © 3 07y
Ratios
Phosphohevoseisomerase 185 154 155 155

phosphoglucomutase

Glucose 6 phosphatase
glucose 6 phosphate de 71 28

53 16
hydrogenase %

From Weber and Cantero (193 e)
@ The means and etandard deviations of 1x or more specumens are given, Results 1n parentheses are e

pressed in per cent the values of h 231009

9 Hepatie Glucose 6-phosphatase 1n Adult Human Laver

Comparison of human and rat hwer values The actrty of G 6 Pase,
phosphoglucomutase, phosphohexoseisomerase, and glucose 6 phosphate
dehydrogenase m normal human hver has been measured (Weber and
Cantero, 1957¢) The results of the study on these four hepatic enzymes
have been compared with those of the rat hiver enzymes (Table VIIL)

The human leer specumens were obtamed by biopsy at abdominal opera
trons from patients with chnical diagnosts of cholecy stitis and cholehthia«s
Hematoxyhn and eosin shdes were made of each specimen Only those
biopsy results which showed normal by er structure on histological emmm:;t
t10n were meluded mn the series Rat huers were obtamed from male adu
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ammals of 200 gm weight G 6 Pase was assayed mn the homogenate,
phosphoglucomutase, phosphohetoseicomerase, and glucose 6 phosphate
dehydrogenase (Kelley et af , 1955) were assayed m the supernatant flud
The enzymatic activities were expressed per wet weight and mitrogen Pro
portion ity to time and amount of enzyme at optimal substrate concen
tration was established for all four enzymes In Table VIII the enzymes
mvolved m G 6 P utiization are compared at optimal pH, with substrate
present 1n excess and at 37° C Under thes circumstances m the rat, liver
phosphohexosersomerase and phosphoglucomutase are the most powerful
enzymes while G 6 Pase activity 1s comparatively quite low and that of
G 6 P dehydrogenase 15 the lowest

1t 15 mteresting to note that the G 6 P utihzing enzymes of human liver
<how a remarkable parallehsm with the rat hiver enzymes The absolute
values of G 6 Pase are lower 1n human liner On the other hand human
hepatic phosphohevoseisomerase, phosphoglucomutase and G 6 P dehy
drogenase activities are higher than the corresponding rat hver enzymes
The phosphohexo ersomerase phosphoglucomutase ratio was 155 mn both
rat and human lver on mitrogen basis However, the G 6 Pase GG P
dehydrogenase ratio was 6 3 m the rat and only 16 m human hver It 1s
of importance to note that the G 6 Pase G 6 P dehydrogenase ratio of
rat Iiver (on wet weight basis) (7 1) agrees well with the ratio (6 7), which
may be calculated from the data of Perske et al (1957) 1n normal rat ver

Inereased G 6 Pase activity has been noted 1 liver biopsy samples from
thirtecn human diabeties (Patrick and Tulloch, 1957) Stabilization of the
diabetes was followed by decreased activity of the enzyme, whether 1nsulin
or carbutamde had been used to control the diabetes

VII MISCFLLANEOUS

1 Effect of Sulfonylureas on Glucose-6 phosphatase

Attention has recently been focused on a new seres of drugs termed
sulfonylureas that have the abihity to produce hypoglyceria when adminis
tered to normal and to some diabetic animals One of the proposed actions
for these drugs 1s that they mhibit hepatic glucose production The mecha
nism of action of the sulfonylurcas 1s not within the scope of this review ,
howe er, there 1s considerable evidence from several laboratories wndicating
that chronic admimstration of these drugs to rats will produce a sigmificant
decrease m hepatic glucose 6 pho-phatase actiaty (Ashmore ef af , 19565
Hawkne et al 1926, Heust ef af 1957 Kuether et ol , 1957, Ty berghemn
etal 1956) The adminmstration of tolbutanude (1 butyl 3 taly sulfonyurea)
to normnl rits over 1 period of 48 hours results i 4 decrease in Inver gy
cosc 6 phosphatase actinity to 60-70 % of normnl (A<hmore ¢f al , 1956a)
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There 15 some question as to whether or not an mhibition of glucose
6 phosphatase activity can account for the hypoglycemia observed, since
wdministration of a smgle dose of tolbutarmde to rats produces a pro
nounced hy poglycerma within 3 hours, yet during this ime no dimmution
n glucose 6 phosphatase activity was observed (Ashmore ef al, 1956a,
Kugther ef al , 1957)

‘When added to hiver preparations #n vatro, sulfony lureas have been shown
to decrease glucose production, decrease the rate of glycogenolyss (Berthet
et al, 1956, Vaughn, 1956), and mhibit glucose 6 phosphatase (Ashmore
et al , 1956a, Haist et al , 1957, Tyberghein et al , 1956) However, the drug
concentration required to produce these effects 1n v2iro 15 m excess of the
congentrations required to produce n vwo effects It 1s of interest that al
though sulfonylureas whibit liver G 6 Pase and phosphohevoseicomerase
activity wn wiro only in igh concentrations (0 5-50 mg per reaction
mixture), the other enzymes (phosphogluecomutase and G 6 P dehydro
genase) which ire involved in G 6 Pase utihization are not affected by the
drug under the same conditions (Weber and Cantero, 1958b) This subject
has recently been reviewed 1n more detail (Ashmore et al , 19572)

2 Glucose 6-phosphatase 1n Chich Laver Macrosomes

Le Clerc (1954) has used G 6 Pase activity to estimate the microsomal
content of Liver preparations In order to test the possibility that mucro
somes multiply like viruses, the microsomes of chick liyer were moculated
on chorioallantor. membranes G 6 Pase activity was determmed i the
treated membranes, and 1t was found that this enzymatic wetivity decreased
durmng the first 24 hours after moculation However, after 48 hours G 6
Pase activity ncreased to two to six tumes the value attamed after 24
hours A suspension of heated Inver granules or of heated Tetrehymene
gelen, though producing the same lesions of the membrane did not imnerease
the G 6 Pase actvity of the microsome fracton after 48 hours The author
concluded that these results were compatible with the idea that Iner
mcrosomes multiphed by autoduplication

8 Effect of Shoch on Luer Glucose 6 phosphaluse

Moyson and Gavosto described an mncreased G 6 Pase activity after
shach m the microsomal fraction of rat hver This increased G 6 Pase
actrvity paralleled the hyperglycemia in the shoched ammals (Mo son and
Gay osto, 1953)

4 Glucose 6-phosphatase Study wn Trssue Cullure

Pershe et al (1957) have reported studies on earbohy drate enzymes of
culture strans of human liver Homogenates prepared from these cultures
showed no G 6 Pase activity Other hepatic enzymes not present mn tissue
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culture cells were fructose diphosphatase fructokinase, and glucokinase
On the other hand, G 6 P dehydrogenase activity was present m these
cells

& Glucose-6 phosphatase tn Scurvy

Lahin and Banerjee studied the effect of ascorbic acid deficiency on
G 6 Pase m gumea pig (Lohii and Banerjee, 1956) Female guinea pigs
(230260 gm ) were fed a scorbutic diet, with or without supplement of
ascorbic acid, by pared feeding Pairs of anmmals were sacrificed after wn
overmght fast on twenty fifth day of expeniment G 6 Pase was assayed
according to Swanson (1950), and activity was expressed on a dry weight
basis

It was shown that G 6 Pase activity of the hepatic tissue was sigmfi
cantly mcreased 1 scurvy At the same time the G 6 Pase content of the
e was ugnificantly decreased Kidney G 6 Pase was unaffected

6 Effect of X Irradiation on Glucose 6 phosphatase

The effect of 600 r total body X irradiation was studied 1 normal and
hy pophy s¢ctomized rats It was found that hepatic G 6 Pase activity was
not affected at 1, 3, 7, and 8 days after rradiation (Weber and Cantero,
19571, Comgho et al , 1957) Under wn nitro conditions, X wrradiation m
doses up to 20 000 r failed to effect G 6 Pase activity of homogenates pre
pared 1 1sotonic sline, sucrose, or distilled water (Weber and Cantero,
19592 b)

VIII Summary aNp CoNcLUSIONS

Hepatie glucose & phosphatase actinity can be altered by a number of
dietary and endocrine mampulations The actvty of this enzyme 15 alnays
mereased under conditions g1ving rise to an mnereased hepatic glucose pro-
duction, or gluconeogenesis However, m several mstances an ncreased
hepatic glucose production precedes by several hours any measurable
change 1n the activity of the hepatic phosphatase In any consideration of
enzymatic activity as a factor 1n the regulation of metabohe activity, 1t
should be borne 1 mind that enzymatic activity 15 usually measured under
condition where the substrate 1s present 1 great excess Such conditions
most likely do not obtamn within the cell It 1s, therefore essentral to know
the sub.trate concentration as well as the total enrymatic activity and
affimity of enzyme for the substrate before any complete evaluation of the
role of an enzyme 1 metabohe regulation can be made At present these
data are not all avalable

Studies to date on the endocrine regulation of G 6 Pase actiity have
rated many interesting questions Do such changes 1 activity represent
“metabolic adaptation” or do they represent hormonal regulution of the
synthesis of a speaific protem? Here again the mvestigator meets with m
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complete hnowledge of the system under study However such problems
can be resolved and with continued experimental attack wiil yield answers
that may prove to be of fundamental importance 1 our understanding of
the mechanism of hormone action and the over il problem of metabolic
regulation Because of the wealth of data already available and of the ease
with which activaty can be associated wath function, we feel that G 6 Pice
represents the ideal focal pomt for such an experimental attack
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1 INTRODUCTION

When Wieland et al (1934) and Jensen and Chen (1936) 1solated bufot
enine (N,N dimethyl 5 hydroxytryptamine) and related indoleumines
from the toad venom gland, they considered them as pomons peculiar to
this species of amimal About twenty years elapsed before Rapport ¢t al
(1948) 1solated <erotomn (5 hydroxytryptamine) from beef blood and de
termined its structure (Rapport, 1949) With the 1solation of serotomin the
foll mpmficance of {he mdoe wnines m noture began 1o uniold

Although the exict functions of serotomin are not known, 1t has been
impheated m 2 vanety of physwologic and pathologic conditions 1ncluding
gastromtestinal activity, the function of the central nervous system ana
phylavis, kidney function, et¢ These aspects of serotonin have been excel
lently covered by Page (1958) 1n lus recent review

Tryptamine formation was first reported i ammal tissues by Werle and
Menmicken m 1937 Although 1t was reported 1 urme of pellagrms by
Sulbvan (1922), its presence m normal human unine (Rodmght 1956,
Sjoerdsme et al, 1959) and 1 wmmal trsues (Hess ef al, m press) was
only recently shown Its phy<iologic significance al~o remans to be deter

133
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mined Indoleamines hydroxylated i other than the 5 position have been
reported to be formed enzymatically (Ichihara et ol , 1957) from try ptamime
The wdentity of these products and their physiological significance remam
to be determined

Ths report will attempt to present the available evidence for the chemical
transformations starting from tryptophan and to discuss the properties of
the various tissue catalysts responsible for these chemical changes It will
aso discuss those biochemical findings which have specific physiologre,
pharmacologie, and chinical impheations

A biochemical report must usually present the methodology, both qual
tative and quantitative, used m the studies However, the analytical pro
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cedures for serotomn and tts metabolites have been recently summarized
(Udenfriend et al, 1958) Chemical methods for iryptamine (&y0erdsma
et al 1959) and its metabolite, mdoleacetic acid (Werssbach et al, 1909),
have also been presented An excellent review of paper chromatography
apphed to indole compounds 15 presented n Chromatographic Tech
mques” by J B Jep~on (1958)

1T BIOGENESIS OF SEROTONIN

A summary of our present know ledge of serotonin formation 1s presenfed

mFig 1 N
That tryptophan serves as the dietary precursor of serotonin o
adequately demonstrated both by radiactive studies 1 anmals (t o
friend et al , 1956) and by balance studies m patients w ith mahgr};nof e
cmnoid (Sjoerdsma et al, 1956) In the latter case as much as 60%

as been
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datlv trvptophan mtake was shown to be excreted as 5 hydroxymmdoleacetic
acid (BHIAA),! the major end product of serotonin metabolism Recently
1t has been <hown that cells obtained from culturing mouse mast cells m
tissue culture can readily convert tryptophan to serotonmn (Schindler,
1959)

The conversion of tryptophan to serotomn requires both decarboxylation
and hy drovy lation of the aromatic rmg Two routes are, therefore, concen
able (1) Hydroxylation to yield 5 hydroxytryptophan (SHTP), followed
by deewrboxylation or, (2) decirboxylation to yield tryptamine, followed
by hydroxylation at the 5 powution

1 Ewdence for 5§ Hydroxyiryplophan Pathuay

The evidence for this pathwav 15 now fairly well establiched First both
tryptophan and 5HTP give ri-e to serotonn m animal tissues (Udenfriend
et al, 1956) S5HTP decarbovylase, which 1s found 1 almost all organ tis
sues, 15 a ghly active enzyme The ammo acid has been found n bacterna
(Mitoma et el 1956) and m toads (Udenfriend et al , 1956) where 1ts con
version from tryptophan was alvo demonstrated The urine of eertain pa
tients wath malignant caremoid? has been found to contam relatively large
wmounts of SHTP (Dalghesh 1956 Sandler and Snow 1958) Presumably
such tumors secrete the ammno acid precursor of serotomin However, tumors
of this type have not 18 yet been abtamed for biachemucal study to confirm
the unnary findmgs

2 Pryptamine Pathuay

The finding of tryptammne in tissues suggests the possibility of its con
version to serotomn However, the following experiments (Udenfriend ef al ,
1959) indicate that 1t does not serve as a precursor of serotomn

When large amounts of tryptamine were admmistered to ammals, the
serotonin contents of tissues were not mncrcased Admimstration of potent
mhibitors of menovmine oxida e (MAO) along with try ptamine to prevcnt
1ts destruction was akso without effect Tryptaumine admimstration did not
result m an increased exeretion of the erotomn metabolite, 5SHIAA On
the other hand admnistrition of comparable amounts of aither try ptophan
or 5SHTT does increase tissue levels of <erotonin and urimary exeretion of
SHIAA

When C* libeled try ptimune was adminstered to rablats, the scrotonin
1olited from platelets stomich and intestne was found to be devoid of

“1he following abbreviations are u ed SHTP 5 hydroxytryptophan SHIAA
5 hydrovyindoleacetic acid MAO monoamine ouidase DPN\  diphosphepy ndine
nueleotide ATP adenosine tripho phate Dopa 3 4 dihy droxy phenylalanine

*\falignant carcinoid 18 & tumor derived from enterochromaffin cells the tumor
1ike the parent cells synthesizes and secretes <erotomn
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mined Indoleamines hydroxylated in other than the 5 posation have bee
reported to be formed enzymatically (Ichihara ef al , 1957) from tryptamne
The 1dentity of these products and their physiological significance remat
to be deterrmmned

This report will 1ttempt to preent the available evidence for the cheme:
transformations starting from tryptophin and to discuss the properties ¢
the various tissue catalysts responsible for these chermeal changes It w
aso discuss those biochemical findings which have specific physialogn
pharmacologic, and clinteal 1mplications

A bochemical report must usually present the methodology, both qua
itative and quantitative, used m the studies However the analvhical pr
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cedures for <erotonin and 1ts metabohites have been recentlv summanze
(Udenfriend ef af, 1958) Chemical methods for tryptamine (Syoerd-w
et ¢, 1959) and 1ts metabolite, indoleacetic acid (Weissbach e a?, 19
have also been presented An excellent review of paper chromatograp
applted to indole compounds 1> presented n “Chromatogiaphic Tec
mques’ by J B Jepson (1958)

II BIOGENESIS OF SEROTONIN

A summary of our present knowledge of serotonin formation 13 presente
mn g 1

That tryptophan serves as the dietary precursor of serotonin has bee
adequately demonstrated both by radioactive studses n ammals (Ude
friend et al , 1956) and by balwnce studies 1n patients with mahgnant ¢2
coid (Sjoerdsmn e ol , 1056) In the litter case as much as 60% of t
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daily tryptophan mtake was shown to be excreted 15 5 hydroxy mdolencetie
acid (FHIAA)? the major end product of serotonm metabolism Recently
1t has been shown that cells obtained from culturing mouse mast cells 1
tissue culture can readily convert tryptophan to serotomn (Schindler,
1959)

The conversion of tryptophan to serotonin requires both decarboxylation
and hydroxs lation of the aromatic ring Two routes are therefore, conceiv-
able (1) Hydroxylation to vield 5 hydrovytryptophan (SHTP), followed
by decarboxvlation, or, (2) decarboxylation to yweld tryptamine, followed
by hydroxylation at the 5 position

1 Indence for 6 Hydroxyiryptophan Pathuay

The evidence for this pathway 15 now fairly well established First, both
tryptophan and SHTP grve mse to serotonim 1n anmal tissues (Udenfrend
et al 1956) SHTP deearboxylase which 18 found 1n almost all organ tis
sues 15 a highly active enzyme The amino acid has been found 1n bacterna
(Mitoma ¢t el , 1956) 1nd 1n toads (Udenfriend ef al , 1956) where 1ts con
version from tryptophan was also demonstrated The urme of certun pa
tients with mahgnant carcinoid? his been found to contun relatively large
unounts of SHTP (Dalglesh, 1956 Sandler and Snow, 1958) Presumably
such tumors secrete the amino acid precursor of ~erotonin However tumors
of this type have not s yet been obtamed for biochemicl study to confiem
the urinary findings

2 Tryptamine Pathuay

The finding of tryptamine n tissues suggests the possibihty of 1ts con
version to serotorm Howeser, the following experiments (Udenfriend et al ,
1959) ndicate that 1t does not serve as a precursor of serotonin

When Jarge amounts of tryptamine were admimstered to amimals, the
erotonin contents of tissues were not mecreased Admimstration of potent
mhibitors of monoamine oxdase (MAQO) along with tryptamine to prevent
1ts destruction was also without effect Tryptamine administration did not
result 1 an mereised excretion of the serotomin metabolite SHIAA On
the other hand, admimstration of comparable amounts of either tryptophan
or SHTP does merease tissue levels of <erotonin and urmary excretion of
SHIAA

When C* labeled try ptamine was adminstered to rabbits the serotonin
wohited from platelets stomach, and intestine was found to be devoid of

1'The following bbreviations are used SHTP 35 hydroxytryptophan SHIAA
5 hydroxyindoleacetic acid VIAO monoamine oxida.e DPN  diphosphopyndine
nucleotide ATP adenosine triphosphate Dopa 3 4 dihy droxy phenylalanine

*Mahignant earcinoid 14 a tumor denived from entcrochromaffin cells the tumor
like the parent cells synthesizes and <ecretes serotonin
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mined Indoleammes hydroxylated m other thin the & position have
reported to be forme d enzymatically (Ichihara et of , 1957) from trypts
The 1dentity of these products and their physiological significance r
to be determmned

This report will attempt to present the available evidence for the chy
transformations starting from tryptophan and to discuss the proper
the various tisste catalysts responsible for these chemical changes .
aso discuss thase biochemic:l findings which have specific physic
pharmacologie, and elmical impheations

A biochemmical report must usually present the methodology, both
1tatrve and quantitative, used m the studies However, the analytic:
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cedures for serotonm and it metabolites have been recentlv summ
(Udenfriend et ol , 1958) Chemical methods for tryptimme (o€
et al 1959) and 1ts metabolite, mdolencetic acid (Weissbch et al,
have 1lso been presented An excellent review of paper chromatog
apphed to mdole compounds 15 presented m “Chromatographic
niques” by T B Jepson (1958)

II BIoGENESIS OF SEROTONIN
A summary of our present knowledge of serotenim formation 13 pres
mFig 1
Thit tryptophan <erves as the dietary precursor of serotomn hat
adequately demonstrated both by radioactive studies i ammals (
friend et al , 1956) and by balance studses m pitients with malignan
cmosd (Sjoerdsmn ot al , 1956) In the latter case s much 15 60%
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daly try ptophan mtake was shown to be exercted 15 5 hydroxyindoleacetic
acd (BHIAA) ! the major end product of serotonin metabolism Recently
1t has been shown that cells obtained from culturing mouse mast cells n
tissue culture can readily convert tryptophan to serotommn (Schindler,
1929)

The conversion of tryptophan to serotonin requires both decarboxylation
and hydrovy lation of the aromatic ing Two routes are therefore, concen
able (1) Hydroxylation to yield 5 hydroxytryptophan (SHTP), followed
by decarboxylation, or, (2) decirboxylation to yield tryptamine, followed
by hydrovylation at the 5 position

1 Ewdence for & Hydroxyiryptophan Pathuay

The evidence for this pathway 1s now fairly well established First, both
tryptophan and SH IP give nse to serotonim n anmal tissues (Udenfrend
et al 1956) SHTP decarboxylase which 1s found m almost all organ tis
sues 1» a ghly active enzyme The amino acid has been found 1n bacterny
(Mitoma et el , 1956) nd n toads (Udenfriend et al , 1956) where 1ts con
versiont from tryptophan was also demonstrated The urme of certun pa
tients with mahgnant caremord? has been found to contain relatively large
wmnounts of SHTP (Dalghesh, 1956 Sandler and Snow, 1958) Presumably
such tumors secrete the amino acid precursor of serotonin However tumors
of this type have not as yet heen obtuned for biochemieal study to confirm
the unnary findings

2 Iryptamine Pathuway

The findmn,, of tryptamme 1n tissues suggests the possibility of ats con
version to serotonn However, the followmg experiments (Udenfriend ef al ,
1909) mdicate that 1t does not setve as a precursor of serotonin

When large amounts of tryptamine were admimstered to 1mmals, the
<erotonn contents of tissues were not increased Admimstration of potent
mhibitors of monoamine oxidase (MAO) along with try ptamine to prevent
1ts destruction was also without effect Tryptamine administration did not
result 1 an mncreased exeretion of the serotomn metabolite, SHIAA On
the other hand, admumstration of comparable amounts of either tryptophan
or SHTP does increase tissue levels of <erotonin and urmnary excretion of
SHIAA

When CH labeled try ptamine was administered to rabbits the serotonin
wolated from platelets stomach, and intestine was found to be dovord of

1The followiny, abbreviations nre used 5HTP 5 hydroxytryptophan SHILA
5 hydroxyindoleacetic ae1d MAO monoamine oxvidase DPN\  diphosphopy nidine
nueleottde ATP adenosine triphosphate Dopa 3 4 dihy droxy phenylalanmine

*\ahgnant eareinord 15 & tumor denved from enterochromaflin cells the tumor
hike the parent cells synthesizes and secretes serotonin
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radioactiaty In contrist to ths, serotonm isolated followng admimnistra
tion of C* labeled tryptophan or SHTP has been found to be highly 1
beled

There remams the report of Ichihara ef al (1957) elamming that the
microsome rich supernatant fraction of hver homogenates hydroxylated
tryptamine to yield both 5 and 7 hydroxytryptamme In the reviewer’s
laboratory attempts to demonstrate 5 hydroxylation of tryptamine by
mucrosomes have been without success (Udenfriend et al, 1959) Vath
specific and sensitive colormmetric and Auorometric procedures no trace of
serotonin could be found following ncubation of microsomes with tryp
tamine and TPN Other attempts to corroborate the conversion of tryp
tammne to serotonmn by microsomes have also been without success?® Ap
parently mierosomes do hydroxylate tryptamine since both of the above
groups have corroborated the finding that phenolic indole matenal 1
formed, as reported by Ichihara et al (1957) However, the 1dentity of the
phenclic compound or compounds remains to be determined

IIT ForMATION OF 5-HYDROXYTRYPTOPHAN

The oxidation of tryptophan to SHTP 15 analogous to the conversion of
phenylalanine to tyrosine All the known mammalian aromatie hydroxylat
ng enzymes have thus far been found only 1n hiver These melude phenyl
alanme hydroxylase, kynurenine hydroaylase, and the nonspecific micro
somal aromatic hydroxylase None of these can convert tryptophan to
5HTP It has thus far not been possible to demonstrate enzymatic con
version of tryptophan to SHTP by mammalian tissues n wtro Dalghesh
(1957), using elegant whole organ perfusion experiments, was not able to
detect, conversion of Ct* tryptophan to SHTP or serotomn by rat lver or
ntestinal mucosa

Although conversion of tryptophan to SHTP 15 not readily detectable
m anmmal tissues, there are microorgamsms which earry out this oudation
as a major route of tryptophan metabohsm This 15 the case i Chrome
bacterium wolaceum (Mitoma et al, 1956), where 1t appears that a large
proportion of the tryptophan 1s converted first to SHTP and then to other
products which may ultimately lead to the purple pigment, violacem (De
Moss and Evans, 1958) The hydroxylase in this organism 1s speaific for
tryptophan and forms only the I form of SHTP No phenolic products % cre
observed which would mdicate hydroxylation i positions other than the
5 position Many studies have been carried out with € veolaccun usm%
intact cells Howes er, attempts to solubilize the enzyme have thus far mﬁ
with failure, so that there 1s as yet hitle information concerning the mec!

1Dr Stephen Szara, National Institute of Mental Health St Ehzabeth s Hos
pital, Washington, D C



BIOCHEMISTRY OF SLROTONIN AND OTHER INDOLEAMINES 137

anism of the bactertal hydroxylation The 1solation, purification, and char-
acterization of tryptophan hydroxylase remains ns the most important un
fimshed 1spect of the 5 hydroxymdole route of tryptophan metabolism

Since the formation of 5 hydroxyndoles 1s marhedly mcreased i pa
tients and ammals with nonhepatic tumors 1t would appear that tryp
tophan hydroxylase must oceur i the tumor Thus 1t may be that, uniike
other aromatic hydroxylases, tryptophan hydroxylase 18 present m all tis
sues where serotonin 1s formed In this respect 1t may resemble tyrosine
hydroxylase, which converts tyrosme to 3 4 dibydroxyphenylalunne This
reaction oceurs 1 adrenal medulla (Rosenfeld et al , 195%) and m other tis
sues which form noradrenaline, such as sympathetic nerves and pangha
(Goodall and Iurshner, 1958)

IV CoxversioN oF 5 HYDROXYTRYPTOPHAN TO SEROTONIN

The first evidence for SHTP as an mtermediate m serotomn formation
was the demonstratton of potent SHTP decarbovylase activity 1n tissues
This enzyme was purified from gumea pig and hog kidney and shown to
be separable from 3 4 dihydroxyphenylalanine(dopa) decarboxylase By
procedures mvolving differential heat mactivation salt fractionation, and
adsorption on aluming 1t was possible to change the ratio of dopa decar
boxylase to SHIP decarboxylase by as much 1s twentyfold (Clark et al,
195%)

It 15 important to keep these facts in mind smce both decarboxvlases
are widely distributed 1n anmal tissues Not only that, but each has been
found 1n tissues i which 1t supposedly has no function Thus 5HTP decar
boxylase has been found 1n adrenal medulla ind pheachromoeytoma tumors
which produce only epmephrine and norepmephrme, and dopa decar
boxylase has been found n careinord tumors which produce only serotonm
Turthermore structural analogs of dopa which have been found to mhibit
dopa decarboxy lase al<o mhibit SHTP decarbovylase (Holtz, in press, Clark,
1959) Not only that, but i homogenates each compound mhibits the
decarbovylation of the other (Holtz in press, Clark, 1959) Structurally
dop and SHTP are quite similar (formulas I and II) Tach can be regarded
as reluted to metatyrosme (III), which 1s also readily decarboxylated by
mammalian tissues It may be this simlanty between the two ammo acids
which results in their interaction with the two enzymes However, although
dopa and SHTP decarbotylase artraties are seldom found separately m
mammalian tissues the ratio of one to the other vavies from tissue to tizsue,
and this ratio can be further vaned by standrd enzyme punfiention pro
cedures 1t seems fairly certain that SHTP decarboxylase and dopa deear
boxyise are two distinet enzymes It 15 al o of mtcrest that both dopn and
m tyrosine are decirboxylated by Streptococcus faccalis cxtracts whereas
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SHTP 15 not (Clark et al, 1954) Other factors which argue for two separate
enzymes are (1) tremendously different pH optimn, 69 for dopa and § 1
for SHTP, (2) tremendously different substrite enzyme affimties, and (3)
marked differences in their abilities to dissociate from the coenzyme, pyI1
doxal phosphate

V ProrerriEs OF 5 HiDROXYTRYITOPHAN DECARBOXILASE

SHTP decarboxylise 15 9 soluble enzyme which 15 precipitated by 55%
ammomum sulfate The affimty of substrate 1s so igh that the enzyme
exhbits zero order lunetics at the lowest substrate concentrations which
permit measurement, 10 ° M Pynidoxal phosphate 1s also bound farrly firmly
to the enzyme, and m imtial studies with guinea pig enzyme httle reso
lution was poseible Buzard and Nyteh (1957) showed a direct pyridoxal
phosphate requirement of this enzyme Bubscquently, using rat trssues,
fairly complete separation of coenzyme from the decarboxylase was demon
strated by Buston and Smelair (1956) and by Wemssbach ef af (1957%)
Followmg this 1t was shown that enzyme activity could be completely re
stored by dding pyridoxal phosphate to the resolved enzyme

In addition to pyridoxal phosphate it has been reported that SHTP de
earboxylise w0 seems to require a metal Thrs metal requirement stems
from the finding that chelating agents such s ethylenediumine tetra
acetate mhibit activity (Beiler and Martin, 1954) Inhibition by chelating
agents has been confirmed m the reviener s laboratory

TInhibition of 5HTP decarboxylase has been suggested as the mechanm
of action of one hydrazinophthalazine (Perry et al , 1955, von Sehuler and
Mezer, 1955), a potent hypotensive 1gent However, no supporting €l
dence 15 given for thisaction n the article Studies in the author s labortory
have corroborated this report and mdicate that 1 hydrazinophthalizine e
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indeed mhbit SHTP decarboxylase 1n miwvo The significance of this action
with respeet to the hy potensive action of the drug remuns to be determmed
Davison and Sandler (1958) have suggested that inhibition of SHTP decar-
boxylase may al<o explun the somewhat lower levels of serotonm found
patients with phenylhetonuria (Pare ef @l 1957) It was shown (Davison
and Sandler, 1959) that phenylalanme metabolites such as pheny Ipyruvic,
phenylictic, and phenylacetic acids can mibit SHTP decarbovylase The
suggestion 15 made that sice these acids are produced in large amounts
phenylketonuria they may be responsible for the mental defect by blocking
SHTP decarboxylase However the concentrations used to achieve detect-
able mhibition are greater than 0 02 Al It 1s doubtful whether such con

centrations of any metabolite 15 ever reached m the tissues

VI In Vivo Finpings ReLaTrp T0 5 HYDPOXYTRYPTOPHAN
DECARBOXYLASE

SHTP decarboxylase has been found m all tixsues which contain sero
tonm In the central nervous system the localization of SHTP decarboxylase
parallels the locahization of serotonin (Gaddum and Goarman, 1956,
Bogdanshs et el  1957) Tissues such as cerebellum, which contam httle
serotonin contam but traces of 511 P decarboxylase, whereas hypothilamus
1s rich m both From these and other considerations 1t would appear that
serotonin 1s made centrally

TABLE 1
SERoTONIN LEVELS 1N NoRMAL AND ViTamin B, prricienT Cuicks *
Serotomn
Tissue
Control ‘Vitamin B, deficient
(g /gm ) (ug /gm )
Bram 1103 0 4 (0 06)
Intestine 53 (&1 2) 12(40 4
Iver 16 01
Bload 29 0 5 (40 08}

Taken from Weis bach etal (195 )
5The ¢} cks used n this xper ment we ¢ those ma le ctron cally defic ntan)ther pa fed controls
Unl s otherwise st ted each value representa th mv rage obtained from 6 ammal Tt e values in paren
th ses 1 present the mesn deviat on
Tissues f om four a1 mals we e pooled and analy ed

It hns nl<o been possible to show marked dimmnution mn the serotomn
depots of chicks which were rared from hatching on 4 vitamin Bs dehi-
aient diet (Werssbach of al, 19074} As shown in Table I the amount of
serotomin in all tissues was markedlv diminished When SHTP was «dmini
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tered to the Bg deficient chicks they 1lso formed less serotonn than did the
controls

The most interesting findings with respect to SH1P eoncern 1ts abihty
to penetrate into tissues, ncluding the bramn, probably by the common
mechanisms of amino acid transport As o result, 1t 15 converted by the
decarboxylase 1 the tissucs to serotonmn (Udenfriend ef ol , 1957) In this
manner 1t has been possible to taise the levels of tissue serotonn manyfold
Bince brain kvels are simultaneously nereased, marked central effects are
produced which have been hikened to those observed by stimulation of the
mesencephalon, diencephalon, and rhinencephalon (Bogdansha et al , 1958),
areas which regulate behavioral and wtonomie functions Admumstration of
SHTP also results in elevation of serotonin i many other organs S5HTP
has been adminmistered to rats and to patients as & means of elevating tissue
serotomn Jevels for pharmacological and clinieal studies (Davidson et o,
1957) In this respect, its admimstration 18 much superior to the admims
tration of serotonn itself since in the former case the amine 1s found more
widely distnibuted, meluding the centril nervous system, and tissue levels
persist for longer periods of time Woolley (1958) has made use of the sero
tonin formed through SHTP admimstration and decarboxylase action asa
sensitive method for testing antiserotomn activity n o

VII METABOLISM OF SEROTONIN

Many pathways for serotonin metabolism have been demonstrated and
even more have been postulited However, m man and i most mammals
oxidative deamination appears to be the major route of seratonmn destruc
tion Of an orally admimstered dose of “erotonin m man 85-95 % 15 excreted
1n the urine as SHIAA within several hours (Sjoerdsma et ol , 1958) Follow
1ng antravenous sdmimistration 1 man, as much as 65-80 % can be excreted
as the acd metabolite (Davidson et al , 1957) However, the percentage of
an admimstered dose excreted as SHIAA has also been reported to be much
less (30-40%) by others (Erspamer, 1954a, Ferran and Castells, 1924) It
may well be that the route of admmistration 1s a demdmg factor In most
laboratory anmals the conversion of serotomn to SHIAA 1s al<o extre mely
law These findings heve been taken to indicate that in many patients and
1n certain ammal species other routes of metaboltsm may be more mmportant
than oxidative deammation However, as shown below, the conversion of
serotonin to 5HIAA (formula IV) 15 a two step process, and it may be that
under some conditions and m some species the second step n the reaction
may be limiting, so that the mtermedinte aldehyde 15 conv erted to products
other than 5HIAA .

Nakar (1958) has demonstrated that m herbivores the Iow excretion o
S5HIAA can be explamed by pigment formation from the intermediate
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q % -NH;
HOO\ H H  “reesosmme
ox1dase
N
"

Serotonin
H
HOQ\ C—CHO
H aldehyde
j dehydragenas
N
H

5 Hydroxywndole
3 acetaldehyde

H
HO” C—COOH
H
O\N)
B

& Hydroxyindole
3'aeetic acid

(v}

aldehvde Such pigment formation was previously reported by Blaschko
and Hellmann (1953) Naku (195%) goes on to state that the mabity of
“ whole” herbivores to produce SHIAA suggests that the bulk of diphos
phopyndme nucleotide (DPN) 2n two may not be available for aldehyde
oudation A similar situation may eust mn other anumal species mcluding
mn

The enzyme referred to a5 MAO was first deseribed by Hare i 1928
A detarled review of studies on MAO and their phy<iological implications
has recently appeared (Davison, 1958) Since serotonin 1s a prumirv ali
phatic amune 1t was not surpriang to find that 1t was an excellent substrate
for this enzyme (Sjoerdsma et al , 1955 Zeller et af , 1955) The most active
preparations of MAO are ritochondria from liver and hidnev When gero
town s hated with such prepard 118 tapidly destroyed However,
even with the best preparitions 1t 15 not possible to obtamn stoichiome tric
fquantities of wny product In the absence of added DPN and nldehyde
dehydrogenase less than 5% of the 5SHIAA appears Lven with these com
ponents idded less than 60% of the SHIAA appears when mitochondrin
are meubated with sevotonin There have been many attempts to solu-
bilize mitochondria 1 order to purify the components of amine met 1bolism
However this s not as yet been successful Fortunately <ome tissues,
when h , y1d app ble amounts of MAO m the <oluble form
(Werssbach et al  1907b) This <oluble MAO has been {r wtionated nto
two components amine oxidase and aldehy de dehy drogenice It was found
that one ntom of oxvgen was utilized for each equrt alent of serotonm metab
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ohized when the purified MAQ fraction was meubated with serotonin
MAO was coupled with aldehyde dehydrogenase, one equivalent o
was reduced for each equivalent of serotomin metahohized and each
alent of 5SHIAA formed

Using the partially purified soluble MAOQ which had been separate
aldchy de dehydrogenase, 1t was possible to obtain appreciable qu:
of the mtermediate, 5 hvdroxvindole 3 acetaldehyde, and to det
some of 1ts properties Contriry to expectations this aldehyde was fc
be relatively stable when hept i dilute solution This same enzyme
aration was used to prepare the, corresponding aldchyde from nore
rine, 1e, 3,4 dihydroxyphenylglycohc aldehyde (Leeper et al , 1058
of interest that this aldehyde was alco found to be surprisingly st
dilute aqueous solution

Although the term monoamine ovidase suggests o single enzyme s
1t 15 now apparent that there are a variety of enzymes which oxd:
deaminate amines The clasufication mto diamine ouidase and MAO
not bsolute since MAO will metabolize diamines meluding hisi
(Fouts et al , 1957) Amine ocxadizing enzymes are also present n the
of certaun species (Tabor ¢t al , 1954, Blaschho ¢f al , 1958) These en
arc not like the mitochondrial MAO It may well be that there are ¢
number of amine oxidases, some of which are faly specific for a
amine and others quite nonspecific A similar situation exists with r
to cholinesterase netivity

Whether MAO 1s one enzyme or a myriad of them, 1t 15 now ap;
that certun compounds which intubit the enzymatic oxidatine deamt
of serotonin and other amines 11 eifro are capable of mhibiting this
wm 1o When such compounds are admimstered to ammals or pa
ey els of serptonm and other amnes are inereased an the tissues Thein
1n brun serotonin level 1s now widely used as an index of theability o
10us drugs to produce MAO mhibition 2 t220 1n ammals

Attempts to uncover new MAO miubitors which would hwve o
desirable fentures for climeal use have led to the der elopment of large
sereemng procedures for this type of activity Many procedures for ¢
g MAO mhibition of a gnen compound tn 12fro and 1 rite 1o 20
Bhave been published, these are summanzed m the review by D2
(1938) The 1n t1tro measurements mvolve the determmation of the d
of inhibition of amine destruction by tissue homogenates, usually I
bran Measurement of cerotonin disappearance colorimetnieally has
found most contement (Sjoerdem ef al, 1955) For 1n t1i0 measuret
the compound 1s mjected mto rats, after this tiscues are remoted n
adual MAO 1s assayed Many campou re quite potent mhnt
n vatro axe thus found to have hittle eff hus, both p-tolyct
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olized when the punified MAO fraction was meubated with serotonia When
MAO was coupled with aldehyde dehydrogenase, one equivalent of DPN
was reduced for each equvalent of serotonin metabolized and each equ -
alent of 5HIAA formed

Usmng the partially purified soluble MAO which had been separated from
aldehyde dehydrogenase, 1t was possible to obtam appreeiable quantities
of the intermediate, 5hydrovyindole 3 acetaldehyde, and to determine
some of 1ts properties Contrary to expectations this aldehyde was found to
be relatively stable when kept 1 dilute solution This same enzyme prep
aration was used to prepare the corresponding aldehyde from norepineph
e, 1¢, 3,4 dihydroxy phenylgly colic aldehyde (Leeper et al , 1958) It 1s
of interest that this nidehyde was also found to be surprisingly stable m
dilute aqueous solution

Although the term monoamine oxidase suggests a single enzyme species,
1t 15 now apparent that there are a varety of enzymes which ovidatively
deammate amines The classification into diamine oxidase and MAO 1s also
not absolute smnce MAO will metabolize diamines including histarmine
(Fouts ¢t al , 1957) Amme oxidizing enzymes are also present n the blood
of certamn species (Tabor ef al , 1954, Blaschko ef al , 1958) These enzy mes
are not ltke the mitorhondrial MAO It may well be that there are a Iarge
number of amine ovidases, some of which are farly speefic for a given
amine and others quite nonspeetfic A similar situation exists w 1th respect
to cholinesterase ctivity

Whether MAO 15 one enzyme or 1 myrtad of them, 1t 15 now apparent
that certain compounds which inhibit the enzy matic oxidative deamiation
of serotonin and other amines sn tifro are capable of mnhibiting this action
n vuo When such compounds are administered to ammals or patients,
levels of serotonin and other amines are mereased 1n the tissues The increase
1n bran serotonin level 1s now widely used as an index of theability of var
1ous drugs to produce MAO mhibttion i w20 m ammals

Attempts to uncover new MAO mhibitors which would have certun
desirable features for ¢hnieal use have Jed to the development of large scnle
screening procedures for this type of activity Many procedures for deter
mining MAQ mhibition of a grven compound tn t2tro and wn t120 n animals
have been published, these are summanzed m the review by Divison
(1958) The 2n mtro measurements mnyolve the determmation of the degree
of mhibition of amine destruction by tissue homogenates, usually Iner or
brain Mensurcment of <erotonin disappearance colonmetrically has been
found most conventent (Sjoerdemn ef al , 1955) For n 110 measurements
the compound 15 mjected mto rats, after this tissues are removed and re
sidual MAO 1s assayed Many compounds which are quite potent mhibitors
n vatro are thus found to have hittle effect wn tuo Thus, both p tolyI choline



BIOCHEMISTRY OF SEROTONIN AND OTHFR INDOLEAMINES 143

ether and procaine wmide ate excellent nbitors of BAO wn vitro but xe
not very actrve when administered wn 1200

Even where nctivity can be demonstrated in ammals #n 1o 15 15 1m
portant to hnow whether a grven compound exerts 1ts action in humans 1
the dosage given to produce 1ts characteristic pharmacologic or therapeutic
effect A test based on the conversion of orally admmistered <erotonin to
5HIAA his been devised by Sjoerdsma ef al (1908) to measure MAO in
hibition 1 man :n vwoe Although this te.t measures predommantly the
MAO activity of mtestine and possibly hiser one can 1ssume, where 1 dru.
1s readily bsorbed that the activity n other organs will he affected

TABLL 1L
EFFECT OF VARIOUs DruGs oN MAO 1N MaN anD an Valro

‘ ' 9% Inhibition of

o
Drugs Dose (mg)/ |the conver 1on of (’:‘;cprsioi‘ol%"g
interval (hr ) i;;:c:mn to inhabition wn 22iro®
5l 1m man
Harmaline 75/8 70-80 10-¢ M
JB 516 25/24 70-80 5> 107 W
Ipromazd 100/8 50-70 3 X 1064 Y
Yrocaine amde 500/6 29 104 M
Orthoxine 100/4 . 20 ‘ 10
¢ Amphetamine 10/2 o 1073 3
1 phedrinc 100/2 0 >107 ¥
Hydralazine ﬁ 50/6 1] >1072

Ttedats ntheabove tablea etakenfroma p per preventedattte New York Academy of Scen e et
s g Noy 1938 by Dr Albert 8jcerdsmo
540 actinity messured by rotom  disappearance technique in rat i er homogen tes

to 1 similar extent In fact, there 1s evidence that the MAO of brun may
be even more sensitive to MAO mhibition that 15 that of hver (Hess et al ,
1908 Honta, 1959) Comparicon of MAQ mhibition of some compounds
1 tatro and 20 210 10 mAn are presented i Table IT

It 15 apparent that m general there 15 agreement between n 12tro and
1o aetiaties The most potent mhibitors, harmalme (1 methy] 2 phenyl)
ethyl hydrazme hydrocholonde (JB 516) and iprontazid produce mirhed
diminution m consversion of serotonm to SHIAA 1t 15 of interest that
ephednne and amphetamine, compounds which had in the past been con
sidered as acting through MAO inhibition, do not possess any degree of
activity tnvio Their activity 1n 11ro 18 actunlly quite low since they have
Little inhubatory actnaty below 10-2 A7

That MAO mhibitors markedly bloch metabolism of <erotomn has been
<hown by the increise in brun levels of serotonin which appear following
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therr admimistration Studses of this type are now commonplace Howeser,
1t 15 of mtere-t that the <erotomn content of peripheral tissues does noé
nise as markedly during MAO admimstration Furthermore, although MAO
mhibitors potentiate the effects of parenterally admimstered serotonm to
some extent, they have little effect on the disippearance of the amme from
the tissues (Fig 2) (Weissbach et al , 1957b) This 1s s0 because of alter
native routes of metabolism which are suffiiently potent to metabolize
the serotonin 1n the absence of MAO at almost the same rate «s i the
normal ammal (Weissbach et al, 1957¢) In the mouse, rat, guinea pig, and

A CONTROL
e IPRONIAZID
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=
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>

b 0

0 i 3

HOURS
F1c 2 Effect of iproniazid on serotonin levels in whole mice after serotomin Mice
were pretreated with 1promazid phosphate (300 mg /kg ), and after 30 minutes re
cewved 80 mg /kg of serotonin Control ammals received serotonim alone At various
tune mtervals the whole mice including exereta Were assayed for serotonin Fach
point represents three ammals (Taken from Udenfriend, 8, Weissbach H and
Bogdanshy D F 1957 J Pharmacol Ezptl Therap 120 255-260)

rabbit an alternative route of serotomn metabolism 1s conversion to seroto
nin O glucuromde (Weissbach ef al , 1958) It 1s of mterest that m mice
where normally only 30% of an adminstered dose 1s excrcted as SHIAA,
following admimstration of 1promazid the SHIAA excretion 1> dimimshed
to almost zero This 1s 1 agreement With the conclusions of Nahai (1908),
who also suggested that where 5HIAA excretion does not balance scrotonm
mgestion 1t 15 owing to utilization of the primary product of MAO action,
5 hydroxyindoleacetaldehyde, for reactions other than SHIAA formation,
pigment, ete

Although glucuromde formation accounts for must of the serotomn
me tabohsm following MAQ hibition m wimals, 1t does not seem to oceur
to any great extent m man Although the extent of conversion of orally
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admmstered serotonm to SHIAA can be markedly mmhibited, little sero
tomn penetrates mto the blood stream, this suggests rapid metabolism by
the gastromtestmal tract and ver Lhe nature of these products remams
to be determmed (Sjoerdsma ef al , 1958)

Urme and tiswue extracts from carcmeid patients have revealed the
presence of metabolites other than BHIAA Thus a small but defimte
amount of conjugated SHIAA has been demonstrated by Curzon (1955)
This 15 presumably the O sulfate ester Chadwich and Wilkmson (1958)
have al~o reported the formation of serotonin O sulfate by rat hiver homog
enates McIsaac and Page (1958) have reported the presence of N acetyl
erotonin as wcll as several umdentified products i carcmoid urmne

Another ronte of serotonin metabobsm which obviously oteurs n many
amphibia (Frspamer, 1954b) and mn plants (Stromberg, 1954 Wieland et al ,
1953) 15 N methylation, to yild N methylserotonin, bufotemine, and
bufotemdine Reports of N methylated products of serotomin in human
urine {Bumpus and Page, 1955) have not been confirmed (Rodmght, 1956)
In fact, in carcinoid urne, where all other metabolites of serotomn are
markedly mereased no trace of bufotenme could be detected (Sjoerdsma el
al, 1957)

Some 1nteresting studies on the bacterial metabohism of serotonn and
other 5 hydroxyindoles have been reported by Oginsky ef al (1958) Several
MICroor; mcluding Aleal: Jaecalis and Aerobacler aerogenes,
were shown to oxidize these compounds, and induced enzyme formation
has actually been demonstrated However the significance of these findings
to the physiology of the mucroorgamsms 1s not evident as endogenous
5 hydroxyindoles have not been demonstrated As these are fecal mcro
organisms, 1t has been suggested that some 5 hydroxyindole metabolism
may occurin the gut Although there 1s hittle evidence for thus, 1t must stll
be considered a posstbiity A summary of the varous routes of serotomn
wetaboliom 15 shown i Tig 3

VIII TurnoVER OF SEROTONIN IN TIsSUES

The catalysts mvolved n serotonin formation and destruction appear to
be widely distributed m tissues They are present not only mn tissues which
are rich m serotonin, but also m those which are found to contam httle of
the amme Under such conditions the amount of serotonmn found 1n a tissue
18 not necessanly o reflection of 1its ability to synthesize and metabolize 1t
In fact, studies by Udenfriend and Weussbach (1958) on the turnover of
serotonin in ticues ndicate large differences from tissue to t1 sue Thus the
scrotonm m the , istromtestinal tract 1n the rabbit has « half hfe of 10-17
hours wherens serotonn m the platelet has 2 half hfe of about 33 hours
Surprisingly , the bram depots of scrotomn which are the smallest, turn over
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most rapidly Estimates of the half hfe of bramn seroton

n, based on the
rapidity with which MAO mhibitors produce an increase, mdicate that this

1s of the order of minutes (Udenfriend and Weissbach, 1958, Brodie ¢t al ,
1958) Thus rapid synthesis and metabohsm of serotonin cannot be without
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significance with respect to the function of this amine m the central nervous

system
IX LOCALIZATION OF ¢ N ANt B
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method to psychiatrie and behavioral studies Unfortunitely the major
finding of such studies to date hn been the detection of serotonin m bananas
(Anderson ¢f al 1958 Waalkes ¢t al 1958)

Much of the -erotonm in intestine and bran 1s localized 1n particulate
material A preliminary report by Walaszek and Abood (1957) ndicates
that 1t may be loenhized m mitochondny Blaschko (in press) has recently
reported =mular findings However other reports indicate that studies on
the mirnceliular locahzation of serotomn are difhcult to carry out and m
terpret particularly 1 bram (Bogdanski et al  1957)

Another tissue which contauns appreeinble amounts of serotonn 1s the
blood platelet In blood that has been carefully collected essentially all the
serotonin 1s found 1n the platclets This finding ha< been the subject of much
mvestigation Since platelets do not contain enzy mes for making or metab
ohzing serotonn, 1t 1 apparent that they must take up serotonm which 1s
released from tissues It s generally agreed that platelets, n vatro, can bind
additional serotorun However, reports on the extent of n tiro binding
seem to differ from laboritory to laboratory Thus Humphrey and Toh
(1954) reported that platelets bind only small amounts of additional <ero
tonin and that they may be saturated with respeet to this substance How
ever Bogdanshl et al (1957) using higher concentrations of serotonin i
the suspending fluid (over 1 mg /ml) were able to obtam a five to tenfold
nerease i platelet bound serotomn Although concentrations of 1 mg /ml
are never encountered n tissues 1t should be pomted out that when <ero
tonin 1s infused nto an intact ammal the serotonin content of platelets ean
be mcreased as much as twenty fold when the plasma level does not exceed
2-3 ug /mi during the entire period of the mtusion Furthermore, as shown
m Table IIT elevation m platelet serotomin level brought about by <ero
tonin infusion persists for many days It would appear from the studies on
binding and from the enzymatic and turnover studies on platelets that
serotorin 1 tahen up by the platelets as the amone 13 releastd from the tis
sues The serotonin 1s then held by the platelets until they rupture where
upon 1t 18 released The rate of turnover of platelet <erotomin 1s then 1 re
flection of the turnover of platelets themselves

The nature of the binding of serotomin by platelets has been the subject
of much study too Hillarp et al (1955) suggested that adenosme triphos
phate (ATP) may be mvolved i the binding of Lerotonin n platelets Born
et al (1958) report the presence of large amounts of ATP n the platelets
and consider the possibility of a direct combination of serotonin and ATP
The exact nature of such & combmation 15 not clear c-peenlly «ince the
amounts of serotomin and ATP arc not equinalent Howerer, 1t <hould be
ponted out that the chromaffin grinules of the adrenn) medully are alo
rich m ATP and bind another group of atmmes, norepinephrine and ep1
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of urinary 5HIAA have been reported m other chmeal manifestations, g
urmary excretion of over 25 mg of SHIAA per day has been reported only
m malignant carcinoird Normal values range from 3-10 mg per day, m
carcinoid patients levels of over 1000 mg per day have been reported but
200-400 mg per day are common Exogenous sources of serotonin, such ag
bananas and other fruits, should be considered, but their contribution to
8 24 hour urine specimen 1s normally msufficient to prove misleading A
casual specimen may, however, give significant elevations even after mges
tion of only one banana

Recently two cases have been reported m which 5HIAA excretions were
very high and m neither case ws evidence for earcinoid obtamed (McMullen
and Hanson, 1958) In one case, laparotomy did not reveal a tumor In
the second, liver metastases were 1solated but pathologists elassified them
as earcinoma by Histological techmques This re port pomts up a very m
portant fact that pathologists have neglected The tumor clissified as
carcnoid contains and secretes serotonin It 1s the reviewer’s contention
that detection of serotonin 1 biopsy or autopsy matenal 1s a simpler and
more valid eriterion for carcinod 1dentification than are the various histo
logieal methods There 13 no reason why suspected carcinoids should not
be subjected to chemical analysis * They would then be classified as sero
tonin secreting tumors or non serotonn secreting tumors, which may be an
even more significant classification than carcinoid and noncaremoid In
fact, all tumors which are known to secret specific substances should be
subjected to chemical assay, at least for confirmation of the pathological
findings

An mteresting finding 15 that several patients with malignant earcmoid
have been reported to secrete mamly the precursor of serotonm, SHTP
The sigmficance of this finding and just how such patients differ from those
with the usual serotomn secrefing carcinoid remams to be determined
Chromatographic study of caresnoid urme ean ud m the detection of such
S5HTP tumors

Another area which has recerved lots of attention 1s hypersensttnity
The current status of serotonin m this field may be summarized as follows
Serotonin 1s released from some ammal tissues durig anaphylactic shock
and has been implicated m vanous antigen antibody interactions in animals
Serotomn has also been found mn the mast cells of rats and mice However,
from a climeal standpomt changes 1 5 hydroxymndole metabolism have
yet to be implicated 1 any aspect of hy persensitivity The absence of <ero

4 Unfortunately tissues that are preserved mn formaldehyde cannot be used for
serotonin assay However the serotomnis stable indefinitely when tissues are stored

1n the deep freeze



BIOCHEMISTRY OF SEROTONIN AND OTHER INDOLEAMINES 151

tonm from human skin and mast eells rules out all the interesting observa
tions made on rats

The sensitivity of the 1solated uterus to serotonin made obvious the sug
gestion that 1t should be mnvestigated i obstetries However, the rat uterus
10 sit 1% nat at all sensitive to serotorin Enormous quantities of serotomin
m the uterus do not bring on contractions even during the later stages of
gestation (Davidson et al, 1957) There 15 little evidence of ~ serotomn
mvolvement m the function or pathogenesis of the human uterus

The bulk of the erotommn n the body 1s found 1 the gastromtestinal
tract The gut fraction has been estimated as from 90 to 95% It 15 obvious,
therefore, that significant changes i 5 hydroxyndole metabohsm should
be detectable 1n some climeal mamfestations involving the gastromtestinal
tract There have been reports that unnary excretion of SHTAA 15 elevated
(less than twofold) 1n patients with sprue (Iaowlessar ef al , 1958) This may
signify hypersecretion from the mucosa It 15 of interest that following
radical resection of the gastromntestinal tract in a patient the urimary SHIAA
levels fell to neghgible values (Weissbach et al , 1959) It may be that fur
ther mnvestigation will lead to interesting findings relating 5 hydroxyimdole
chemstry to the function and pathology of the gastromntestinal tract

Since serotonin does affect the cardiovascular system when admimstered
parenterally 1t has been considered as a possible factor in hypertension
However, there 15 no evidence of o 5 hvdroxyindole abnormality mn any
chinical econdition v olving hy pertension or hypotension

The central aspects of serotonn are of course most interesting to con
sider, as there have been many interesting laboratory findings concerming
serotommn 1 bram However as stated earher, evidence of a 5 hydroxym
dole abnormahity in any ty pe of psychiatrie disorder has yet to be satisfac
tonly demonstrated Although no one doubts that serotonin 1s present m
brun and that 1t must play some important role there, ittempts to relate
abnormal behavior and the actions of varous centrly acting drugs in man
to speaific changes 1n 5 hydroxyindole chemistry have not been too frurtful

Of all the drugs used only the Rauwolfia alkaloids and MAO mnhibitors
can be <hown to influence serotomn metabehism or disposition m man
Measurements of circulating serotonin following reserpine ¢an be useful in
determiming the persistencc of its effects m patients (Haverback et af,
1957) On the other hand although changes n eirculating <erotontn or
unnary SHIAA do oceur following admimistration of MAQO mhibitors, their
magnitude 1s <o <mall a5 to require statistical treatment of the data (Shore
etal 1958) In the case of MAQ mhibitors 1t has been found that after their
adminstration to ptients the urinary exeretion of mny other amines such
s tryptamine, are mercised to & much greater extent than is that of <ero
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tonm (Sjoerdsma ¢t al , 1959) The urnnary excretion of tryptammne has

been suggested as a good index of MAO mhintion 1 man, supersor 1n man

ways to 5 hydroxymdole measurement Of course these other amnes mus‘yt

%lsbotbe considered in the over all interpretation of the effects of MAO -
1bitors
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I InTrRODUCTION

Ergothioneme 1 4 substance which has intrigued biochermsts for half o
century Ongmally discovered m o fungus, 1t was later found mn the red
blood cells of animals Through the years, attempts have been made to
cast hight on what are 1ts origin, function, and fate The ansvers to these
questions proved to be particularly elusive In recent years, owing cluefly
to mproved methods of analysis and the application of ssotopie tracer
techniques, much progress has been made It seems likely, too, that the
currently expanding mterest in the compound may soon resolve some of
the still unanswered questions The tume 1s opportune, therefore, to present
a brief review of the accumulated knowledge concerning ergothionemme

Although several biological activities have been suggested for ergothio
neme n the past few years, the full meaning of these activities 1s not yet
clear It 1s quite likely that its chief function or functions have not vet
been uncovered Thus 1t 1s obviously not yet possible to classify ergothio
neme m the realm of biologically active compounds such as vitamuns or
hormones It now appears farly certain that ergothionemne 1s not syn
thesized by higher ammals On the other hand, experiments so far have
failed to demonstrate that animals need the compound for survrval under
normal laboratory conditions At the present state of knowledge 1t would
appear that ergothioneine cannot be classified as a vitamun m the usual
sense of the term On the other hand, recent developments have suggested
that ergothionemne may have regulatory effects on enzyme activity In
addition, a possibility which has not yet been explored 1s the effect of
ergothioneme on animals under various stress conditions It 1s withm the
realm of possibility that the substance cannot be neatly categorized n any
of the recogmzed classes of biologieally active compounds, mdeed, 1t 15
perhaps for this reason that its function or functions hav e defied elucidation
for so long

11 HrsToRICAL

During the course of studies on ergot, the fungus fection of rye gran,
Tanret (1909) 1solated a crystalline, sulfur contaming compound to which
he gave the name ergothionéine Lhe empirical formula was determined as
CpHi50:NS The substance was optically active, and on the basts of yield
was present to the extent of 01% i ergot Soon thereafter Barger and
Lwmne (1911) studied the chemueal structure of the compound and from
color reactions and chemicnl degradations, suggested that 1t was the betaine
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of 2 new amno acid, 2 mercaptohistidine (“thiolhistidine”) Later work has
amply confirmed the correctness of the structure they proposed

(‘3H==C—CH1——CH—»COO‘

N NH N(CHa)s*
AN c/

dn

Ergothioneine

For several yeurs followmg its discovery, little attention was pud to
ergothioneine Then 1n the early 1920 s two indepe ndent groups of worhers,
led by G Hunter in Toronto and 8 R Benedict in New York, 1solated
from blood a substance which caused erroneously high values m the de
termmation of une acid (Hunter and Eagles, 1925, Benedict et al , 1926)
Thss substance, which was named sympectothion bv Hunter and thiasine
by Benedict, was soon shown to be identical with ergothioneme from ergot
(Newton ef al , 1927, Eagles and Johnson, 1927) Because of 1fs widespread
oceurrence m amumals, Benedict suggested that the name ergothioneine be
modified to thwonene This term suffers from the possibility of confusion
with the organic dye thiomne and has not been used by most workers 1n
the field However, 1t has persisted 1n many textbooks and is used by
Chymacal Absiracts In the hight of recent developments which strongly sug
gest that ergothionemne 15 wholly fungal m origin, 1t would appear that the
name ergothioneine 15 more appropriate Should a more manageible term
be desired to replace the cumbersome and frequently misspelled ergothio
neine, the name ergothione <hould prove satisfactory from an indexmng
viewpoint, and at the same time would parallel more closely glutathione,
another sulfhydryl compound with nteresting similarities

The discovery of ergothionemne m blood stimulated considerable interest
m the pound gand 1n ding years several pipers were pubhished
An 1mportant contribution was the development by Hunter (1928) of a
sensitive and highly speeific quantitative test for ergothioneine based on
the coupling of ergothioneme with diazotized sulfimlic acid With this
method Hunter showed that ergothioneme was widely distributed in the
red blood cells of ammal spectes

"Lhe discovery of the widespread occurrence of ergothioneme directed at
tention to its ongm One of the earhest pieces of evidence bearing on this
was published by Eagles and Vary (1928) They found that the blood
ergothionemne level of the pig which possesses the highest level of any
ammal species, was marhedly influcnced by diet Although gran fed ani-
mals showed normal levels pigs which had been fed garbage or a purified
eacein dict had no detectable ergothioneine in their blood The mnclusion of
corn 1n the diet of these pigs led to the appearance of ergothioneme n the
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blood An acid hydrolyzate of the corn protem zem gave a color with the
Hunter diazo test which these authors mterpreted as bemng due to the
presence of a precursor of ergothioneine, and they suggested thiothtidine
as the precursor Further evidence for the effect of diet on blood ergothio
nemne was later provided by Potter and Franke (1935), who studied the
effect of several cereal grains It was found that the feeding of oats, corn,
or wheat to rats led to appreciable blood ergothioneine levels, while barley
and potatoes gave extremely low levels

The effect of diet on blood ergothioneine levels has been confirmed by
more recent work However, the suggestion by Eagles and Vars that
thiolhistidme 15 a precursor of blood ergothioneine was based on extremely
tenuous data, which 1 view of later developments appear to have been
nterpreted 1ncorrectly Nevertheless, the cuggestion had appreciable
nfluence on subsequent thinking, even to the extent that thiolhistidine has
been ncluded 1n some textbooks as a constituent of proteins On the baws of
available data, there 1s no evidence to show that thiolhistidine accurs in
nature or 1s n any way connected biologically with ergothioneme

Ever since the original discovery of ergothioneme, attempts have been
made to ascertamn 1ts biwological sigmificance Barger and Ewms (1911)
mentioned 1n passing that the substance has no marked physiological action
Later pharmacological studies by Tunter (1927) and Trabucchi (1936)
confirmed 1ts relative mertness Eagles and Cos (1928) showed that 1t could
not replace the histidine requirement of growing rats Several years later
considerable mterest m ergothioneme and 1ts relationship to the thyroxd
gland was evohed by the finding of Lawson and Rimungton (1947) that
ergothioneme possessed antithyroid activity comparable to that of thiou
ractl However, Astwood and Stanley (1947) and others were unable to
obtamn this effect, and the origmal results have never been satisfactonly
explamned

As may be gathered from the foregoing brief historical revien hnowledge
concerning the biochemustry of ergothioneme accumulated extremely
slowly durng the four deeades following its discovery m ergot In the last
decade a renewed mterest m ergothioneme has led to an accelerated ac
cumulation of knowledge about its chemustry and physiology These more
recent dey elopments, together with a fuller discussion of some of the earher
articles, will be presented m the following sections

II1 IsoraTioN

Ergothioneme has been isolated from mucrobual, plant, and ammal
sources Although the compound has also been obtamed by laboratory
solation 1 still the method of choice for preparative purposes

synthesis, x
The most’ frequently used startmg materals have been ergot and red blood
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cells Because of the charactenstically high levels found mn pigs blood from
this amimal 1s preferable to other bloods However, pig blood, although high
m comparison with the blood from other ammals contans levels appre
ciably Jess than those found n ergot Hunter et ol (19492) nnalyzed ergot
samples from several different gran sources and found the ergothionemne
content to range between 180 and 530 mg per 100 gm of dried ergot,
values given for pig blood by Hunter (1928) vary from 4 to 53 mg per 100
ml of cells The discovery that ergothioneme 1s synthesized by common
fungs (Melville et al , 1956) suggests a promising source of ergothioneme as
a by product of the large scale cultivation of molds which forms the basis
for the commere1t]l production of penicillin citric acid and other chemt
cals

1 Isolation from Ergot

‘The preparation of ergothioneme 1s most convemently accomplhshed by
the use of ergot s the starting material Tanret (1909) used an alcoholic
extract of ergot after mtermediate punfication steps, the ergothionemne
was separated s the msoluble mereury salt, which was then regenerated
to give the erystalline hydrochloride of ergothioneme He obt uned a yield
of 01% based on the weight of the ergot A similar procedure was used by
Tagles (1928) with intermediate precipitation of impunties with barum
hydroxide and with basic lead acetate The ergothionemne was then pre
cipitated with mercury and finally with phosphotungstic neid The yield of
free base was 0065% Pirte (1933a) used a ssmplhified procedure which took
advantage of the formation of an msoluble copper complex of ergothionemne,
1s first deseribed by Willlnmson and Meldrum (1932) 1n the preparation
of ergothioneme from blood Pirie’s procedure nvolved the removal of
mpurities from an aqueous extract of ergot with basic lead acetate, pre
cipitation of ergothioneme by the addition of cuprous oxide, ind regenera
tion of the copper complex with hydrogen sulfide The yield of erystalline
ergothioneine hydrochlonde was 0 18 % Hunter et ol (1049b) modified the
procedure of P’me by using uranum acetate m place of lewd acette to
remos ¢ ympunities o high yield of ergothionene (026 %) was obtuned
Comprible yields have been experienced m the author’s laboratory by
uaing, Pirie’s procedure It seems Likely that the yvamation m yields ex
penienced by differcnt workers 1s a reflection in large part of vanations in
the ergothonemne content of different ergot samples

2 Isolation from Blood

The 10l 1tion of ergothionerne from blood was first accomphished several
vears after the rolation from ergot However 1t was not suspected at the
time that ergothioneine occurred m blood, the procedures used were directed



160 DONALD B MFLVILLE

toward the 1solation of the unknown substance which mterfered with the
determimation of blood unec acid (Bulmer et al , 1925, Benedict, 1925) The
first published procedure for its 1solation was described by Hunter and
Eagles (1925), although Benedict et al (1926) stated that it had been
1solated 1n their laboratory some five years earlier The procedure of Hunter
and Eagles (1925) used red cells of the pig as starting material and mvolyed
punfication steps with uranmum acetate, lead acetate, mercunc chlonde,
and phosphotungstic acid Benedict et al (1926) also used pig blood but
purified the ergothionemne by precipitation with silver lactate and then
with mercuric chloride Both procedures gave comparable yields, within
the range of 60 to 100 mg of ergothionemne per hter of blood Later, Wil
hamson and Meldrum (1932) mtroduced the use of the msoluble copper
complex of ergothioneme and thereby simplified the 1solation procedure In
therr method, the protemn free blood fltrate 15 first aerated to ovuidize
glutathione to the disulfide form and thereby prevent its subsequent
preciprtation with copper and then the copper complex of ergothioneme 1s
precipitated by the addition of cuprous oxide After regeneration from the
copper salt, ergothioneine 1s obtaned 1n an amount equivalent to 85% of
that present in the blood as determined by the Hunter diazo reaction

8 Isolation from Other Sources

The 1solation of ergothionemne from several sources other than ergot and
pig blood has been accomplished, primarily for the purpose of proving the
presence of ergothioneine 1n the source materials Successful 1solations have
been reported from human blood (Newton ef al, 1927) and human urme
(Sullvan and Hess, 1933) pigeon blood (Gulland and Peters, 1930), boar
semen (Leone and Mann, 1951, Heath ef al, 1957), oats (Melville and
FEich, 1956), and Neurospora crassa (Melville et ol , 1956) The paper by
Heath et al describes the use of 1on exchange chromatography for the
purification of ergothioneme, and erystallization of the compound as the
tartrate, while the papers by Melville and co workers illustrate the use of
chromatography on alumma Difficulties with 1on exchange resms ap
parently leading to structural changes n the ergothioneme molecule have
been mentioned by Grossman and Kaplan (1958}

IV CHEMISTRY

1 Siructure

a Degradation Tanret (1909) olvted ergothioneme as 2 crystallne
dihydrate for which he established the empirical formula CoH, 10 N:S 2H O
He also obtamed and charactenized the hydrochlorde, sulfate phosphate,
and the silver and mercury salts Barger and Ewins (1911) found that
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ergothioneme gave a positive color test for imidazoles with diazotized
ulfanibie acid These data suggested to them that the compound mght be
the betane of a histidine dervative Two charactenstic degradative re
actions of ergothioneme were discovered which lent strong support to this
structure When ergothioneme was borled with 50 % KOH solution, tr1
methylamne was evolved and a yellow acd, C;HO NS, was formed
Oxidation of this acid with nitrie acid yielded a colorless acid with the
empirical formula CyHeO,N2 , this substance appeared to be 1dentieal with
imidazoleacrylic acid (urocamc acd) Furthermore, reduction of the acid
with sodmm yielded the known compound, mdazolepropione acid The
sequence of reactions was interpreted as shown m (I)

CH—=C—CH,—~CH—COO0~

KOIL ?H=C~CH:CH—COOH + (CHa)iN
N NH N(CHp# N NH
\G/ N C/
éﬂ é}l
Ergothioneine Thioluroeanic acid
l}!NO-

CH—=C--CH; ~CH,—COO0OH CH=——C—CH==CH—COOH + H,80.
b dm ST N

C C

Tmidazolepropionie acid Urocanic acid

@

The second degradative reaction was brought about by the action of hot
ferric chloride solution From this reaction (II) a sulfur free base, CyHys-
02N, , was 1solated as the dipicrate Barger and Ewms suggested that this
substance was the betaine of histidine, formed by the oxidative removal of
the sulfur atom of ergothionemne

OH=—=C—CH,—~CH—C00~ CH=—Ce-CH,—CH~CO0- + H,80,
N ONE  NEH) 2N Nm NCH)G
\c/ N ot
éH Histidine betame
un

It 18 nteresting that 1n the same year Rutscher (1911) deseribed the
1solation from Hereymia n commereial extract of mushrooms of o new base
which he characterized as & trimethyl dermative of listidine This com
pound was later given the name kercynine and was shown to be 1dentical
with the ouidation product from ergothioneme
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taward the 1solation of the unknown substance which terfered with the
de termmation of blood urie neid (Bulmer et al , 1925, Benediet, 1925) The
first, pubhished procedure for 1ts 1solation was described by Hunter and
Eagles (1925), although Benedict ef of (1926) stated that 1t had been
1solated m their laboratory some five years earher The procedure of Hunter
and Eagles (1925) used red cells of the pig as starting material and 1y olved
purification steps with uramum acetate, lerd acetate, mercuric chloride,
and phosphotungstic acyd Benedict ef ol (1926) also used pig blood but
purnified the ergothioneme by precipitation with silver lactate and then
with mercuric chloride Both procedures gave comparable yields, within
the range of 60 to 100 mg of ergothionemne per hiter of blood 1ater, Wil
hamson and Meldrum (1932) mtroduced the use of the msoluble copper
complex of ergothioneme and thereby simplified the 1solation procedure In
therr method, the protem free blood filtrate 1s first aerated to owudize
glutathione to the disulfide form and thereby prevent its subsequent
precipitation with copper, and then the copper complex of ergothioneme 15
precipitated by the addition of cuprous oxide After regeneration from the
coppet salt, ergothioneine 1 obtamned 1 an amount equivalent to 85% of
that present m the blood as determmed by the Hunter diazo reaction

8 Isolaion from Other Sources

The 1solation of ergothioneine from several sources other than ergot and
pig blood has been sccomplished, primanly for the purpose of proving the
presence of ergothioneine 1n the source matenals Successful 1s0lations have
been reported from humn blood (Newton ef el , 1927) and human unne
(Sullivan and Hess, 1933) pigeon blood (Gulland and Peters, 1930), boar
semen (Leone and Mann, 1951, Heath et ol , 1957), oats (Melsille and
Fach, 1956), and Neurospora crassa (Melville ef al , 1956) The paper by
Heath et al describes the use of ton exchange chromatography for the
purification of ergothioneme, and crystallization of the compound s the
tartrate, while the papers by Melville and co workers 1llustrate the use of
chrom itography on alumma Difficulties with 1on exchange resms ap
parently leadimg to structural changes n the ergothioneme molecule have
been mentioned by Grossman and Kaplan (1958)

IV CHEMISTRY

1 Structure

a Degradation Tanret (1909) 1solated ergothioneme as a ery stalline
dihydrate for which he established the empurical formula CsHu0:NS 2H,0
He also obtamned and characterized the hydrochlonde, suliate, phosphate,
and the silver and mereury salts Barger and Ewms (1911) found that
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ergothioneme gave o postrve color test for mmdazoles with diazotized
sulfambe acid These data suggested to them that the compound mught be
the betame of 2 stidme denvative Two charactenstic degradative re
actions of ergothioneme were diseovered which lent strong support to this
structure When ergothionemne was boiled with 50 % KOH solution, tn
methylamme was evolved and 4 yellow and, CeéHiO2N-S, was formed
Oxidation of this acid with mitne amd yielded a colorless acid with the
emprrical formula CgHgO2Ns , this substance appeared to be 1dentical with
imdazoleacry lic and (urceame acid) Furthermore, reduction of the acid
with sodium yielded the known compound, imidazolepropionic acid The
sequence of reactions was mterpreted as shown n (I)

CH==C—CH,—CH—CO00~ HOR ?H==C——CH=CH——COOH + (CH;LN
N\ /NH N(CH;)* N\ /NH

C A G

& du

Ergothioneine Thiolurocanie acid
J’HNO:

(‘)}I=(')— CH —CH —COOQH CH=—C—CH=CH—CQOH + H.80,
N\ /NH CHOO Htou N\ NI

CH C

Inudszolepropronic aesd Urocanic acid

®

The second degradative reaction was brought about by the action of hot
ferric chloride solution From this reaction (IX) a sulfur free base, CsHis
O N , was isolated as the dipierate Barger and Ewins suggested thet this
substance was the betane of histidme formed by the ox:dative removal of
the sulfur atom of ergothioneme

CH—=C~CH,—CH- CO0- CH—G—CH—CH-CO0- + H 80,
N ME N(CHy),t -2,
\C/ {CHy)y N\ NH N(CHs)s*
c

AH Histidine betane
am

It 13 mteresting that m the same year Kutscher (1911) described the
1solation from Hercymia, a commeraial extract of mushrooms of 2 new base
which he characterized as a trmethyl denvative of hustidine This com

pound was later grven the name hercymine and was shown to be identical
with the oxidation product from ergothioneme
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toward the 1solation of the unknown substance which mterfered with the
determmation of blood urie acd (Bulmer ef al , 1925, Benedict, 1925) The
first published procedure for its 1solation was described by Hunter and
Eagles (1925), although Benedict ef al (1926) stated that 1t had been
1s0lated m their Jaboratory some five years earlier The procedure of Hunter
and Eagles (1925) used red cells of the pig 15 starting material and iy olved
purification steps with urwmum acetate, lead acetnte, mercuric chlonde,
and phosphotungstic acid Benedict et ol (1926) also used pig blood but
purified the ergothioneme by precipitation with silver lactate and then
with mercurie chlonde Both procedures gave comparable yelds, within
the ringe of 60 to 100 mg of ergothoneine per liter of blood Later, Wil
hnmson and Meldrum (1932) mtroduced the use of the insoluble copper
complex of ergothioneme and thereby simplified the 1solation procedure In
therr method, the protemn free blood filtrate 1s first aerated to owudize
glutathione to the disulfide form and thereby prevent its subsequent
precipitation with copper, and then the copper complex of ergothioneine 1s
precipitated by the addition of cuprous oxide After regeneration from the
copper salt, ergothioneine 13 obtamed m an amount equivalent to 85% of
that present mn the blood ag determined by the Hunter diazo reaction

8 Isolatwon from Other Sources

The 1s0lation of ergothioneine from sev eral sources other than ergot and
p1g blocd has been accomphshed, primanly for the purpose of proving the
presence of ergothronemne 1 the source matenals Successful 1solations have
been reported from human blood (Newton ef af , 1927) and human unne
(Sullivan and Hess, 1938) pigeon blood (Gulland and Peters, 1930), boar
semen (Leone and Mann, 1951, Heath et al, 1957), oats (Melville and
Eich, 1956), and Neurospora crasse. (Melville e ol , 1956) The paper by
Heath ef af describes the use of 10n evchange chromatography for the
purification of ergothionene, and crystalhzation of the compound s the
tartrate, while the papers by Melville and co workers illustrate the use of
chromatography on alummna Difficulties with 1on exchange resms ap
parently leadng to structural changes m the ergothioneme molecule have
been mentioned by Grossman and Kaplan (1958)

IV CHEMISTRY

1 Structure

tallme
a Degradation Tanret (1909) 1solated ergothioneme as 1 crys

ity drate for which heest iblished the empirical formula CeHisO NaS 2H.0
He also obtamed and characterized the hydrochloride, sulfate, phosph;ltc,
and the siver and mercury salts Barger and Ewins (1911) found that
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chromatography, and conversion to thiolurocamc acid on treatment with
alkali The optical activity (fals +47°) was low compared with that of

natural ergothioneme [a], +116° (Benedict ef al  1926), suggesting partial
racemization during the methylation step

2 Isotopically Labeled Lrgothioneine

The above synthesis (V) can be used for the preparition of ergothionemne
labeled with 1sotopes Sunko and Wolf (1958) prepared pL-ergothioneine
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The data of Barger and Ewns did not permit defimite loeation of the
position of the sulfur atom m ergothionene, but the stability of the sulfur
toward aikah and 1its ready owidation by ferrie chlonde or bromine water
suggested the presence of a 2 mercaptomudazole (“thiohmidazole”) strue
ture Confirmation of this was provided by Akabor (1933) who reduced
the alkah degradation product (thiolurocanic acid) with sodium amalgam
to give 8 2 mercaptoimidarole 4(5) propiome acid The structure of this
compound was confirmed by synthesis (II1) from glutamic acid

HOO(—CH—CH,—CH,—COOH
NH;

CzHlOHl HCL

C:H;00C—CH—CH,—CH —COO0C;H;
NH HCl

NaJ Hg
OHC—-(‘}H—CH;—~0H1~COOC1H5
NH,

NH4SCNJ

CH=—=C—CH —CH:—COOH
N NH
N
o]
b
{am

b Synihests The laboratory synthesis of ergothioneine has proved to be
more difficult than might be expected from its relatively simple structure
Harmmgton and Overhoff (1933) and Jackson and Marvel (1933) have
recorded unsuccessful attempts The compound was finally synthesized by
Heath ef al (1951a) from thiollistidine (2 mercaptohistidine) This amno
aed has been prepared by several methods A consenent synthesis s the
procedure (IV) of Ashley and Harngton (1930) starting with histidine

Optically active thiollustidine 15 obtained from L listidine For the syn
thests (V) of ergothioneme, Heath and co workers first protected the sulfur
of 1. thiollustidine with 2 carbethoxy group, and then methvlated the &
ammo group with methyl 1odide The carbethoxy group was «ubsequently
removed by acid hydrolysis

The syntsiletm m:)xtenall gave correct analyscs and behaved wdentically to
ergothioneme with respect to color reactions precipitnting agents, paper
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chromatography and conversion to thiolurocanic acid on treatment with
alkali The optical activity (fa], +47°) was low compared with that of
natural ergothionemne fef, +116° (Benedict et af  1920), suggesting partial
racemzation during the methylation step

2 Isotopically Labeled Ergothioneine

The abos e synthesis (V) can be used for the preparation of ergothicneine
labeled with 1sotopes Sunko and Wolf (1998) prepared pL-ergothtoneine
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a O from pL thiolhistidine @ €4 by this method The labeled thiolhistidine
was prepared from ethyl acetamidoeyanoacetate 2 C% and 2 mereapto
4(5) diethviammommdazole Borsook et al (1950) prepared 1 thiolhistidine
2 ¢*from NaCHN by the method of Ashley and Harington Other syntheses
of nomisotopic thiollustidine have been described by Hanngton and Over
hoff (1933), Dey (1937), Hegedus (1955), and Marer and Raphael (1958)
The synthesis of 4 methylergothionemne has been published by Heath et a!
(1951b), this compound should be of mterest as a possible antagonst of
ergothioneme 1 bological sy stems

In the author’s laboratory, 1sotopically labeled ergothioneme has been
conyenlently prepared biosynthetically and used n biologieal tracer expen
ments L-Ergothionemne 2 C¥ can be synthesized by Neurospora from
histidine 2 € without dilution of the isotope, while methyl labeled (¢
ergothionemne can be prepared smlarly from methyl labeled C* methionine
(Melville et al , 1957) In experiments in which 1t 1s desirable to label both
the 1mdazole ring and the methyl groups, C* formate 1s used as the
biologieal precursor 8% Ergothioneme of high specifie activity can be
prepared economically by growing Neurospora i a medwmm to which car
rier free $% sulfate has been added (Melwille et al , 1956)

8 Properties

a Physical Ergothioneme 1s a colorless, odorless substance which 1s
moderately soluble 1n cold water, very soluble n hot water, only shghtly
soluble m ethanol and msoluble m nonpolar solvents It erystalhzes as
platelets of the dihydrate from water, and as needles or prisms of the
anhydrous form from aqueous ethanol The anhy drous material melts with
decomposition at 256-257°C  (corrected) n the capillary tube and chars
but does not melt up to 300° on the micro stage The optical actrvity of
aqueous solutions has been given as [a], -+110° (Tanret, 1909) and lalt
+116° (Newton ef af , 1927) The configuration of the a carbon atom is
apparently the same as the L series of amino acids, smce the synthetic
material, although showing « lower optical actiity, 15 also dextrorotatory
The ultraviolet absorption spectrum n water displays a sngle peak at
257-258 mp (Holiday, 1930, Heath ef al , 1951a) and a molar absorptiuity
of approximately 16,000 The higher absorption given by Holiday 1s ap
parently 1 error The effect of pH on the ultras iolet absorption has been
studied (Heath and Toenmis, 1958) In 95% ethanol the peah 15 shifted
to 264 myu (Melville et al , 1955b)

b Chemical Ergothioneme behaves as a rather weakh monoacidic base
Aqueous solutions are essentially neutral to Iitmus It forms stable salts
with hvdrochlorie, sulfure, and phosphoric aaids but 15 not precipitated
by pieric acid (Tanret, 1909) except from highly concentrated solutions
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(Hunter and Tagles, 1025) The hydrochlonide can be crystallized as the
anhydrous salt, the monohydrate, or the dihydrate It 15 convemently
comverted to the anhydrous free base by crystalization from aqueous
pynidine (Benedict et al, 1926) The two most characteristic chemcal
reactions of ergothionemne are the ready ovidation of the sulfur atom and
the lability of the trimethy lammonium radical toward alkah Both of these
reactions have been of great value not only in the determmation of the
structure of ergothioneme, but also m the development of methods of
annlysis and 1n biochemucal mvestigations with the isotopically labeled
compound

The formation of thiolurocame acid and trimethylamine by the treat
ment of ergothioneine with hot, concentrated alkal has already been con
sidered (Section IV, 1,a) Aside from this reaction, most of the chermcal
reactions shown by ergothionene are those due to the presence of the 2
thiolimidazole ring system (also called 2 mercaptoimidazole, 2 mercapto
glyoxaline, or 2(3H) imdazolethione) Two color reactions shown by
ergothioneine and ty preal of this class of compounds are the formation of a
deep red color with gold salts (Tanret, 1909) and a yellow addition complex
with sulfur dioxide (Balaban and XKing, 1927) An excellent review of the
chemstry of imidazole compounds including the thiolmidazoles 1s ayail
able (Hofmann, 1953)

The presence of a sulfur atom on the wmidine carbon of the 1midazole
ring makes possible two tautorueric modifications the 1mdazolethiol and
1midazolethione structures (VI)

CH==C—CH,—CH—CO00" CH=—=C—CH—CH—CO0~
N\ /NH N(CH,):* = HN\ /NH N(CHy)s*
{ |
bu ¢
Thiol [\D)] Thione

Infrared abeorption data for 1 methyl 2 mercaptommidazole mdicate that
this compound exists entirely in the thione form n chloroform solution
(Etthinger, 1950) Studies by Lawson and Morley (1956) on the ultrasolet
absorption characteristies of 2 mercaptoimidazoles suggest that the absorp
tion peak i the region of 260 mu which 15 common to this elass of com
pounds, 15 due to the presence of the thione form, ehmination of this struc-
tural form by alkylation of the sulfur atom changes the position and
mtensity of the absorption peak It seems likely that ergothioneme ewsts
chiefly as the thione, which 1s m equilibrium with the thiol form A study
of the Riman or infrared spectrum of ergothioneine would be valuable 1n
this connection It 15 known that the sulfur does not exhibit some of the
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a (¥ from pL thiollistidine @-C4 by this method The labeled thiolhistidime
was prepared from ethyl acetarmdocyancacetate 2 C* and 2 mercapte
4(5) diethv]immoimidazole Borsook ef al (1950) prepared © thiolhistidine
2 ¢ from NaC*N by the method of Ashley and Harington Other syntheses
of nomsotopic thiolhstidine have been deseribed by Harmgton and Over
hoff (1933), Dey (1937), Hegedus (1955), and Marei and Raphael (1908)
The synthesis of 4 methylergothionemne has been published by Heath et al
(1951b), this compound <hould be of mnterest as a possible antagonst of
ergothioneme 1 biological systems

In the author’s laboratory, 1sotopically labeled ergothioneme has been
convenently prepared biosynthetically and used m biological tracer exper
ments L Ergothioneme 2 C* can be synthesized by Neurospora from
histidine 2 € without dilution of the 1sotope, while methyl labeled C*
ergothioneme can be prepared similarly from methyl labeled C* methionie
(Melville ef al , 1957) In experiments m which 1t 1s desirable to label both
the wmdazole ming and the methyl groups, C* formate 15 used as the
biological precursor S% Brgothioneme of high speafic actity can be
prepared economically by growing Neurospora n a medum to which car
rier free 8% sulfate has been added (Melville et al , 1956)

S Properiies

a Physical Ergothioneme 15 a colorless, odorless substance which 18
moderately soluble m cold water, very soluble m hot water, only slightly
soluble m ethanol, and msoluble m nonpolar solvents It crystallzes as
platelets of the dihydrate from water and as needles or prisms of the
anhydrous form from aqueous ethanol The anhydrous matenal melts with
decomposition at 256-257°C (corrected) mn the capillary tube and chars
but does not melt up to 300° on the micro stage The optical activity of
aqueous solutions has been given as [a], 4-110° (Tanret, 1909) and [ols'
4-116° (Newton ef ol, 1927) The configuration of the « carbon atom 18
apparently the same as the L sertes of ammo acids, smee the synthebe
matertal, although showing a lower optical activity, 1s also dextrorotatory
The ultraviolet absorption spectrum m water displiys v single peah at
257-258 mu (Hohday, 1930, Heath et af , 1951a) and a molar absorptrity
of approuimately 16,000 The hugher absorption given by Holiday 18 2P
parently i error The effect of pH on the ultraviolet absorption has been
studied (Heath and Toenmes, 1958) In 95% ethanol the peak 15 shifted
to 264 mp (Melville et ol , 1955b)

b Chemical Ergothioneme behaves 1s o rather weak monoacidic base
Aqueous solutions are escentially neutral to htmus It forms stable salts
with hydrochlore, sulfurie, and phosphoric acds, but 1s not preclpxtated
by prenne aad (Tanret, 1909) except from hughly concentrated solutions
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(Hunter and Dagles, 1925) The hydrochlonde can be crystallized as the
anhydrous salt, the monohydrate, or the dihydrate It 15 convemently
converted to the anhydrous free base by crystaliization from aqueous
pyndine (Benedict et af , 1926) The two most charactenstie chemical
reactions of ergothioneme are the ready oxidation of the <ulfur atom and
the lability of the tnmethylammonim radical toward alkali Both of these
reactions have been of great value not only 1 the determination of the
structure of ergothioneme, but also 1n the development of methods of
analysis and m brochemucal mvestigations with the isotopically labeled
compound

The formation of thiolurocanic 2eid and trnethylamine by the treat
ment of ergothioneine with hot, concentrated alhnl has already been con
sidered (Section IV, 1a) Aside from this reaction, most of the chemical
reactions shown by ergothioneine are those due to the presence of the 2
thiolimidazole ring system (also called 2 mercaptoimdazole, 2 mercapto
glyoxaline or 2(3H) imdazolethione) Two color reactions shown by
ergothioneine and typical of this class of compounds are the formation of a
deep red color with gold =alts (Tanret, 1909) and 1 y ellow addition complex
with sulfur dioade (Balaban and King, 1927) An excellent review of the
chemstry of 1midazole compounds, ncluding the thiohmidazoles s avail
able (Hofmann, 1953)

The presence of a sulfur o on the amdime carbon of the 1mdazole
ning makes possible two tautomerie modifications, the imidazolethiol and
mudazolethione structures (VI)

?Hzﬁ—( H,—CH—CO0O0~ CH=—0—CH;—CH—(00~
N NH N(CH,)+ HN NH (CHs)*
N/ = N,/
C [}
b 4
Thiol [\'29] Thione

Infrired absorption data for 1 methyl 2 mercaptommidazole indieate that
this compound exists entirely 1 the thione form m chloroform solution
(Etthnger 1950) Studies by Lawson wnd Morley (1956) on the ultraytolet
abuorption characteristics of 2 mereaptoimdazoles suggest that the absorp
tion peak 1n the region of 260 mu, which 1s common to this class of com
pounds, 1s due to the presence of the thione form, ehmnation of this strue
tural form by alkylation of the sulfur atom changes the position and
miensity of the absorption peak It seems likely that ergothioneme exists
chuefly s the thione, which 18 in ¢qulibrium with the thiol form A studs
of the Raman ot mfrared spectrum of ergothioneme would be valuable i
this connection Tt 1s hnown that the sulfur does not exhibit some of the
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14 from D1 thiolhistidine & C* by this method The labeled thiolhistidine
s prepared from ethyl acetarmdocyanoacetate 2 C** and 2 mercapto
) drethvlammommdazole Borsook et al (1950) prepared v thiolmstidine
4 from NaCHN by the method of Ashley and Harmgton Other syntheses
womsotopic thiolhistidine have been described by Harington and Over
f (1933), Dey (1937), Hegedus (1955), and Mare: and Raphael (1958)
s synthesis of 4 methylergothioneine has been published by Heath ef f
51b) this compound should be of mterest as a possible antagomst of
othioneine 1n biological systems
n the author’s laboratory, 1sotopically labeled ergothioneme has been
vemently prepared biosy nthetically and used m biological tracer expen
nts 1 Frgothonemne 2 ¢4 can be synthesized by Neurospora from
1dime 2 C4 without dilution of the 1sotope, while methyl labeled CY
othioneine can be prepared similarly from methyl labeled C'* methionne
elulle ef al , 1957) In experiments m which 1t 15 desirable to label both
mudazole rng and the methyl groups, C formate 1s used as the
logical precursor §% Ergothioneme of high speafic activity can be
pared economically by growing Neurospora n a medium to which e
- free §% sulfate has been added (Melville e al , 1956)

3 Propertzes

t Physical Ergothioneme 15 a colorless, odorless substance which 15
derately <oluble m cold water, very soluble 1n hot water, only shghtly
uble mn ethanol, and soluble . nonpolar solvents It crystallizes a3
telets of the dihydrate from water, and as needles or prisms of the
1ydrous form from aqueous ethanol The anhydrous materal melts with
omposition ot 256-257°C (corrected) m the capillary tube and chars
> does not melt up to 300° on the mucro stage The optical activity of
1e0us solutions has been given as [a, +110° (Tanret, 1909) and ol
[16° (Newton et ol , 1927) The configuration of the « carbon atom 15
parently the same as the L semes of axmno acids, since the synthetic
ternal, although showing a lower optical activity, 1s also dextrorotatory
¢ ultraviolet absorption spectrum in water displays a <ngle peak at
7-258 my (Holday, 1930, Heath et ol , 1951a) and a molar absorptrs ity
approumately 16,000 The higher absorption given by Hohday 18 P
rently m error The effect of pH on the ultrayiolet absorption has beett
idhed (Heath and Toennies, 1958) In 5% ethanol the peak s <hfted
264 mu (Melville et al , 1955b)

) Chemical Ergothioneme behaves as a rather weak monoacidie base
ueous solutions are essentially neutral to Litmus It forms stable slts
h hydrochlorie, sulfune, and phosphoric acids but 1s not Prec’plmted
peric aad (Tnret, 1909) except from lughly concentrated solutions



ERGOTHIONEINE 165

inter and Eagles, 1925) The hydrochlonde can be erystallized as the
iydrous siit, the monohydrate, or the dihydrate It 13 conv eniently
verted to the anhydrous free base by crystallization from aqueous
1dine (Benediet ¢f al, 1926) The two most characteristic chemucal
ctions of ergothioncine are the ready ovidation of the sulfur atom and
lability of the trimethylammonium radical toward alkah Both of these
ctions have been of great value not only 1 the determination of the
seture of ergothioneine, but al<o n the development of methods of
lyws nd m bochemieal investigations with the 1cotopieally labeled
apound

Fhe formation of thioluroeame acid and {nmethylamine by the treat
nt of ergothioneme with hot, concentrated alkali has «iready been con
ered (Section IV, 1,2) A=de from this reaction, most of the chemcal
ctions shown by ergothionene are those due to the presence of the 2
ohmidazole ring system (also called 2 mercaptoimdazole 2 mercapto
oxaline, or 2(3H) imidazolethione) Two color reactions shown by
othionemne and typical of this class of compounds are the formation of «
'p red color with gold salts (Tanret, 1909) and a yellow addition complex
h sulfur dioxide (Balaban and King, 1927) An excellent review of the
mustry of imidazole compounds, ncluding the thiohmidazoles, 1s avail
e {Hofmann, 1953)

The presence of a sulfur atom on the amidine carbon of the 1mdazole
g makes possible two tautomeric modifications, the imidazolethiol and
idazolethione structures (VI)

(l)H=:(|3—CHz~CH— €00~ CH==C—CH —CH~—CO00-~
NH N(CH,):+ HN NH N{CHa),*
N (CHa)y - N {CHa)y
i g
L {
Thiol D Thione

Infrared absorption data for 1 methyl 2 mercaptoimdazole indicate that
1> compound exists entirely mn the thione form m chloroform solution
ttinger 1950) Studies by Lawson and Morley (1956) on the ultr wiolet
sorption characteristics of 2 mercaptc dazoles suggest that the absorp
m peak 1n the region of 260 mg which 15 common to this class of com-
nnds, 18 due to the presence of the thione form, elimination of this struc
ral form by alkylation of the sulfur atom changes the position and
tensity of the absorption peak It seems likely that ergothioneme exists
uefly as the thione which 18 1 equilibrum with the thiol form A study
the Raman or mirared speetrum of ergothioneine wonld be valuable m
us connection It 1 known that the sulfur does not exhibit some of the
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typical reactions of ahphatie sulfhydry) compounds, for exumple, crgo
thionemne gives negative results m the mtroprosside test (Hunter and
Eagles, 1925} and 1 the Sullivan test for cystme (Sullnvan, 1929} It does
however, reuct positivelv i the sodwum azide 10dime test for sulfur com
pounds (I'riedmann, 1936), and adds to DPN (van Eys and Kiplan, 1957)

The presence of the sulfur ntom al<o affects the basterty of the mudazolc
nng The normal basie properties of mmdazoles e not apprent m the
thiolittudazoles, in fact the ring system 1s <omewhat acidic The presence
of the quaternary mmonium group 1n ergothioneme 18 responsible for the
formation of salts of ergothioneine, <uch as the chloroplatinate and phos
photungstate

The chemucal revctivity of the sulfur atom of ergothionemne shows some
marhed differences when compared with the sulfur of ¢ysteme or glutathy
one  Although ergothioneme 1s comparatively stable toward hot mneral
acid (Hunter and Egles, 1925), the stabilty ot the sulfur toward strong
alkalt 1s remarkable Under severe alhaline conditions which reqdily spht
sulfur from cystemne 1s morganie sulfide, ergothionesne loses trimethy lamine
but the thiolimidazole portion of the molecule remains essentially wtact,
ind thiolurocame aeid can be recovered in good vield (Barger and Lwine
1911} Pethips even more remarhable 1s the sensitivity of the sulfur atom
toward ovidizing agents This 1s exemplified by the ready formation of
sulfurie aeid when ergothioneme 1s treated with bromine water (Barger and
Ewms, 1911) This property 15 characterstic of thiones but not of aliphitre
sulfhy dryl compounds such as ¢y steme and glutathione (Blumentha) and
Clarke, 1935) Other oaadizing agents which have been shown te effect the
same reaction nclude ferne 1on, permanganate, and hy drogen peroside

The ease with which the sulfur 15 oxidatively spht from crgothioncine
has made difficult the prepar wtion of the disulfide form of the compound

N~—C—CH,—CH—-CO00~

~00C—CH-—~CH—C: N,
AN

7
C—8-5~C" ﬂ
(CHg)aN* H—NH NH~CH N(CH)*
Ergothoneine disulfide

Barger and Ewins (1911) mention that they obtamed the disulfide by
treatment of ergothioneine with sodme The produet of this rexction was
obtamed as black, steel griy, or bluc ery stals which contuned 10dme Hos
et er, no substantiating dat were published Recently Heath ind Loennies
(1958) succecded m prepaning the disulfide It possesses some wteresting
chemical properties The compound was obtamed 1s a dchqucxce?t, yellow,
amorphous diby drachlorde 1fter oxidation of ergothionene m 5 HClw 1‘th
the theoretical amount of hydrogen peroide The product 15 unstable,
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omposing mst intly m wlk th and slowly 1w ater, to give 60~70 % of the
suntof ergothionemewhich could be obt uned by reduction It 1s probble
t the breahdown 15 sumular to that obsery ed by Balaban and King (1927)
a thiohmidzole disuifide wineh underwent hydrolytie fission of the
lfide bond 1 the presence of alhal, according to the following equation

2RSSR + 2H,0 — 3RSH + RH + SO;

n the ¢1se of ergothioneme disulfide the products would be ergothioneme,
cymne, nd sulfur dioude

Icath and Toenmes found that crgothionemne disulfide was readaly re
ed to ergothioneine by cysteme, with the concomutant formation of
tine When the imount of cysteme used for the reduction was restricted,
unstable ergothioneine cystemne disulfide was obtuned, which on further
wtment with eystemne yielded ergothonemne and cystme A mived di
fide between ergothionemne and glutathione was obtamed mn sl
hion The reverse reaction, the reduction of glutathione diwsulfide by
othionemne did not oceur No disulfide nterchange between ergothio-
ne disulfide and cystimne could be detected

“rgothionemne disulfide dihy drochlonde 1s stable only 1 aleohol strongly
d solution, or as the dry salt Chromatography on 1on exchange resin or
mma causes decomposition The compound gives 4 positive Hunter
20 test, with a color value 65~70 % of that given by ergothioneme this
indoubtedly oving to hydrolytic breakhdown to ergothioneme under the
wditions of the test These data show that 1t would be mmpossible to
late the disulfide from natural matenals with the procedures used at
> ent It 15 alo evident that ergothionemme disulfide, m contrast to
trthione disulfide cannot accumulate to any significant extent n tissues
rthermore, crgothioneme 15 much more resistant to oxidation by perovide
molecular oxygen at phy<10logical pH's than in strong acid (as contrasted
glutathione which shows the reverse behavior) It may well be thit the
yor function of ergothioneme m animal tissues 1s not divectly concerned
th oxidation reduction mechamsms It 1s now evident that the oudation
luction potential of ergothionemne as determmed by potentiometric
ration (Ryklan and Schmdt, 1944) may be of little value

The facile oidation of ergothioneme by various reagents can lead to
erference m the quantitative determimnation of other compounds bv
iditrve procedures The ongnal dicovery of ergothoneme m blood was
sed on 1ts oxidation by the arcenophosphotungstic acid reagent used to
termine uric wid It 15 also ovidized by the Tolin Wu alkalme copper
agent and thus interferes to a shght extent with the blood sugar deter
mation (Benedict and Newton, 1929¢) The effect of ergothioneine on the
dometrie determination of glutathione has been studied by Lueis and
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King (1932) and Woodward and Fry (1932), who found that the presence
of ergothioneme caused some error in the determimtion, but this s ap
parently small under the conditions which are most switable for the de
termmation of glutathione The latter authors showed that the presence of
glutathione catalyzes the oxidation of ergothioneme by 1odine or fern
cyanide A similar catalytic effect of glutathione was noted by Benedict
and Gottschall (1932) i the oudation of ergothioneme with phospho
molybdie acid or eupric 1on In contrast, Pirie (1933b) showed that neither
cysteme nor glutathione catalyzed the ovidation of ergothioneme by
hydrogen perovide, but ergothioneme was an effective catalyst for the
sudation of eysteine by hydrogen peroide

The possibility of interference by ergothioneme m the estimation of
ascorbre acid should be stressed For example, Mann and Leone (1953)
found that almost all of the reducing activity of boar semen toward 2,6
dichlorophenolindophenol could be accounted for by the ergothioneme
which was present With the recognition that ergothioneme oceurs normally
m many tissues besides blood (Melwville et al , 1954), and i relatn ely ligh
oncentrations m some, the effect of its presence on ascorbic acid determina
tions by the dichlorophenolindophenol method must be Lept mn mind The
use of p chloromercuribenzoate has been proposed by Owen and Iggo (1956)
to mimmize the effect of ergothionemne and other thiols

V MgerHoDS OF DETERMINATION

As with many other substances of biochemical nterest, progress n the
study of ergothioneme has been heavily dependent on the availability of
1dequate analytical methods For many years after the discovery of ergo-
hioneme m blood, the procedures which had been developed for 1ts estima
101 were suttable for use only with blood, and they suffered from serious
ymitations even with blood In recent years, blood methods have been
mproved, and, more mportantly, chromatographic methods for the detec
1on and quantitative determination of ergothioneine have been dev eloped
vhich are applicable not only to blood, but also to many other tissues and
sological materials These have been essential for studies on the occurrence,
Listribution, and biosynthesis of ¢rgothioneine 1 various orgimsms

1 Quantitatue Blood Methods

The first method used for the quantitative determnunation of ergothio
remme was based on 1its oxidation wath arsenophosphotungstic and, the
eagent developed by Benedict for the determination of blood unc acd
Bulmer ef al, 1925, Benedict, 1925) A later modificatton (Behre nd
Benedict, 1929, Behre, 1932) gave considerably lower values because of
mproved specifieity for ergothionemne In this method, uric acid and ergo



ERCOTHIONEINE 169

ieme are precipitated from blood filtrates with silver, the uric acid 18
ned by extraction with HOl NaCl, and ergothwonemne 1n the residue
termined colormetriclly with the urec acid reagent An mherent dis
ntage of the method 1s the nonspeeific oidizing nature of the reagent
diuzo procedure developed by Hunter (1928) has an advantage in this
et In this method, ergothioneme 1s coupled with diazotized sulfanihie
and the yellow product 1s treated with strong alkali This causes the
ation of 1 bluish red color by liberating trimethylamme from the
ling product (Hunter, 1930) No other naturally occurring compounds
.nown which react 1n this fashion to give the typical magenta color
med with ergothioncine (Lawson et al , 1951) Thiolurocame acid gives
same magenta colored compound as ergothionemne, but this occurs im
ately on coupling with the diazo reagent, without the necessity for
'ment with alkall Lawson ef al have proposed the following strueture
he colored product

'0;S—®‘l\=ﬂN—?m?—CH=CH——COO-

N NH

\C/

&

olor formation does not occur when the sulfur atom carmes an alkyl
tituent The reaction with ergothioneine 18 very sensitive a detectable
r 1s produced at a concentration of one part in 5 000,000 When applied
mxtures such as blood the reaction suffers from the serious drawback
. many other substances (e g tyrosine and hustidine) give yellow to
1ge products while some substances (e g cystemne) inhibit the color
aation from ergothioneme itselfl The development of a satisfactory
ytical method 1s therefore essentially 2 problem of remoy ing mterfermg
stances, without loss of ergothioneme, before ipplication of the color
hon

osses of ergoth n the pr of blood protemns have been
enenced The usual tungstic acid reagent 1s unsatisfactory because of

(Benedict et al , 1926) Molybdic acid (Benedict and Newton, 1929a,
tre and Benedict, 1929 Hunter 1949) and tungstomolybdic acid (Bene
. and Newton, 1929b, Salt 1931) give better recoveries More recent
hods hive used heat coagulation m acid solution (Hunter, 1949), or
cipitation with uramum mtrate (Touster, 1951) or trichloroacetic acid
elville and Lubschez 1953), for the removal of protems
lecanse of 1ts mherent advantages, the Hunter diazo reaction has been
d more extensvely than any other method However, the orgmnl
cedure (Hunter, 1928) does not always give satisfactory results par
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ticularly with blood svmples contammng low levels of ergothoneme At
tempts to make the reaction more unversally appheable to all hinds of
bloods have resuited m the publication of several modified procedures
Hunter (1948) published 1n improved procedure in which basic lead acetate
18 used to remove mterfering substances, while Lawson et al (1950) pre
cipitated ergothioneme with 1odobwsmuthous aed prior to color develop
ment Lawson ef al reduced mterference by usmg red cells rather than
whole blood, and Fraser (1951) used washed cells This 1s permissihle <inee
no ergothioneine can be detected 1 plasma and none 1s lost m washing the
cells Early wn the author’s stud es on ergothioneme, expenences with
vartous method- retealed unsatisfactory results with some blood samples,
50 a new procedure was devised (Melville and Iuhschez, 1953) In this
procedure, washed cells are lysed and tre ited with glutathione and hydro
sulfite, proteins are precipitated with trichloroacetic acid, and mterfering
substances are removed from the filtrate by extriction with chloroform
and absorption on an 10n exchnnge resm The Hunter diazo reaction
modified form 1s carrted out on the resulting solution All bloods tested,
except avian blood, give colors characteristic of pure ergothioneme with
excellent recoveries and creased sensitivity

Latner (1948) described m a prehmmary communication the appheation
of the diazo reaction after the treatment of ultrifilirates of blood or plasma
with strong alhali Touster (1951) made use of the reaction of ergothioneine
with bromine water to form morganic sulfate, which was determmed
colonmetrically Quantitative recovcries were not obtuned Ohara et al
(1952) determmed the amount of sulfate produced from blood and tissues
by oxidation with alkahne peroxide TJocelyn (1958) has determuned free
and ‘bound” ¢rgothioneme n blood and protemns by a method based on the
estimation of trimethylamine released by heating the material with strong
alkali The validity of resultsobtaimed with the & methods cannot beasessed
at this tume <ince the beence of mterfering substances has not 1 the
reviewer s opmion, been adequatcly demonstrated

1t should be pointed out that all of the methods discussed so f1r may, m
wome mstances give values which are erroneously high Boldndge wd
Lewss (1953) have abtamed evidence for the presence i blood cells of 1
substance, other than ergothioneme, whith gives a red color m the dizo
test Furthermore, 4 companson of results from the direct method of
Melvalle and Lubschez with those obtained by a more sensity e and spenific
chromatographic procedure (see below) showed that m the cse of several
rat blood samples the ergothioneme content by the chromatographic
procedure was only 50-70 % of that obtamed by the dureet method

In spite of the remmumng maccuractes and limitations of the direct
methods, they wre m genernl quite suitable for routime analy tial work for
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many kinds of studies A companson of the methods of Hunter, Lanson
et al , and Mehille wid Lubscher shows reasonable correlation The column
chromatogriphic procedure, while giving more rehable results, 1s not as
suitable for numerous routine analyses

2 General Quantitatie Methods

Attempts to apply the blood methods to tissue analysts usually fail be
cause of mcomplete separition of interfering substances Heath et al (1902),
i determuning ergothionemne 1 rat tissues by the lodobismuthous acid
methed found 1t necessary to use s ‘blanks’ the tissues from nimals
presumably free of ergothioneme Severil tissues were examined by Ohara
and associates for alkalme peroxide labile sulfur, but it scems doubtiul
that the results represent true ergothioneme values Melville and Lubschez
(1953) modified their blood method to permut analysts of tissues, but
satifactorv results were obtamed with only a few tissues The ampero
metric titration of ergothioneine has been deseribed (Benesch and Benesch,
1948) but 1s not sufficiently <ensitive Because of the obvious need for
more universal method, considerable time was spent m the author’s lab
oratory on this problem The method which was devised 15 essentially one
of chromatography on an alumma column, with a water ethanol formic
acd muxture as the developing solvent (Meluitle and Horner, 1953 Mel
ville et al , 1954) Tractions are collected automatically and ergothioneme
15 estimated by means of the modified Hunter diazo reaction (Melville and
Tubschez, 1953) The method 1s satisfactory for the analvsis of blood and
most tissues s well as other biological matenals A five to tenfold increase
m sensitivity over the direct blood methods 1s possible, permitting deter
minations of levels as low as 005 mg per 100 gm of tissue There 1s also
greater certainty that only ergothioneme 1s being measured When mterfer
ing material 15 bothersome, 1t 15 frequently possible to separate 1t by
modifying the alcohol or acid content of the developmg solvent A tymeal
chromatogram showing the separation of ergothioneme irem the ammo
aeids of rat liver, 15 shown mn Fig 1

3 Qualilatie Methods

Paper chromatography has proved a cony enient tool for the detection of
ergothioneme 1n a varety of biological matenals Instances of its apphea
tion to ergothioneine can be found m papers by Work (1949) Woolf (1949)
Lawson et al (1950), Ames and Mitchell (1952), Baldndge and Lew:s
(1953) Heath (1953), Mann and Leone (1953), and Mackenzie and Mac
henzie (1957) The last authors make the interesting observation that
ergothioneme appears to undergo chemieal change m the electrolytic de
salting ptocedure frequently used prior to chromatography For visuahiza
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tion of ergothioneine on paper, most workers have used the Hunter diazo
reaction, preferably 1 conjunction with other color tests Some of the
reagents which have been used mclude the Folin Marenz reagent (Lawson
et al, 1950), the Pauly reagent (Ames and Matehell, 1952), 2,6 dichloro
quinone chlorommude (Heath, 1953), 2,6 dichlorophenalindophenol, phos
photungstic acid, ammomacal silver, ultrayiolet absorption (Mann and
Leone, 1953), and the sodum azide 10dme reagent (Smith and Tuller, 1955)
Benesch et al (1956) used N ethylmaleimide to form o pmk color with
ergothioneme and other sulfur compounds n nonaqueous, alkahne solu
tion, but Alexander (1958) found that ergothioneme did not react mn
neutral, aqueous solution
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VI Axmar ERGOTHIONEINE

1 Dustribution

Severnl mvestigations have pomnted to the ubiquitous nature of ergo
thioneme 1 ammals The work of Bulmer et al (1925), Hunter (1928), and
Christman ef al (1944) demonstrated 1ts presence n the red cells of 2
varety of mammals It also oceurs in birds (Hunter, 1928, Gullandf :;;)d
Peters, 1930), and has recently been 1dentified as 2 const_ntuent o hle
marmne crab, Lemulus polyphemus (Ackermann and Last, 1958) In higher
anmals, ergothioneme has been found in the bone marrow of the hu;lnarr:
(Fraser, 1951) and the rat (Lutwak Mann, 1952), and 1n surpnsingly lﬁd
concentrations m the seminal vesicular secretion of the pig (Mlnmllgﬂﬁ)
Leone, 1953) and the ampullar secretion of the horse (Mann et a?, 159
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The presence of ergothioneme 1 human urime has been studied, but the
results were variable Sullivan and Hess (1933) reported the 1isolation of
the compound from urine, and Work (1949) detected 1t by paper chroma
tography However, Woolf (1949) and Lawson efal (1950) could find none
It scems hikely that the conflicting results can be explamed by individual
yanations m the imounts excreted

Until recently, the lach of smtable analytical methods precluded defim
tive systematic studies on body tissues Henth et al (1952) exammed the
liver, hadney, «nd spleen of the rat, but found no ergothioneme escept in
ammnls to which the compound had been dmimstered by feeding or by
mjection After the administration of $% ergothionemne to rats, Heath (1953)
found radioactivity 1n many tissues Melville et al (1954) apphed therr

TABLE I
TI'reoTrIONEINE LEVELS IN ANmAL TI83UES
Ergo
Frgothionerne {hionene
Tissue Tassue
Rat | Rabbit , Dog I Cat Rat
Tver 133 03 09 27 | Sheletal muscle 07
Blood cells 10 4 100 66 29 | Intestines 06
Kidneys 43 03 16 31 | Stomach 04
Heart 15 27 89 00 | Seminal vesicles 00
Lungs 15 043 06 08 | Bran 00
Spleen 11 10 11 — Blood plasma 00
Testes 00 01 0o 00

Values are expressed as m lligrams per 100 gm fresh tisue

method of column chromatography to the tissues of rats which had been
mamtamed on stockh laboratory diets and found ergothionetne to be a
normal constituent of many tissues Large vamations 1n the concentration
of ergothioneine among different tissues were observed with hiver showing
even higher levels than the blood cells Comparative studies on other species
would be lghlv desirable M Exner and D Kartchner m the wthor's
laboratory have exammed a lmited number of species with mteresting
results (Table I) These anilyses were performed on tissues from antmals
which had been perfused until esscntially blood free It can be seen that
there 15 a marked varation in the distribution pattern among the different
species Laver, which 15 characteristically rich n ergothionemne 1 the rat,
shows very low levels in the rabbit and dog The difference between heart
tissue of the cat and dog 15 ~tnkmg Blood cells m all four animals contam
appreciable quantities whilke some tissues contan uniformly low concentra
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tions Further studies might well uncover a relationship betw een ergothio
nene and metabohic patterns of the tissues

The mtracellular distribution of ergothioneme was studied 1 the case
of rat hiver (Mehille ¢f o, 1954) It appears that essentially Wi of the
determinable ¢rgothioneme 15 associated with the cytoplasmic fraction of
the vells and 15 present in unbound form Whether bound ergothioneme
evsts m body tissues 15 not defimitely known Ohara et al (1952) found
peroside labile sultur an serum, and Jocelyn (1958) obtamed trimethy 1
amine from plisma protews and red cell proteins 1hat these produets come
from ergothioneme m the proteins has not been proved Recent evidence
(Ackermann ef al , 1959) suggests that hercymme 15 present m blood, this
compound aiso yields trimethylamime on treatment with alhalt It s known
that the diazo test gives negative results with plasma Melhvlle et al (1956)
have shown that commerrial bovine bumin preparations contam ergo
thioneme, but this 1s wn nconstant occurrence and can very hkely be
ascribed to hemolysis M Ludwig m the author’s laboratory mjected 5%
ergothioneme mto a rit, daly for 3 weehs and 9 days later ¢xamned the
blood for radioactivity None was found 1n the plasma The red cills were
highly radioietive, but on lysts and dialysis none remained with the cell
protemn It 13 obvious that exogenous ¢rgothioneme must transitonly ap
pear 1 the plasma during its nssimlation, but clear cut evidence for the
presence of ergothioneme bound to protem by other than nonspecific mter
actions 1s still lacking This important point deserves further study

2 Physilogical Varafions

Up to the present tume, practically all studies of vanations in ergothio
neme levels have been hmited to blood It has long been known that blood
levels vary widelv, not only among speees, but also among individuals
withmn a species Table IT, compiled from Hunter (1928) and other sources
Hlustrates these facts Some of the factors which control blood ergothio
neine levels have been discovered, but others remain unknown

a Diet That diet can affect blood levels has been recogmzed for miwy
yewrs The work of Fagles wnd Vars (1928), showng thit the mclusion of
corn m the diet of pgs mereased the ergothioneme content of the blood,
w s followed by the studies of Potter and Franke (1935) demonstrating the
vanvng effectiy eness of different cereal grains m producing thes effect 1w
rate Corn oats, ind wheat caused ncreased levels over those found with
barley or potito, although different sumples of outs gue v irable results
In contrast, Hunter (1951) was unable to find wny sigmficant effect of com
n mereasing the blood «rgothioneme levels of either pigs or rats More

Baldridge and Lewss (1953} could detect no ergothionerne at

Sabnsnel: n fed oats or com Afelsifle el al

all n the blood of rats which had bee
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(1955b) were unable to show any effcct with the corn proten, zem, but did
demonstrate the nppearance of low levels of ergothioneme 1 the blood of
rats mamtained on purified diets to which corn or an extract of corn had
been 1dded Baldridge and Lewis (1953) found that rabbits winch were fed
a dict of cabbage and oats developed igh levels of ergothioneme i the
blood, and Baldndge (1955) showed that this effect was due to the oats

Contrasted with these conflicting observations are the umform results
obtained by several groups <howing that purfied diets cause decreases in
blood ergothioneme levels 1 pigs (I agles and Vars 1028), rabbats (Spacer
et al, 1951 Baldrdge and Lewss, 1953, Baildndge, 1955), and rats (Mel
ville et @l 1954) The rats studied by Mclville and associates had been
muntamed on cncem contmnmg diets for six months, chromatographic
analy«s failed to deteet any ergothioneme etther in the blood or 1 other
fissucs

TABLE IL
NorMat. Broop LreoTmioNeiNe LEvELs
Species Ergothioneine Spectes Ergothioneine
Man 14 Dog 3-6
Rat 16 Ox 052
Ribbit 110 Pig 327
Guine « pig 1-1 Sheep 2-6
Cat 0 52 Fowl 2-10

V liesnee pessed a5 m lhgrams per 100 ml wtole blood

1t 15 well established that dietary ergothioneine gives rise to blood ergo
thioneine (e g Spicer et al 1951) It1s also hnown that concentrations m
the blood are determuned to - large extent by the amount of ergothioneme
m the diet (Melville et al  1955b) However that other dietary factors are
also mvolved 1s indicated by the finding that fortified zem diets permit
more rapid uptake of ergothioneme by red cells than do casemn diets The
reason for this effect 1s not known

b Geography The work of Dagles and Vars (1928) suggests that geo
graphieal location may affect blood ergothioneme levels Hunter (1951) has
championed this idea and has provided datn to show differences m the
blood levels of rats, pigs, and humans in Canada and England For example
value for the human in Edmonton ranged between 25 and 95 mg per
100 m} of blood while n London the range was 1 8 to 4 + It 15 mteresting
thu Fraser (1950) stucied a group of 94 individuals n Edmonton and
tound a range of 2 to 8 mg per 100 m] of blood In theauthor’s experience
blood levels determined on several dozen mdividuals in New York City
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have vaned between 15 and 40 mg per 100 ml of blood, a range sigmifi
cantly lower than the Canadian v wlues obtained by Hunter wnd by Fraser

¢ Age Touster and Yarbro (1952) found higher blood ergothioneme
levels m adult humans than m mfants (54 vs 31 mg %) No significant
differences w various adult age groups were observed by these workers or
by Fraser (1950) Laboratory rats which are fed o stock diet after weanmg
show wcreasmg levels 1n the blood for several weehs, after which a plateau
1steached (Beatty, 1952) Studies on rats which were fed controlled amounts
of ergothioneme show that the rate of mcrease and the final levels are
determmed to 1 large extent by the amount in the diet (Melville ef o ,
1955b) In these experiments, rats were first depleted by feeding 4 casern
diet, and then ergothioneme was added to the diet at levels of 0 001, 0 005,
and 0 01% Ammals on the 0 001 % diet showed barely detectable levels ;n
the blood after 2 months, while those eonsurng the 001% diet showed
values of 3~4 mg % 1n 2 weeks, and 7-9 mg % 1n 6 weeks The 0 005% diet
gave termediate mereases which were simular to those found with stock
diets

d Race Prehminary data suggest that race may have some influence on
blood ergothioneine levels The work of Fraser (1951) on hospital patients
mdicates that Canadiin Indians and Eskimos may hay e tendenetes to show
higher values than the white population The uniformsty of the hosmtal
diets mitigates aganst differences due to dietary regimen dimilbuly,
Touster and Yarbro (1952) studied hospital patients and found a tendency
for higher blood ergothioneme v 1iues n negro patients than m white
paticnts

¢ Sex Whle Potter and Franke (1935) obseryed no signifigant differences
m the blood ergothioneme levels of male and female rats, Hunter (1951)
found shghtly higher levels i females than m males (24 vs 19 mg %)
Machkenzie and Machenzie (1957), on the other hand, showed that the
blood levels 1n female rats reached plateau values in 6 months, but the
levels n male rats continued to ns¢, particularly durmg the age period of
12 to 18 months, until the male levels were twice those of the female (152
vs 75mg %) Most mterestingly, 1t was found that the administration of
testosterone propionate to the females inereased thew blood level to that
characterstic of the males Neither castration nor the admimstration of
estradiol to the males affected the subsequent rise 1n blood lesels That this
sex linked difference does not apply to the human 1s suggested by the worh
of Salt (1931) and Fraser (1950), who detected no differences between the
Jevels 1n men and women J

§ Other Factors Although Hunter (1951) obtaied fairly umform blrzo
Jevels 1n rats and 1n pigs on diets contanmg corn, Melville et ol {1945b)
found rather wide vanations in the blood levels of rats which were mun
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tuned on a casemn diet contaning 0 005 % ergothioneme These levels, which
vaned from 2 to8 mg %, could not be correlated with age, sex, food intake,
or weight gun It would appear that additional, unknown factors are m
volved in regulnting blood ergothioneme levels

Ling and Chow (1953) observed o small merease n blood ergothioneme
in two pernicious anemin patients after the admimstration of vitamin By, ,
along with a larger increase in reduced glutathtone With rats, however,
no effect of vitamin B, on blood or liver ergothioneme could be deteeted
(Reguster, 1954, Bdridge, 1955) Bartlett and Register (1953) studied the
effect of restrunt and = cold enmvironment on blood and Iiver sulfhydryl
compounds n rats Cold, or cold and restraint, produced 2 shght decrease
m the blood ergothioneme levels of the animals, but no sigmfieant change
m hiver ergothioneine

3 Varwations in Disease

Bulmer et al (1925) recorded the first possible connection of blood ergo
thioneine with = pathological condition when they noted the relatively ngh
levels 1n cases of nichel rash ’ among workers m a nickel refinery These
hugh levels were also found mn refinery worhers who had not developed
symptoms This interesting observation has apparently not been pursued
further Not long afterward, Benedict ef al (1926) stated thit diabetic
patients tended to show high blood ergothioneme values, while m nephntis
the tendency was toward normal or unusually low v xlues Salt (1931) found
essentially normal levels in nephritis, but confirmed the tendency toward
high levels in habetes mellitus The analytical methods 1n use at that time
were not hghly speaific However, the cxtensive study by Fraser (1950}
of over a hundred diabetic patients has confirmed the earlier results His
values show an average ergothioneme level of 96 mg per 100 mi of red
blood cells for normal subjects, rompared to 127 mg % for diabetics
Diabetic levels may be normal or low m many cases but there 1s an m
crease 1n the frequency with which high or abnormally high levels oceur
Eraser w1s unable to correlate the high levels in diabetes with the dura
tion or state of control of the disease, or with age sex, blood cholesterol
nonprotemn nitrogen, or ure ncid Beatty (1952) studied expenimental
diabetes 1n rats but was unable to find any significant change 1 the blood
¢rgothioneme levels i alloxn diabetes or after the admimstration of
msuhn or glucagon to pancreatectomzed rats It was found, surphsingly,
that blood ergothioneine levels fell after pancreatectomy The relation of
ergothioneme to diabetes clearly needs further study

The effects of other pathologieal conditions on blood ergothioneine haye
been studied, but not thoroughly enough to establish posttrve effects
Perhaps one exception to this statement 15 the relationship between tuber
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mamed that normal diets contained a factor necessary for the syntheas of
ergothioneme Studies were therefore carned out on ammals subsisting on
stoch diets It was first determined that the mntestmal flora contributed no
significant amounts of ergothionene to the blood This was done by show

ng that Sulfasuvidime added to the diet of rats had no effect on the blood
ergothionene levels, and by showing that chickens rased m a germ free
state exhibited normal blood levels (Melville and Horner, 1953) Then set

eral possible precursors of ergothionemne, Iabeled with radiosotopes, were
admumstered to anmmals and the blood or other tissues were examined for
the presence of radioactive ergothioneme by chromatographie analysis on
alumina columns (Melville et al , 1954) In this fashion, studies were ear
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chromatograms of red cells from rat and guinea pig which had received 5% metht
onine

ried out with histidine 2 €%, thiollustidine 2 C%, methyl labeled C* me
thiomne, 8% methionine, C** glycme, and C** formaldehy de 1n the rat, with
histidime 2 €4 n the chicken, with 8% methionine n the gumnea pig, and
with §% cystine mn the human (Melville ef ol , 1955n) Ty preal results from
two of these experiments are shown m Fig 2 In no case was 1t possible to
detect radioactrvity i the ergothionemne from any of these ammals
Although the characterstically high blood ergothioneine levels e‘dub::cd
by the pig made 1t seem possible that this species did synthestze ergothio
nene, m distmetion to the rat, chicken, gumea pig, wnd human, a fee{ifmlg
experiment with §% methionme and a young bonr was undermkfn by Mel
ville et al (1955b) In contrast to the results of Heath et al (1953), nosn
dence for the presence of radioactivity m the ergothioneme of the bIoz:j [?r
semunal vesicles could be found These conflictng results were resolved by
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Heath ¢t al (1957), who, on repetition of their earlier experiment with the
boar, were unable to detect radioactivity m the 1solated ergothioneine

1t would scem faurly safe to generalize, from the negative results with the
several spectes studied, that higher ammals do not possess the ability to
synthesize ergothioneine Since the ergothioneine of ammal tissues 1s there
fore dietary in onigin, the compound must be present 1n several foodstuffs
Tissue ergothioncine provides a dietary source for carniy orous animals, but
the presence of the compound 1 the blood of herbivorous speeies suggests
that 1t occurs 1 <everal plant materials

VII Poant ERGOTHIONEINE

The pronounced ability of diet to change the blood ergothioneme levels
of ammals has led several mvestigators to examine foodstuffs for ergothn
oneme The finding by Tagles and Vars (1928) that the addition of corn to
the diet of pigs mereased the amount of ergothioneine in the blood prompted
them to examine corn for the presence of the compound From an acd hy
drolyzate of zein they obtamed a brownush red color with the Hunter diazo
test which they ascribed to the possible presence of thiolhistidme, although
they apparently did not test thiolhustidine 1tself Such colors with the diazo
test are highly nonspecific, 1nd Hunter (1951) has shown that corn contaimns
at least two suk lated to thiolimudazoles, which give red eolors
with the reagent These may well explain the results of Eagles and Vars
Failure to detect erther ergothioneine or thiolhistidine 1n plant matenal has
been mentioned by Ashley and Hanngton (1930), Baldrdge and Lewis
(1953), and Melville and Horner (1953) Melville and Horner found that the
usual methods of protem hydrolysms caused extensive destruction of added
thiolhistidine or ergothioneine, which 1s further evidence that the hydroly
zates studied by Eagles and Vars did not contamn these compounds

1 Isolation

Tollowing the demonstration by Baldndge and Lewis (1953) of the
marked ability of oats to serse as a dietary precursor of blood ergothioneme
m rabbits, Melville and Eich (1956) undertook an mvestigation of this gran
and were able to obtamn chromatographic fractions which gave positive di
azo tests for ergothioneme By the application of precipitation and chro
matographic procedures to a 2 kilo sample of rolled oats (Table III), they
were then able to 1solate in crystalline form a substance which was dent1
fied as ergothioneine by several eriteria, mcluding infrared absorption

2 Distribution

The foregomg work, establishing the presence of ergothionemne m oats,
permits the reasonable assumption that 1t 15 present also in other plants
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No proof of this has yet been publshed However, 1t provides the most
strasghtforward esplanation for the abilty of an wjueous acetone extract
of corn to mamtamn blood ergothioncine levels (Melwlle ot al, 1955h)
From the feeding experiments of Potter and Franke (1935) 1t 1 obvious
that the ergothioneine content of different cereal grams varies widely Therr
work suggests that this 1s also true of different samples of oats, and this s
substantiated by dJdata from the author’s laboratory The varations in
ergothioneme content of plants 1n different localities may well explam the
geographical varations i blood levels noted by Hunter (1951) and other~

TABLE III
IsOLATION 0P ERGOTHIONEINE FROM OATS

Lrgothioneine

Fraction Weight content
(wg )
Ground aats 2%kg 34
Fthanohe extract 65 gm 23
T end acetate plirate 34 gm 20
Alymina column—~75% ethanol 857 mg 20
Alymina ¢olumn~75% ethanol 283 mg 15
Cuprous oxide precipitation 82 mg 92
Alymina column~—80% ethanol B 6 mg 72
Crystallization % 3mg $32

3 Ewmdence for Nonsynthests

Bich and Melville (paper 1n preparation for publication) have mvestt
gated the ongwm of plant ergothioneme In this work, sterhized oat sceds
were allowed to grow 1n a sterde atmosphere and in contact wath 4 nutnent
medium contaming high concentrations of 83 sulfate After 2 to & weehs
the plants were extracted with an 1queous solution of nomsotopic ergo
thionemne and the extract wasexamned chromatogriphically for the presence
ot radiactive ergothioneine Several experiments ot this hind were carried
aut, and 1n each case a low order of radioactysity, between 6 and 80 counti
per tunute (¢ pm), was found in the isolated ergothionemme Chemcal
tests mdicated that this actiity was not caused by the presence of

10active 1mpurity
m‘}t 15 probabxl)e that the results of this experment demonstrate the b}\xo
synthesis of ergothonene However, 1t 1» highly questionable “het?er lth:
synthests can be aseribed to the plants Because of the high levels of ra o
actisity used (up to 2 me 1n some expermments), even mnute nmo\x;:;.sbe
ergothioneme svnthesized by contumipating rmieroorganisms woul
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detected (see Section VIII, below) Although my costatic agents were added
to the cultures ind no gross contamination could be detected durmg or at
the end of the expenment, 1t 18 impos«ible to rule out the presence of some
viable cells which survived long enough to produce a trace of ergothioneme
A control experiment m which the 8% sulfate was added at the end of the
growth period yielded ergothioneine with no detectable radwactinity If
the results are n fact due to the synthesis of ergothioneine by the plants,
they demonstrate that the amounts synthesized during the early stages of
growth are exccedingly small However, another factor pomts to nonsyn

thesis bv oats, and that 1> the vanability in ergothioneine content observed
by Potter and Franke (1935), as determuned by ability to mcrease blood
ergothioneine levels In addition to this, Eich and Melville exammed some
samples of ot sceds which contuned no detectable amounts of ergo

thioneme

4 Incorporation of Exogenous Ergothionerne

In lme with the assumption that plant ergothionemne might be exogenous
m ongm, Dich and Melville studied the ability of plants to incorporate
ergothioneme via the roots For this purpose, oat scedlings were suspended
in solutions eontaiming % ergothionemne After 6 hours the lewves were
vemoved from the plants and an extract was made and subjected to chroma
tographic analysis Radioactive ergothioneine was found to be present in
the leaves The 1solated material showed 2000 ¢ p m , compared to a total
of 116,000 ¢ pm 1n the ergothioneme ongually added

This ready incorporation of ergothioneine by oat plants lends support to
the posstahity that plants synthesize httle or no ergothioneine, but obtain
1t from the sol The discovery that many of the fungi commonly found
soil do synthesize ergothioneme (Melville et al, 1956) makes this 1dea
particularly attractive Ergothioneine producing fung are also present
the oat plants themselves, but 1t 1s unlihely that this source can alone
account for the high levels encountered, for example 1n the oat samples
from which ergothioneine was 1solated

VIII MicroBIAL ERGOTHIONEINE

1 Molds

It has long been believed that the ergothioneme of ergot 1s produced by
synthess n the causative fungus, Clarzceps purpurea Confirmation of this
behief was provided by Heath and Wildy (1956) and Ban and Stowell
(1956) who obt uned ergothionemne from € purpurea grown chemically
defined media  Although ergothioneme was ongmally isolated from ergot
(Tanret, 1909), 1t was not until recently that 1t was shown to be present n
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other fungt In searchmg for the origin of plant ergothioneine, Melyille
et al (1956) obtamed species of Alternara and Aspergillus from oat seeds
After the fungi were grown on chemically defined media and hot water
extracts of the mycelta were chromatographed on alumina, positive dizo
tests for ergothioneme were obtawned Several other genera of fung were

TABLE 1V
ErcormoNEINE LEVELS I Funore
Erga E
Organism TE0
& thionemne Orgamsm thionetne

Alternaria lenuis 4 Neurospora crassa 85
Alternaria zinmae 2 Neurospora letrasperma 2
Aspergllus carbonarius 18 Penrcallium notatum 13
Asperqillus miger 12 Paullulara pullulans 34
Mucor mucedo 29

@ Values are expreased aa milligrama per 100 gm. dry weight
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Fic 3 Dutribution of ergothioneine (O) and radicactivity (@) mn nluml?‘n
chromatogram of aqueous extract of dspergullus nager grown 1n the presence of §
sulfate

then exammed by the same techmique, and i all cases evidence for the
presence of ergothioneme was found (Table IV) To establish more firmly
that ergothonemne was responsible for the positive diazo tests, tno fungy,
Aspergillus mager and Neurospora crassa, were grown in the pre-ence of
&% sulfate and analyzed for the presence of radioactive ergothioneine In
both cases, chromatographic analyses indicated that the drzo reacting
substance was radioactne (e g Fig 3), and chemcal tests showed that the
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1ndioactivity was wimost certamly attnibutable to ergothioneme As final
proof, crystalime crgothioneine was 1solated from a large scale culture of
Neurospora erassa In addition to the fung: listed 1n Table IV we have also
examined the large fleshy fung, grown 1n therr natural habitat, and found
ergothionemne mn concentrations of 10-100 mg per 100 gm of dried material
m bracket fung: and i mushrooms from the Umited States, Chile, Italy,
and China

2 Bactera

Several bactera hise been exammed for the abihity to synthesize ergo
thionemne (Melsille et al, 1956) The techmiques were the same as those
used for studying molds In sharp contrast, however, none of the bactena
which were grown 1n synthetic medin gave any evidence of ergothioneine
synthewis (Table V) This was confirmed 1n the case of Staphylococcus

TABLL V
BacTeria SuowiNg No Evipencr oF LRGOTHIONLINE SyNTHESIS
* Bacillus subtihs Pseudomonas fluorescens
Clostridium perfringens hyl: aurens (M PYO
Corynebactertum zerose genes vAr aureus)
Escherichia cols Streptococeus salwarius
Lactobacallus caser Streptacaccus pyogenes
Mycobactersum spp 1 1brio metchnihorr
Proteus vulgars

aureus (Micrococrus pyogenes var aureus) and Escherichia coli by growing
the organisms n the presence of radioactive sulfur compounds In neither
case did this more sensitive procedure reveal ergothioneme synthesis

It was found that bactenal cells are sumilar 1 one respect to mammalian
cells with regard to ergothioneine, although they are not 1ble to synthesize
the compound they do possess the ability m varying degree to mcorporate
and ate exog ergoth This property 1s particularly
evident with S aureus less marked with Laciobacillus caser or Strepi
faecalis, and apparently lacking 1 Pseudomonas fluorescens Cultures of
several bactern, when grown m ordinary bacteriological media, may con
tam ergothioneine in the cells This has been traced to the presence of
ergothioneimne m some of the common components of bacteriological media
beef extract, yeast extract and peptone The detection of ergothioneme m
these materals was facilitated by utihzing the ability of Staphylococeus
aureus to mcorporate ergothioneme The bacterium was grown m a medium
contaming the materal under study and then the cells were analyzed
chromatographically (Melville et al , 1956)
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3 Yeasts

The sharp distinction between the multicellular molds and the unicellular
bacteria 1n abiity to synthesize ergothionemne makes a study of yeasts of
particular mterest, since these latter orgamisms, which are considered to be
primitive or degenerate forms of the molds, are frequently umcellular
Unfortunately, very httle mformation 15 yet ayvulable concermng ther
ability to synthesize ergothonemme D & Genghof and E Inamine 1n the
author’s laboratory obtamed some mterestmg results in this direction
Saccharomyces ceremsine and Torulopsis utiles, when grown m chemically
defined media, produced no detectable amounts of ergothioneme Thewe
results were confirmed with the mid of radioactive sulfate as a tracer Two
other yeasts, Saccharomyces carlsbergensis and Sporobolomyces salmonacolor,
hikewise gave negative results by chromatographic analysis Several yeasts
gave mterfering colors in the diazo test, but 1t appearcd that hittle or no
ergothionemne was present Perhips the most interesting results were
obtamed with Geotrichum rugosum, a member of a genus whose classification
has been m doubt because 1t 15 less yeastlhe and more moldlike n its
properties, meludmg the formation of a true mycehum, than most of the®
orgamsms which are classified as yeasts (Skinner et al , 1947) 1t was found
that this orgusm produced high concentrations of ergothioneine, on the
order of 40-110 mg per 100 gm of dry cells It 1» tempting to speculate that
ergothonemne production may be of aid mn taxonomuc studies on yeasts
and molds

There 15 clearly a need for further studies on the ergothioneine sy nthesiz
ing abilities of microorgamisms A study of the Actinomycetes, which are
mtermedinte 1 npture between bactera and true fungi, should yield
interesting results Along this line, 1t should be noted that Mycobactersum
tuberculosis lihe other bactena, apparently does not produce ergothionene,
but does mcorporate ergothioneme very efficiently Perhaps this1sa reflec
tton of its closer relationship than many other bacterta to the true fung
Tt 15 perhaps not too 1mplausible to consider that there may be some connec
tion between ths property and the high ergothioneine levels noted n some
cases of human tuberculosss, mdeed 1t 13 possible that some strams of M
tuberculosts do synthesize ergothioneme

Although studies of orgamsms such as the algae and shme molds must
be carried out before the phy logenetic relationships of ergothionemne produe
tion can be adequately assessed, present data have determuned that all
four classes of the true fung: or Eumycetes possess this property A<co
mycetes (Clavsceps), Phycomycetes (Mucor), Basidiomycetes (mUShmO’]“S){
and Fungi Tmperfecti (Pemcillium, etc) This synthesizing ability f‘srt}(:sl‘
or greatly attenuated 1 the yeastlike forms It 1s to be hoped that hulo el
studies may reveal a connection between ergothioneine and morphology,



ERGOTHIONEINE 187

reproduction, or spore formation and germination With regard to this
Yast pornt, Heath and Wildy (1956) found ergothioneme only in the spores
and pot 1n the mycelum of ¢ purpurea It 13 a common constituent of the
mycela of many other fung:, however (Melville e¢ al , 1956) We have had
ocesion to examne the comdia of Asperalius mger and Neurospora crassa
and have found ergothioneine to be present

1t secrns likely that fungt are the primigenial source of most or all of the
ergothionemne n man and other wumals It may be ingested either directly
m fung such 1s mushrooms or those present in igher plants, or indirectly
after assumilation by plants from the s;l A ritional explanation for the
geographieal vanations m blood ergothionemne levels can be seen m the
vanations mn the fungal complement of <oils from different regions More
speculative, perhaps 15 the thought that apparent decreases in blood
ergothioneine levels obseryed in some localities during the last few decades
may be related to changes mn agricultural methods

IX BioSYNTHESIS

The pathway of biosynthesis of ergothioneme his been studied i ergot
{Claviceps purpurea) by Heath and co workers, and in Neurospora crassa
by the author and his ¢o workers The results of both of these independent
lines of research are 1n 1greement indicating a single biosynthetic route for
ergothioneine, 1n fungy

1 Synthesis by Claviceps purpurea

Heath and Wildy (1956) grew € purpurea in a chemically defined
medm 1 the presence of acetate labeled m the methyl group with CH
After 10 days the fungus was collected, and the ergothioneine was extracted
and degraded to trimethylamine and thiolurocanie acid by treatment with
alkali The thiolurocame acid was further degraded, by reduction with
sodum amalgor and then oudation with hydrogen perowude, to wadnzole
propionic acaid This m turn was estenified and degraded by fission of the
mudazole rmg with benzoyl chloride The resultng ester was hydrolyzed
and then decarbovylated with copper chromite Radioactivity determina
tions on the various fractions permutted mdividual assay of the widine
carbon of the imdazole ring, the 5 carbon chain, the carboxyl group and
the methyl groups of ergothioneme Histidine was 1solated from 2 hvdroly
zate of the fungal protemn and was degraded to permit sumilar analyses
Companson of the two sets of data (Table VI) showed sumularities m the
distribution of radioactivity which suggested that ergothionemme was
dersyed trom histidine Histamine 2 C"* did not scrve as a precursor (Wildy
and Heath 1957) Further evidence that hustidme 15 a precur<or was
obtuned by growmng the fungus in the precence of hustidme 2 (¥ and
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histidine-a € (Heath and Wildy, 1958) The use of histidine C1 led to
ergothionemne labeled only m the 5 carbon chamn When histidime 2 (1
was the precursor, the ergothionemne was labeled almost solely 1n the C-2
atom of the imidazole rmg, with n small amount of radioactivity m the
methy! groups These results were considered to be proof that the intact
mmdazole ring 15 mncorporated 1nto the ergothioneme molecule This con
clusion 18 open to argument, since a companson of the specific activities
of the histidine 2 C* and the resulting C" ergothioneine was not made
However, the conclusion 15 fully substantiated by studies with N eurospora
described below Wildy and Heath (1957) also showed that §% methionne
serves as a precursor for the sulfur atom of ergothioneme

TABLE VI

DisTriBuTION OF RADIOACTIVITY IN ERGOTHIONEINE AND HISTIDINE
SYNTHLSIZED FROM ACETATE 8 C'* BY Claviceps purpurea

Ergothionene

Morety Ergothioneine Histidine Histidine
Amidire carbon 2411 1368 176
5 Carbon chain 113 72 167
Carboxyl group 216 142 152
Methyl groups 500 —_ -

® Values sre expressed as counts per minute per mill gram of carbon

2 Synthesis by Neurospora crassa

Studies on the ergothioneme synthesizing abilities of common molds
have revealed that Neurospora crassa produces appreciable quantities of
the compound (Table IV) This orgamism was therefore selected for studies
1n the author’s laboritory of the pathway of ergothioneine biosynthesis
The results have permitted a complete accounting for the origin of the
ergothioneine molecule and have provided evidence for the time sequence
of the steps mnvolved 1 the biosynthesis

a Orgun of the Inidazole Ring To study the precursor abihity of histidme,
N crassa was grown 1n the presenceof histidine 2 C* ma chemucally defined
medum for 24 hours (Melsille ef al, 1957) The mycelium was extracted
with hot water, and the extract was chromatographed on alumna columns
(Melwille ef ol , 1954) The effiuent fractions were analy zed for ergothionemne
by the modified Hunter diazo test (Melville and Lubschez, 1953) and were
also examined for radioactivity The results (Fig 4) shoved o r'xdlmct:e
peak comecrding with the ergott determmations Treatment of tl l;
material with strong alkah resulted in the formation of trimethy 1:\mm}el w [;?
neghgible radioactivity, together with thiclurocanie acid which was highly
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radioactive These results, demonstrating the precursor abihity of histidine,
are of greater mgmficance when considered from the quantitative pomt of
view, for 1t was found that when the C'* histidine concentration m the
growth medium was made sufficiently hgh, the speeific radioactivity of
the thiolurocamic acid was identical wath that of the histidine This indicates
that the synthesis of ergothionemne from endogenous histidine was com

pletely suppressed by the added C** histidine, and that the mtact mdazole
ring of listidine 15 used i the biosynthe«s, since f the ring were opened at
the C-2 atom during the mtroduction of the sulfhydryl group 1t 15 probable
that at least part of this labeled ¢arbon atom would be lost
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chromstogram of aqueous extract of Neurospora crassa grown in the presence of
histadine 2 C14

b Orpn of the Side Chawn A reasonable assumption from the above
data 13 that the whole histidine molecule 13 utthzed 10 the biosynthesis of
ergothionemne However, possible mtermediates nclude urocame acd,
inudazolepyruvie acid, or sulfur contamning derivatives of these compounds
m which the o amino mitrogen atom of histidine has been removed To
mve tigite this possibility histidme labeled with N'® was used as a pre
cursor (Melville Tudwig, Inamine, and Rachele 1959) The N histidne
was prepared biosynthetscally by growing a large culture of N crassa
n a medium contaimng N'® ammonium salts as the sole source of mtro
gen, the labeled lstidine was 1solated from an acid hydrolyzate of the
Taycehal protemn This N'* hustidine which was umformly labeled n all
three mitrogen atoms was then used as a precursor of ergothioneine 1n a
second culture of N crasse The 1colated ergothioneme was degraded to
thioluracame acid and trimethylamne Analyses of the histidine, ergothio
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neine, and its degradation products (Table VII) demonstrated a high degree
of retention of N'¢ 1 both the imdazole ning and the e mtrogen atom It
can be concluded that the whole histidine molecule, meluding the « nitro
gen atom, 18 ineorporated into ergothioneine

¢ Orugin of the Methyl Groups ma Transmethylation When N crassa was
grown i the presence of methyl labeled C methionine, the resulting
ergothioneme was highly radioactive, and by degradation 3t was established
that essentially all of the radioactiity was present m the methyl groups
(Melwiile et al , 1957) Furthermore, neither free formate nor free formalde

TABLE VII
DisTRIBUTION 0F N1 IN ERGOTHIONEINE SYNTHESIZED FROA
N HisipiNe BY Neurospora crassa

N6 Content
Compound (atoms % excess)
Histidine (uniformly labeled) 483
Ergothioncine 378
Thiolurocame acid 438
Trimethylamine 2§58

TARBLE VIII

Isorore CoNTtENT OF METHYL GROUPS OF ERGOTHIONEINS SYNTHESIZED
Frox CHD; MeTHIONINE BY Neurospora crassa

[ D
Compound (¢ pm /mmole  (atoms % DC
methy 1} excess)
Methionine 536 000 615 100
Trimethylamne 4 510 0 430 (]

o The D CH ratio of the methyl group of methion ne 13 given an arbitrary vslue of vhity

hyde 1s an mtermediate 1n this process, smce when ether G4 formate or
4 formaldehyde was tested as a precursor, the resulting ergothionemne
was labeled not only 1n the methyl groups but also in the thiolurocante acd
portion of the molecule These data suggest transmethylation as the
reaction mechanmsm Proof of such a mechamsm, however, demands the
use of methyl groups n which the hydrogen atoms are labeled .
Studies with methionmne Iabeled 1n the methyl group with both C and
deuterium have been carned out by Melville, Ludwig, Inamine, and
Rachele (1959) Ergothioneme synthesized by N crassa from this doubly
Iabeled methonne was degraded to tnmethylamne, and the G and D
content of this compound w1s compared with the 1sotope concentrations mn
the methionine methyl group The results (Table VIII) demonstrate an
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appreciable Tctention of deutermam If the transfer of methyl earbon atoms
from methionine to ergothioneine proceeded via formate or formaldehyde,
then the ratio D C1n the ergothioneine methyl groups could not be appre
ciably greater than one third 1 the case of formate, or two thirds in the
case of formaldehyde, of the D C* ratio of the methyl group of methtonine
Since the obseryed rati0 13 sigmficantly greater than two thirds, at least one
intact methyl group must have been transferred Unfortunately, the high
dilution of 1sotopes m this experiment precluded the possibility of derrving
mformation regarding the ongin of the other two methyl groups

It was found that the dilution of C% and D could be markedly reduced
by using a methionine less mutant of N crasse Repetition of the expert
ment with this mutant, grown 1n the presence of doubly labeled metmomne,
yielded ergothioneine 1 which the tnmethylammontum moiety was heavily
labeled with both C* and D (Table IX) Since the specific activities of the
CM and D 1 the trimethylamine are sigmficantly greater than two thirds

TABLE I\
Isotore CoNTENT oF METHYL GROUPS OF ERGOTHIONEINE SYNTHESIZED FROM
CHD; MeTHIONINE BY METHIONINE LESS Neurospora crasse

Cu D
Compound {¢cpm /mmole (atoms % D
methyl) excess)
Methionine 90 300 2 100
Trmethylamine 72 500 614 0 99

“ The D C ¢ ratio of the methyl group of methionine 13 pven sn arb trary val e of unity

of the specific activ ihies of the.e 1s0topes 1n the methyl group of methionine,
all three methyl groups of the ergothioneme must be labeled with 1sotope
This fact, together with the fact that the D CH ratio in the trimethylamme,
15 1dentical wath the D C ritio n the methionine can be considered as
conelusive proof tht all three methyl groups have been transferred from
methiomne by transmethylation reactions This result 1s of special sigmifi
cance 1n that 1t 15 apparently the first demonstration that the trimethyl
ammomum radieal of a betune can be synthesized m nature by means
of a triple trinsmethylation process

d Origwn of the Sulfur Smee N crassa grows in media contaimng mor
game sulfate as the <ole <ource of sulfur, 1t 15 obvious that the sulfur of
ergothioneine must be dernved ultimately from sulfate, and this 1s readily
confirmed by the use of 8% sulfate (Melville et al, 1956) To determine
whether any known sulfur compounds are more immediate Pprecursors,
competition expeniments were carmed out 1 which Neurospora cultures
were grown in the presence of $% sulfate and various sulfur eontamning
compounds (Melwille et af , 1957) The results of thest, experiments (Table
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X) demonstrate that thiosulfate and the sulfur contaming amino acids are
efficient precursors Thiosulfate undoubtedly owes its effect eness to its
ready conversion to cysteme, masmuch as this conversion has been shown
to occur in Aspergillus mdulans (Shepherd, 1956) The precursor abilty
of cystne and methonine was confirmed by the use of the 5% labeled amino
acids The most effective precursor, eysteme, 1s probably the mmmediate
precursor of the sulfur atom of ergothioneine

e Seq of B thetie React The preceding datn account for
the origmn of the ergothioneme molecule 1n the three amino acids histidine,

TABLE X
SurpressioN oF §% SuLrare INCORPORATION INTO
Neurospora LRGOTHIONEINE

Ergothioneme Suppression

Competitor (cpm /mg) @)
None 23,000
Thioeyanate 23,800 0
Thioacetamide 20,200 12
Choline sulfate 17,300 25
Thiosulfate 3,400 85
Methionine 3,600 84
Cystine 2,000 g1
Cysteine 200 99

methionne, and cysteme The time sequence of the reactions remamed to
be determined Although several synthetic routes are possible, the two
most straightforward pathways (VII) involve erther thiolhistidine or her
cynine, the betame of histidine, as intermediates

CHe=—=C—CH —CH—CQO0H ?H=(|J—CH —(ltH—COOH
] gt
N NH NH. N NH NH.
Cystene N\
\Cﬁ ystein \C a
du
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CH==C—CH,—CH—CO00~ CH==C—CH —CH—C00"~
MCH)s*
N NH N(CH») * N NH
N Cyste ne N
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Hercymne VID Drgothioneme
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When N crassa was grown 1 the presence of thiollustidine 2 C1, the
ergotmoneine which was produced contuned a neghgible amount of radto
activity (Melville et e, 1957) The possibility that this negative result
mght be due to impermeability of the cell membrane to thiolhistidine 15
unlikely since appreciable amounts of radioactivity were present in extracts
of the mycelum It can be concluded that thiollustidine 35 not an mter
mediate 1 the biosynthess of ergothioneine

The possibihity that hereynine 1s an mtermediate in the biosynthesis has
been studied by Ashari and Melville (in preparation for publication) This
betune has been hnown for many years, 1t was found i mushrooms
(Kutscher, 1911, Reutei, 1912 Winterstein and Reuter, 1913) and has
been obtained as an oxidation product of ergothionemne (Barger and Ewins,
1911 1913) Its synthess from a chlorommidazolepropiome acid and tn
methylamne has been described (Ingeland and Kutscher, 1912, Pasim
and Vercellone, 1955) However, 1t has been well charactenzed only as the
pierate and gold salt Studies of its relationship to ergothionemne were
greatly facihitated by the preparation of the free base m erystailine form
The optically active campound was prepared from ergothioneme by oxida
tion with ferne chloride as desenibed by Barger and Ewins (1911) and was
crystallized from a methanol ether mixture

A competition expeniment was carred out to determme whether the
presence of added hercynine would decrease the incorporation of histidine
2 (M wto ergothioneme by N crassa No effect could be found It was
possible that this was due to impermeability of the cell wall to hercynine
Simee W Feldman m our laboratory had found that N crassa i growing
cultures 1s relatively impermeable to ergothionemne, but becomes more
permeable when 1t 1s starved, the same technique was tried with hercynine
When the competition experiment was carried out with mycelum sus
pended in water rather than growth medwm a defimte effect was ob

erved, with a marked decrease n the uptake of histidine 2 €* 1 the pres
ence of hereynine (Fig 5)

As final proof that hercymne 1s an mtermediate, radioactive hereynine
labeled 1 both the imidazole ring and the methyl groups with G4 was used
as a precursor The labeled compound was prepared from C* ergothioneme
which in turn was prepared biosynthetieally by growing N crasse mn the
presence of Ct* formate When the doubly labeled hercynine was added to
starving cells of N crassa the ergothioneme produced was radioactive The
solated ergothioneme and the CH hercynme were both degraded with
alkah to determine the distmibution of CM 1n the molecules The ratio of
mmudazole to methy] C* content of the hercynine was 107, while the ergo
thioneine synthesized from 1t showed a rat10 of 104 This can be considered

2s proof that the imntact hercymne molecule 18 incorporated mto ergo
thioneine
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f Presence of Hercymne 1n Neurospore Tt had been noticed that whe
N crassa was grown 1n the presence of methyl labeled C-methiomn
C* histidine, or C* formate, a radioactive substance preceded ergothionexr
in alumina chromatograms of the mycehal extracts (Figs 4 and 5) Fra
t1ons containing this substance gave vellow to orange colors m the diaz
test, which are typical of the colors given by hercynine Authentic hercynin
15 eluted at the same place on the chromatogram as the ridicactive sut
stance, and both show the same behavior in paper chromatography Crysta
lizatson of earrier hercynine m the presence of the radioactive substanc
yelded crystalline radioactive hercynine which on decomposition wit'
alkall gave radwactive urocame neid It 15 probable, therefore, that her
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Fig 5 Distribution of ergotl (0) and rad 1ty (@) 1w alumina
chromatograms of extracts of Neurospore crassa showing effect of nomsotopic her
cynine on the incorporation of histidine £ C*1nto ergoth

cvnime 15 a normal constituent of Neurospora The nerease in amount of
radioactive hercymne evident in the competition evperment, (Fig ) 18
understandable 1f the small amount of C* hercynme bemg contmuously
formed from C** histidine 1s diluted and “trapped” bv the added nonisotopie
hercynine before 16, can be converted to Ct ergothioneine

From the foregomg results 1t can be assumed that the occurrence of
hercvmne m fungl 15 explicable on the basis of 1its formation as an inter
mediate m the synthests of ergothioneme Whether 1t 15 also a catabolie
product of ergothioneme metabohism 1s not known In fact, ery Dittle 15
Lnown about the catabohsm of ergothioneine Neufeld ef al (1958) huve
shown that 1t 15 oxdized at the sulfur atom by an enzvme from the fung1
Purcularia oryzae and Polyporus versicolor The product of the reaction % JT
not determmed, but if the oxidation 1s similar to that effected by chernica



TRGOTRIONEIN 195

agents, hercymne might well be formed Another pathway of decomposition
has been shown by Yanasugondha and Appleman (1957), who found that
Alealigenes faccalis degraded ergothionemne to trimethylamine and thiol
uroctme acxd That ergothioneme can be metabolized 1n ammal tissues 15
suggested by the formation of morganic sulfate from 8% ergothionemne n
the rat (Heath, 1953)

Ackermann and his associates have obtaned evidence for the presence
of hercynie as well as ergothioneine m the king crab (1958) and 1n the red
cells of cattle and the seminal flmd of the boar (1959) Thev suggest that
hercynine may be a precursor for the biosynthesis of ergothioneme n these
species However, the mabihity to detect ergothionemne biosynthesis 1 the
boar (Melville et al , 1955b, Heath et al, 1957) makes 1t seem more likely
that the hereymme of animal tissues 1s related to ergothoneme only 1s a
degradation product

X BrorocicAL AcTiviTy

Numerous attempts to define a biological activity for ergothionemne have
been recorded 1n the hterature Many of these have given negatiye results,
but a few have yielded interesting positive effects The biologieal effects
aseribed to ergothioneme have not yet been adequitely assessed with
regard to therr physiological sigraficance, and 1t 1s likely that the future wili
reveal funetions which are at present unrecognized It 1s to be hoped that
the vared actiities of apparently unrelated nature which have been
described for ergothioneme will eventually become parts of a umfied con
cept of action

1 Phormacology

Tamter (1927) found no effect of injected ergothionemne on respiration,
pulse rate pupil diameter, or blood sugar level mn the rabbit or on blood
pressure, pulse rate respiration, or bihary secretion in the wnesthetized cat
The substance had no effect on excised smooth muscle Simlarly, Trabuech
(1936) observed no effect on uterme contraction, although an merease in
the contraction rate of the 1<olated frog heart, with diastolic arrest at ugh
concentrations, was found Trabucchi also noticed an antagomstic action
of injected ergothionene toward some of the symptoms of berber
pigeons, and a detoxifying effect toward eyamide posoning in rats These
activities have apparently not been mvestigated further

2 Nutriwn

It was early dwscovered that ergothioneine could not replace, even par
tially the dietary histidme requirement of the growing rat (Eagles and
Cox, 1928) Similar negative results have been obtamed with thiolhistidime
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(Neuberger and Webster, 1946) In the author's Iaboratory several groups
of rats have been mamtained on purified diets for periods up to four months
from the time of weaning, with the meclusion of ergothioneine at a level of
0005% This level of dietary ergothioneme leads to blood levels i the
normal range for the rat. Comparison of the ergothionemne fed anumals with
ergothioneme depleted control animals revealed no sigmificant differences
m growth rate, food consumption, or gross appearance The same results
were obtamed whether the nitrogen source 1n the diet was caseln, fortified
zein, or a mixture of purified amino acids

An expermment to determine the effect of ergothioneins on the growth
of neoplastic tissue was carried out by A Ashari and the author i collabora
tion with D A Clarke of the Sloan Kettering Institute Fifteen weanling
mice were mamtaned on a purified, casein contaming diet for 85 days, and
another group of fifteen was mantained on the same diet supplemented with
0005 % ergothionemne Nine amimals from each group were then implanted
with sarcoma 180 No differences m the growth rates of the tumors m the
ergothioneine depleted and ergothionemne fed ammals were discernible No
ergothioneine was detectable m the blood or liver of the control group, or
1 the tumors of these amimals Apparently tumor tissue, tke normal mam
malian tissue, 1s not capable of synthesizing ergothioneme It 1s of imnterest,
however, that the tumor tissue from the ergothioneme fed ammals con
tamed high levels of ergothioneme Six ammals, nalyzed 8 or 16 days after
tumor 1mplantation, showed an average ergothioneine level in the tumors
of 67 mg per 100 gm of tissue, compared to Jevels of 3 4 1n the blood and
66 1 the liver Whether an affimty for ergothioneine 1s charactersstic of
other types of neoplastic tissues 1s not hnown

Efforts to identify ergothionetne as a growth factor for lower organsms
have so far not been successful Hogg and Elliot (1951) found that 1t could
not replace the histidine requirement of Tetrahymena gelew, nor did 1t
stimulate the lag phase of growth of Staphylococcus albus (Sloane and
McKee 1952) Work m the author’s laboratory has failed to uncover any
effect of ergothioneme on the growth of various bactena

In contrast to the experiments with whole animals, an interesting effect
of ergothioneme on the metabolism of 1solated tissues has been uncov ered
by Morton and Morgan (1958) Embryome chich heart fibroblasts \\}}en
grown 1 & synthetic medum required cystne and p or L methionne for
maxnmum survival time The decreased survival time scen n a cystine {ree
medium was mereased signficantly by the addition of ergothioneme at a
concentration of 01 pg per mulhhiter Higher concentrations showed e;
towie effect The presence of r-methionine was necessary for the 1ncreas
survival time effected by ergothionemne, when D methionine was used, ;7(;
when no methionine was present, only a towc effect of ergothtoneine cou
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be seen Lanthionine and oxidized glutathione, but not reduced glutathione,
hikewse mncreased the sursival time 1 cystine free media, but with these
compounds cither b or L-methionne permutted the effect No explanation
of these results 1s apparent at present
In view of the known hipotropic effect of betame, the activity of ergo

thionemne as a lipotropic agent 1s of interest No work has been published,
but Best and Ridout (1939) have mentioned that negative results were
obtamed 1 unpublished experiments

3 Protectire Effects

The protection agunst radiation njury shown by some sulfhydryl and
thiourea derivatnes has led to the testing of ergothioneme for such prop
erties, particularly since 1t 18 1 normal constituent of some radiation sens1
tive tissues and cn be readily mnereased m amount in these tiscues Alex
ander ¢f al (1955) found that ergotluoneine, mjected 1nto mice o few
minutes before wrradiation with « lethal dose of X rays afforded no protec
tion In the author’s laboratory, eight adult rats which had been depleted
of ergothioneine were each given a total of 20 mg of ergothioneine m four
ntrapentoneal mjections over a period of G days prior to uradiition with
800 of X rays No difference m survival time was seen between these
animals and a control group which had recerved no ergothioneine Thiol
histidine 1s ikewise mactive as » protective agent (Langendorfi ct al , 1956)

St Garay (1956) found that the mhibition of germmation of ergot
comdia by hydrogen peroxide was overcome by the pre<ence of an equiva
lent amount of ergothionemc This 1s hardly surpnsing masmuch as ergo
thionemne readily reduces hydrogen peroxide St Garay found ergothioneine,
not m the comdia, but 1n the ¢ honeydew * secretion which accompanies the
formation of conidiv It was suggested that both ergothionemne wnd catalase,
which 1s also present 1 honeydew, protect the fungus aganst the toxie
effects of hydrogen peroide A smular protective effect of ergothioneme
agamst ihibition of fructolysis in semen by peroude had been shown
earlier by Mann and Leone (1953) It 1s nteresting however, that Tosic
and Walton (1950) have shown that boar semen, which 1s richest 1 ergo
thioneine 15 least able to decompose peroxide when compared with the
semen of the bull, rabbit stallion, or ram Mann and Leone also showed that
ergothioneme protects agamst the inhibiting effects of sulfhydryl binding
agents on sperm motility, seminal fructoly<is, muscle glycoly sis, and yeast
fermentation

An impheation of a different kind of effect on seminal metabolism 15
made by Haag and MacLeod (1959), who found that an ergothioneine
contamnmg extract of human semen caused a marked depression of sperm
motility and glycolysis However, pure ergothionemme did not produce this
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(Neuberger and Webster, 1946) In the author’s lahoratory several groups
of rats have been mamtaned on purified diets for periods up to four months
from the time of weaming, with the mclusion of etgothioneine at a level of
0005% This level of dietary ergothioneine leads to blood levels in the
normal range for the rat Comparison of the ergothioneme fed ammals with
ergothioneine depleted control animals revealed no sigmficant differences
m growth rate, food consumption, or gross appearance The same results
were obtamned whether the mtrogen source n the diet was casem, fortified
zein, or & muxture of purified amino acids

An experiment to determimne the effect of ergothioneme on the growth
of neoplastic tissue w1s carned out by A Ashari and the author m collabora
tion with D A Clarke of the Sloan-Kettering Institute Fifteen weanhng
mice Wwere mamtained on a purified, casemn contuning diet for 85 days, and
another group of fifteen was maintained on the same diet supplemented with
0005 % ergothioneme Nine animals from each group were then implanted
with sarcoma 180 No differences in the growth rates of the tumors in the
ergothioneme depleted and ergothionemne fed ammals were discernible No
ergothioneine was detectable mn the blood or liver of the control group, or
m the tumors of these animals Apparently tumor tissue, like normal mam
malian tissue, 1s not capable of sy nthesizing ergothionetne It 1s of mterest,
however, that the tumor tissue from the ergothionemne fed ammals con
taned high levels of ergothioneme Six amimnls, analyzed 8 or 16 days after
tumor mplantation, showed an average ergothionene level in the tumors
of 67 mg per 100 gm of tissue, compared to levels of 3 4 mn the blood and
66 i the iver Whether an affinity for ergothionemne 15 characteristic of
other types of neoplastic tissues 1s not known

Efforts to 1dentify ergothioneine as a growth factor for lower orgamsms
have so far not been suceessful Hogg and Elhot (1951) found that 1t could
not replace the histidine requirement of Tetrahymena gelens, nor did 1t
stimulate the lag phase of growth of Staphylococcus albus (Sloane and
McKee, 1952) Work in the author’s laboratory has failed to uncover any
effect of ergothioneine on the growth of various bacterna

In contrast to the experiments with whole animals, an mteresting effect
of ergothioneme on the metabohism of 1solated tissues has been uncov ered
by Morton and Morgan (1958) Embryonic chick heart fibroblasts \\hfen
grown m o synthetic medium required cystine and » or 1-methiomne for
maximum sursival ttme The decreased survival time seen 1 a cystine free
medum was mereased sigmficantly by the addition of ergothioneme at 2
concentration of 01 pg per milliiter Higher concentrations showed :';
tovie effect The presence of 1-methionine Wwas necessary for the nerease
survival time effected by ergothioneine, when p methiontne was used, ‘l)(li-
when no methionine was present, only a toxc effect of ergothioneine cou
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beseen Lanthionme and oxidized glutathuone, but not reduced glutathione,
likewise increased the survival time n cystine free mediq, but with these
compounds etther D or L methionine permitted the effect No explanation
of these results 1s apparent at present
In view of the known hpotropic effect of betaine, the activity of ergo

thioneine as 1 lipotropic agent 1s of interest No work has been pubhshed,
but, Best and Ridout (1939) have mentioned that negatmve results were
obtamed m unpubhshed experiments

8 Prolectune Effects

The protection aganst radiation injury shown by some sulfhydryl and
thiouren derivatives has led to the testing of crgothioneme for such prop
erttes, particularly since 1t 1s a normal constituent of some radiation senst
tive tissues and can be readily incrensed m amount m these tissues Alex
ander el al (1955) found that ergothwoneme, mjected into mice a few
minutes before wrradiation with a lethal dose of X rays afforded no protec
tion In the author’s laboratory, eight adult rats which had been depleted
of ergothionemne were each given a total of 20 mg of ergothienewne m four
traperitoneal injections over a period of 6 days prior to irradiation with
800 r of X rays No difference m survival time was seen between these
ammals and - control group which had recened no ergothionemne Thiol
histidine 1s hkewise 1nactive as a protective agent (Langendorff et al , 1956)

St Garay (1956) found thit the mhibition of germimation of ergot
comdia by hydrogen peroxide was overcome by the presence of an equiva
lent amount of ergothioneine This 1s hardly surpnsing inasmuch as ergo
thionene readily reduces hy drogen peroxide St Garay found ergothioneme,
1ot n the comdia, but n the “honeydew ’ secretion which accompames the
formation of comdia It was suggested that both ergothioneme and c1talase
which 15 also present mn honeydew, protect the fungus agamnst the toxic
effects of hydrogen peroade A similar protective effect of ergothionemne
agamst mhibition of fructolysis 1 semen by peroxide had been shown
eather by Mann and Leone (1953) It 1s interesting however, that Tosic
and Walton (1950) have shown that boar semen, which 1s richest 1 ergo
thioneine, 15 least able to decompose perovide when compared with the
semen of the bull, rabbit stalhon, or ram Mann and Leone also showed that
ergothionemne protects agamst the inhibiting effects of sulfhydryl binding
agents on sperm motihty, semnal fructolysis, muscle glycolyss, and yeast
fermentation

An mphcation of a different kund of effect on seminal metabohsm 1s
made by Haag and MacLeod (1909), who found that an ergothioneine
contamning extract of human semen caused a marhed depression of sperm
motihity and glycolysis However, pure ergothioneime did not produce this
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effect It 1s evident that the relation of ergothioneine to sperm metabolim
needs further clarification

Ergothioneine 1s one of several substances which show a protective effect
agamst the degradation of msulin by beef liver enzymes (Wilhams and
Berg, 1956) It 15 of interest an this connection that the ability of sulfhydryl
compounds such as cysteine and glutathione to mactivate msulm 11 witro
18 not exhibited by ergothioneme (Schock et al , 1935)

The work of Spicer et al (1951) suggests the interesting possthility that
ergothioneme may have a physiological role 1 mamntuning hemoglobm
m the ferrous form These workers found that the red blood eells from
rabbits which had been fed purified diets showed an abnormally rapid
formation of methemoglobim after treatment of the cells with mtrite The
red cells from ergothioneine fed ammals showed slower rates of mtnte-
mduced methemoglobin formation A sumilar effect has been observed with
rats (Mortensen, 1953) Whether the effect 15 mediated through the enzyme
system which normally catalyzes the conversion of methemoglobin to
hemoglobin, or whether 1t 1s the result of a nonenzymatic protective effect
of ergothioneine 1s not known The picture 1s compheated by the fact that
methemoglobin 15 not only produced at a faster rate i ergothioneme
depleted cells, but 1t also disappears at a faster rate In ntro studies with
red cell peroxidase have failed to show any effect of ergothionemne on the
oxidation of hemoglobin (Mlls, 1959)

4 Effects on Thyrowd Funclion

The potent mhbitory effect of thiourea dertvatnves on thyroid function
suggests the possibiity that ergothioneme may act as 2 regulator of thyrod
activity Indeed, the first experiments m this direction suggested that this
was s0, for Lanson and Rimmngton (1947) observed an antithyroid activity
for ergothionemme, comparable to that of thiouracil, after the mjection of
ergothioneine 1nto rats at a dosage level of 2 mg per hiogram Actnity
was measured by the decrease m 10dine content of the thyroid However,
Astwood and Stanley (1947) could find no effect on Jodine content or w eight
of the thyroid after injecting much larger amounts of ergothionesne 1nto
rats Tnabihty to obtain an effect of ergothionene on 1 uptake, ?r on 5123
weight, or histology of the thyrod gland has been Poted by Wilsont a;)
MecGnty (1949), Searle ef al (1950), Heath et al (1952), Baldridge (190! )
and Machenzie and Mckenzie (1957) No ndequate explination of the
ongnal positive results 1s yet at hand The mactivity of ergothmnex:e lli "]l
sharp contrast to the marhed actrvity of thiohimidazole and 1ts fa 0Y
dervatives (Searle ef al , 1950) However, n strong mhibitory effect of ertg ]
thioneme on the n tilro conversion of acetylduodotyrosine fo acety
thyroxne has been observed by Pitt Rivers (1948)
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5 Dffects on Isolated Lnzyme Systems

There are scyveral mstances in which ergothioneine has been noted to be
mactive in enzy matic reactions hese include the mabihity of ergothioneine
to replace glutathione as a cofactor for yeast gly oxylase (Woodward, 1935)
or form ldehy de dehy drogenase (Stnttmatter and Ball, 1955) or to replace
betaine or dimethylthetin as & methyl donor for methionine synthesis by a
betaine transmethy lase system (Sloanc et al , 1935} Tt has been mentioned
as belng mactive 1s an acccptor n acyl transfer reactions mediated by
imidazole transacetylase (Stadtman, 1954) A postine effect of ergo
thionene has been described by Leone, (1955) who found that the activity
of uricase was mereqsed by ergothioneine or Versene He ascribes this effect
to the chelation of ergothioneine or Versene wath trace amounts of inhibitory
metals present 1n the enzyme preparation

A finding which has eliated considerable mterest 15 that of Grossman and
Kaplan (1958) indicating that ergothioneine 1s responwble for the senst
tivity of certamn mbosidases to mhibition by mcotinamide This was dis
covered during attempts to punfy nicotinamde niboside phosphory lase, an
enzyme present in human red blood cells which eatalyzes a phosphoroly tic
sphtting of mcotinamide nboside to nicotinarmde and nbose phosphate
The enzyme preparation, which was imtially mhibited by the presence of
nicotinamide, became meotmamide msensitive after ammonum sulfate
frictionation An extract of red cells, when added to the enzyme, caused
the enzyme to regamn sensitivity to mhibition by nicotinarmde The sub
stance 1n the red cell extract behaved chemically and chromatographieally
like ergothioneine, and mdeed ergothioneine was found to be capable of
making the enzyme sensitive to mhibition by nicotinarmde Furthermore
both the red cell extract and ergothioneme were capable of impartimg
nicotinammde sensitivity to s DPNase” (diphosphopyndine nucleotidase)
preparation from Neurospora crassa This enzyme, which 1s normally
nicotinamde nsensitrve, catalyzes the hydrolytic fission of the mico
tm"\m\de vhosyl kmhage w DPN The ihabhon of the enzyiatie reavion
by de when ergoth 15 present 15 of the noncompetitive
type, and 15 accompanied by an ineresed rate of exchange between free
nicotmamide ind the meotinamide mowety of the DPN molecule, as wis

shown by the use of C* nicotinamde

The mechamsm of the ergothioneme effect was suggested as myolving

the formation of a ribosyl linkage with the ergothioneine molecule, thereby
retaining the bond energy of this linkage and permutting an exchange
reaction with meotinamide to occur The authors suggest the umdazole
mirogen atom or the quaternary mtrogen atom of ergothionemne as the
pomnt of formation of a nbosyl bond It seems to this reviewer that the
thiof thione tautomersm of the thichmidazole system makes the .ulMur
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atom a hhely pomnt of formation of & thio mbhoside Iinkage with sufficient
bond energy to allow subsequent ribosyl exchange However, Grossman
and Kaplan indicate that N methylmcotinamde 1s produced during the
cleavage of nicotmamide mboside, which suggests mnvolvement of the
quaternary mtrogen atom of ergothioneine Although Grossman and Kaplan
have designated ergothioneme as o coenzyme of red cell nicotinamide
nboside phosphorylase, this would seem to be an optimistic term smce 1t
has not been shown that ergothioneine acts cataly tieally

The phy siologieal sigmificance of this curious effect 1s at present unknown
It remains to be determimed whether ergothioneme 1s responsible for the
micotinamde sensitivity of the DPNases of red cells, spleen, and bramn It
may be noted that rat bran contans little or no ergothionemme The m
sensitivity of Neurospora DPNase toward inhibition by meotmamide can
be explamed by the fact that the procedure used for purification of the
enzyme would also remove ergothioneine W TFeldman in the author’s
laboratory has found that all of the determinable ergothioneme of N erasse
15 apparently present in the mycehal eytoplasm in an unbound form

One possible method of assessing the sigmificance of the ergothioneme
effect arises from the work of Xaplan et al (1954), who have suggested that
the toxieity of 3 acetylpyridine m ammals 18 due to an exchange of the
drug with the nicotinamide morety of DPN 1n the tissues If this exchange
reaction 18 facilitated by ergothioneine, 1t would be expected that an ergo
thioneine depleted ammal would show increased resistance to the toxie
effects of 3 acetylpyridine Experiments m the author’s laboratory with
ergothioneme fed and ergothtoneme deficient mice have demonstrated no
differences 1n the response to the toxic effects of the drug In other expen
ments with rats, it has been observed that the DPN levels mn the lver
are not sigmficantly affected by the presence or absence of ergothioneme

It 18 obvious from the foregoing review that much remams to be done to
confirm, explain, or assess the sigmficance of the various biological activities
which have been aseribed to ergothioneme The suggestion sometimes
voiced that ergothioneme 15 an aceidental component of animal cells, % ith
no specific function, cannot of course be effectively refuted until a functon
of recognized significance 1s uncovered The ability to produce ergothioneine
deficiencies in amimals without, the appearance of gross deficiency symptoms
comes as no surprise, since otherwise 1ts essentiality would undoubtedly
have been discovered years ago ncidental to the many studies which have
been carmed out with animals mamtamed on punfied diets It should be
pomted out, however, that the methods available for ergothioneme dc;ec
tion are relatively msensitive, and the eustence of trace amounts of :;‘0
ergothioneine, or larger amounts of bound ergothionetne, 15 posszbli m 0‘3
presumably ergothoneme free ammal The long term effects of erg
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thioneme depletion have not been adequately studied However, 1t does
seem likely on the basis of presently available evidence that ergothioneine
15 not on essential constituent of ammal cells On the other hand, the
avidity with which dietary ergothioneine 1s incorporated nto the tissues
of all amimals, the tenacity with which 1t 1s held there, and its characteristic,
nonumform pattern of distribution in these tissues are il facts which hunt
that there 1s a purpose 1 1ts presence Perhaps ergothionemne 1s concerned
with an alternative pathway of metabolism Perhaps its function becomes
apparent only under conditions of stress Perhaps vamations n ergo
thioneine levels may help to explam the differences 1 metabolic patterns
exiubited by mdividual members of a species The answers to questions such
as these must come from future research
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1 InTRODUCTION

Since the 1solation some thuty years ago of steroid compounds which
mmute doses produced the estrous response (Dowsy et al, 1929, 1930
1930b, Butenandt, 1929 Butenandt and von Ziegner 1930, Dingeminse
et al 1930, Marnan 1930), great mterest has been directed toward an
explanation for these profound Mological effects The quahtative and quan
titative descriptions of the anatomie changes, both gross and mieroscopic
induced by the estrogens constituted the first attempts to define their
action 1n physiologieal terms However, until the framework of our knowl
edge of intermediary metabolism had been erected this approach was
lumited Our present, albeit smperfect undesrstanding of energy production
and utilzation of the synthests, degradation and translocation of tissue
constituents and the localization of these functions within the cell provides
the matrry within which hormones such as estrogens can exert their speaific
and eontrolling effects upon metabolic processes Inciuded i this picture
of the broad outlines of mtermediary metabolism are the reactions n
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volved m the synthesis and cataholism of the estrogens, thereby estab)
mg a Iink between the mun pathways of metabohie processes and ¢
stances which direct and control these processes This unfolding of
hoowledge of intermediary metabolism has been accompanied by the
velopment of methods sufficiently refined to permit the begunmings of
examnation of estrogen action at the molecular level The phy siolog
effects of estrogens in the whole animal have been the subject of numer
qualititne and quantitative deseriptions The anatomical changes 1
duced 1n the uterus of the immature or ovariectomized rodent (Bulbring :
Burn, 1935, Lawson et al , 1939, Evans et al, 1941), and the respons
the chick oviduct to the admimistration of minute doses of estrogen (He
1948), are well recogmzed and easly discermble changes In addition
these gross alterations, there are changes n the cellular population of
vaginal ¢pithelum (Stockard and Papantcolaou, 1917, Allen and Do
1923), changes m the mammary glind, and other more subtle effects
estrogenic hormones which include those upon electrolyte metabolt
(Thorn and Engel, 1938) and upon the functional state of the anter
Iobe of the pituitary gland or of the hypothalamus These latter chan
cannot yet be deseribed entirely satisfactonly m terms of changes in m
phology These effects upon the target tissues are the phenomena wh
must be explammed 1n terms of biochemical or biophysical events under 1
specific control of the estrogenic hormones

At the biochemical level there 15 a small but growing body of informat:
concerning effects of estrogenic hormones on biochemical processes A
complete concept of mechanism of action of estrogens must ultimate
bridge the gap between these phenomena and the changes noted abo'
It 15 clear from the outset that at the present time no such bridge can
built Experimental attack from both directions should serve to narrow t
gap and ultimately establish a logical connection between the events
the molecular level and those oceurring 1n the whole ammal which a
<een as morphologic changes 1n the target tissue Our knowledge of mech
msms of hormone action 15 certamnly less well developed than our undc
standing of the biochemical functions of certan vitamins However, it
1o more poseible to explamn the functional and anatomieal changes nduec
by estrogen admumstration to the susceptible ammal n terms of the pre
ently known effects of estrogemc hormones on biochenucal systems thr
1t 15 possible to explan the syndrome of pellagra m terms of defects m 11
functioning of the known biochemical systems which nircinarmde play
o part

II STRUCTURE AND BIOLOGICAL ACTIVITX

The problem of understanding the mechanisms of action of estrogens:
« difficult one for several major reasons First, estrogenic activity 1S asst
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cited with 2 wide diversitv of chenuenl structures, sccondly, estrogens,
like other stcroid hormones, are not required for hife Ihewe two pomts
and several of their consequences are worthy of morc detatled diseussion

Although estradiol 178 and/or estrone are behieved to be the primary
secretory produets of the ovary n the human, the sow, and certun other
large ammals much experimental work has been carried out m the mouse
wd n the rat, 1n these species 1t 18 not known whether the same compounds
are the primary seerctory products although mouse and rat tissues re
spond to estradiol ind estrone Furthermore, the nature of the endogenous
substance which aets upon the target tissue 1s not known It 15 beheved
that the primary secrctory product of the ovary 1s free estridiol or estrone,
but 1 the blood stream the estrogens appear to be transported largely m
conjugated form (Purdv et al 1909) Whether or not these conjugates are
cleaved m the target tissue prior to everting their hormonal action 13 not
known

Estrogemie activity 18 a property of many types of natural and synthectic
compounds First and foremost are the naturally oceurring sterowdal es
trogens and the rclated compounds prepared 1n the laboratory (I 1T TIT),
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but there are other substances such as stilbene denvatives (IV, V), the
halogenated triphenylethylene (VI), and compounds of the ty pe of gentstein
(VII), o plant estrogen, which share these biological properties Synthetie,
nonste roidal estrogens are reviewed by Solmssen (1945) and Grundy (1957),
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and correlations between structure and biologieal activity are discussed by
Dodds (1957) Plant estrogens are reviewed by Bradbury and White
(1954) The only common structural feature of these compounds 1s the
aromatic nucleus What 15 remarkable, however, 1s that within each group
of compounds which ean ehet the estrous response, there s o high degree
of structural and steric specifiesty , very small changes m structure suffice
to obliterate or markedly dirmmsh the biologieal activaty Thus, for exam
ple, estradiol 178 (1) 1s o ghly potent compound in most of the test
systems but 1ts epimer, estradiol 17« (IT), 18 essentially mactive Further
more, the addition of substituents to a molecule such as estrone which
possesses a high level of estrogemic activity may dimimsh the activity
<everal thousandfold, ¢ g 2 methoxyestrone (IIT) (Kraychy and Gallagher,
1957) Smularly, frans diethylstilbestrol (IV) 15 many times more active
than 15 1ts o5 150mer (V) (Dodds, 1957) Any mechamsm proposed to ex
plam the action of these substances must take into account not only the
Tugh degree of chemieal and stereospecificty within o group of estrogenic
substances having a common structural pattern, but also the possession
of this activity by many compounds of widely differing structural types
Theoretically, this difficulty may be circumvented m two ways First, by
postulating that these substances are precursors of the true hormone and
that in the body they are all converted to the same or to stlar biologieally
active materials This 1s a difficult position to maintain 1n view of the di
veraty of chemical types and the fact that some of the synthetic estrogens
are active in doses of the same order of magnitude as the effective doses
for the most active naturally occurring compounds However, 1t should be
recalled that there are mnstances n which an admimstered mactive com
pound 18 transformed 1n the body to an active compound (Emmens, 1941)
Second 1t may be postulated that there are multiple receptors for the
many structures which are associated with estrogenic activity and that
mteraction of the estrogen with any of them suffices to set 1n motion the
processes leading to the measured response Thus for example estradiol,
diethylstilbestrol and gemstem need not necessanly affect the same sys
tems at the molecular level, although the effects upon the whole animal
are indistinguishable

This sharing of a biological activity by chemical compounds of many
structurl types 1s somewhat reminiscent of the situation with careinogens
Agents as different as 1omzmg radiation morgame 1ong polyeychic aromatie
by drocarbons, and azo dyes have the common property of setting 1n mo
tion a cham of biochemical events which leads to the development of a
tumor

Structural specificity of estrogeme substances has, mn addition, several
important biological components The first 1s the situation 1 which com
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pounds are highly potent estrogens when tested m one species and
tive 1n another Substances of the doisynolic acid serses are effectrvc
and parenteral estrogens in the rat and yet are mactie m the n
(MacCorquodale et al 1934, Miescher, 1944, Tschopp, 1946) A «
biological component 1s tvpified by the conditioned response of the -
oviduct to estrogens (Hertz, 1948) A full response 15 elicited only
the bird 18 mamntaned on an adequate dietary Jevel of fole acd I
folic acid deficient birds, as shown by Hertz, the full growth of the ov
cannot be achieved, regrdless of the dose of estrogen admmstered

The second general pomt made above was that estrogens, like «
steroid hormones, are not essential for hfe This 15 1mphert n the
that the gonadectomized, adrenalectomized animal can be mamtame
sodum chloride replacement therapy This suggests exther that the ¢
gens are dispensable and that the processes which they regulate ean op:
at o basal level mn therr absence or that there are other endogenous or ¢
enous sources of estrogen which suffice to meet the basc requirem
Although 1t 15 not possible to exclude this eventuality completely, a1
satisfactory working hypothesis 1s that the estrogens are not essentsa
hfe

IIT MzcHANISMS

In considermg the types of mechamsm by which estrogens may ¢
thewr activities, several general approaches have been made The con
that the action of estrogens and other hormones requires the mtact
has 1ts protagomsts, and m this view the function of the hormone 15 &
fluence permeability of the cell membrane and thus exercise control
the passage of metabolically important substances both morganme or org
mnto and out of the cell By thus altermg concentrations of reactants w1
the cell, metabolic processes can be controlled As 1 subsidiary to
hypothests, 1t has been postulated that even within the ccll the w
branous envelopes of such subcellular particles as the mitochondna m
also constitute sites of action of hormones by the same general typ:
mect The permeability hypothesis 1n 1ts various ramifications
been discussed by Hechter (1955) m a recent review ariicle There an
the present tirne few direct experumental data bearmg upon the effec
estrogens at physiological concentrations in mflueneing cell permeability

Considerable attention has been given to the concept that horme
exert their effects by acting 1n some way upon enzyme systems In gene
two prineipal modes of action have been considered In the first ¥
thought that the hormones function as activators or inhibrtors of enzym’
yeactions, and 1n the second view, the hormones arc constdered as acl
participants 10 enzymatic reactions In the first case, the hypothes1s 1
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restatement of the experimenta! finding, since no more detailed mechanism
susceptible of experimental 10y estigation has y et been proposed The second
concept, namely, that the hormones function as participants in enzymatie
reactions derives i part from our concepts of the functions of those vita
mmns which are known to act as coenzymes Further appeal 1s given to this
hy pothesss by the fact that many of the steroid hormones are subjected to
oudstive and reductive reactions during the course of their transformations
to the biologically mactive excretory products It 15 indeed, attractive to
consider that these catabohie reictions which tike plice in many tissues
are 1n some way linhed with the hormonal action of the estrogen or other
steroid

There are, however certun differences between those vitamms which
function as coenzymes and the estrogenic hormones In the first place, the
vitamns are absolutely mndispensable for hfe whereas an animal ean sur
yive m the abeence of estrogens, and the estrogen sensitive tissue 15 main
tained 1 viable although basal condition m the 1bsence of harmonal stimn
lation A hypothesis which assigns to the estrogens an obligitory role in 2
chuin of metabolic reactions 1s difficult to reconcile with the structural
vanations compatible with estrogenie activity unless conyersion to @ single
compound or multiple and separate sites of action are postulated

An experimental approach te an understanding of the mechamem of ac
tion of the estrogens must attempt to hink the morphologic alterations
which follow the adminstration of these substances to effects of estrogenc
substances at the molecular level

IV Crirrria ForR EXPERIMENTAL SYSTEMS

Before discusaing the actual experimental approaches to a study of the
mechanism of action of estrogeni hormones 1t <eems reasonable to con
sider cnitenia which may be applied to an experimental system to deter
mne whether 1t will give relevant mformation The goal in mechanistic
studies 15 the development of wn wutro systems 1 which reprodueible and
measurable changes can be elicited by biologically ietive substances Al
though 1t 15 of course preferable that these systems be derived from tissues
which show peculiar sensitivity to estrogens this 1s not an absolute ¢n
terion since most, tissues of the body are affected 1n one way or another
by estrogemic substances However, one requirement 1s that substances
which are highly active in the whole amimal display activity at low con
centrations i the 1 22tro system The matter of concentration 18 important,
simee to obtamn a convinemg effect a concentration must be used whch 18
compatible with that presumed to be present under conditions of estrogen
action n 1o

In comparing the effective dose of estiogen n tito with the concentra
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tions employed wn wiro, 1t must be recalled that the amount admunistered
15 probably greatly i excess of that required at the sites of action Thisiss,
consequence of the rapid rate of mactivation and disposal of admimstered
estrogens

A further consequence of the effectiveness of the mnactnyation and dis
pos2]l mechanisms 15 that an exact parallel between wn vrvo and w1 vitro ac
tivity 1s not to be expected Howeser, substances which are active m titg
should display n mitre activity It s theoretically possible that substances
which are active wn wtro will be meffective 1 v11o because they are mac
tivated before they reach the target site 1n sufficient concentration If the
test system measures estrogenic activity, then compounds which are m
active 1n the n wiro test should also be inactive 1n vivo Futhermore, sub
stances which mhibit the action of estrogens in the whole anmal should
also be expected to exert therr mhubitory effects i the test system, pro-
vided they are not first mnactivated

These critenia for a study of mechansms of action of estrogens may not
be umversally acceptable, but nevertheless they may serve to make clear
the bass for the exammation of current work in this field The remamder
of this discussion will be concerned with the econsideration of expenimental
attempts to discover systems in which the mechanism of action of estro
gens may be studied

V In Vo SysTEMs

In o systems have been employed first and foremost for the gross and
microscopie deseription of the changes induced mn target tissues by the
administration of estrogeme hormones These changes are utihzed for the
development, of assay procedures upon which rest the defimtion and quan
titative estimates of estrogenie activity

VI Tissue CULTURE STUDIES

Up to this pont 1t has been tacitly assumed that estrogens act directly
upon target tissues, and not through other and indirect mechamsms This
18 almost mphat m the definition of a hormone Evidence i support of
this view was provided by the work of Biggers ef al (1956), who demon
strated a direct action of eleven natural and synthetic estrogens 1n 1solated
rings of mouse vaginal epithelum mamtamed mn tissue culture The close
correspondence of the stratification and keratimzation produced, both
1110 and 1n the tissue culture preparation, provide evidence that (1) altera
t1on of the estrogen molecule 1n the liver or elsewhere 15 not & necessary
prerequustte for action of the estrogen at the target site (Szego and Roberts
1953, Roberts and Szego, 1953, Fishman, 1951), (2) effects of estrogen are
not medated through the nervous system, and (3) effects of estrogens are
independent of blood flow to the target tissue (Hechter ef al, 1940)
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VII In Viiro Systems DERIVED FROM ESTROGEN TREATED ANIMALS

An important approach to the location of the sites of actton of estrogens
has been through the compnnson of the metabolism of preparations of
target tissues removed from control ammals with those tihen from am
mals pretreated with physiological doses of estrogens

The Mueller group (Mueller et al, 1958) has made an impressive be
ginning 1 the examination of the biochemical changes which occur m the
uterus of the ovarectomized rat following treatment with small doses of
estradiol Within 1 hour of the admmstration of the stermd, hyperemia
oceurs (McLeod and Reynolds, 1938) and 1s followed by 1 phase of water
imbiintion which reaches 1ts peak after 4-6 hours (Astwood, 1938, Szego
and Roberts, 1953) After another 6 hours true grow th begins to oceur and
a second phase of water imbibition ensues (Szego wd Roberts 1953)
These changes have been correlated with mereases in the protemn and nbo
nucleic acid content of rat uter1 In the perzod from 6 to 21 hours the prin
c1pal biochemical change observed 1s an accurulation of rbonucleic acid
as measured by uridine thy mine ratios i the tissue These conclusions are
supported by the observation that the uter: of estrogen treated rats ac
tually incorporate formate C* and glycine 2 C¥ into the adenme and gua
nime of nucleic acidd When serine 3 G 15 mcubated with uter: of ovanec
tomized rats pretreated with estradiol, 1t 18 stmilarly 1ncorporated into the
adenine and guamne of nuclele acid—an effect which 1s blocked by the
addition of unlabeled formate to the meubation medium Estradiol has little
effect on the labeling of the pynmidine bases of nucleic actds The failure
of estrogen to stimulate the mnecorporation of CH*O 1nto nucleic acid pyrim
dines 15 m contrast to 1ts effect on the mcorporation of C* mto the acid
soluble uridine 5’ phosphate

Attention was also given to the effect of pretreatment with estrogen on
Protein synthesis in the uterus The incorporation of glycine mereased in a
Imear fashion over the first 12 hour period following pretreatment with es
xatnoh, mnd reached & peak ot wboot 20 hours Polionmg s, there was a
dechine, but an ncreased rate of mcorporation could be re established by o
steond mjection of estradiol The stimulation of ammo acid incorporation
occurred with tryptophan, lysine, serme, a3 well as with gly cine Incorpora
tion of formate into the serme of protemn behaved m much the same manner
It was further shown, using exchange of Pt pyrophosphate with 1denosine
trphosphate that estrogen pretreitment stimulated ammo acid activa
tion This stimulation occurred with leueme, tryptophan, valine, ty rosine,
methionme, glyeme and 1soleucine, but not with thirteen other amino
acids which were tested Thus, a certamn speerficity 1n effect 15 mamfest

The profound effects of estrogen, both on the cleavage of serme to a
one carbon fragment and on the synthesis of serine from formate and gly
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me, suggested attempts to study the effect of estrogen on the level of
serine aldolase Pretreatment of the amimal with estrogen produced . pro.
gressive mcrease 1n serine aldolase levels 1n uterme homogenates fortified
with tetrahydrofohe acid These results suggest that an increase either m
the amount or m the activity of an enzyme 18 a consequence of estrogen
treatment

Unsuccessful attempts were made to study this effect wn mitro However,
1n the presence of 4 hydroxyestradiol there was an wrregular effect on serte
aldolase actrvity Uterine segments from ovarectomized rats were then
incubated m Eagle’s Hela ultramedium (Eagle, 1955) containing 10%
bovine serum and 1n the presence and absence of estrogen After ncubation,
homogenatcs of the segments were exammned for their capaeity to mncor
porate glycine 2 G mnto protem and for therr sermne aldolase levels Estro
gens did not appear to have any sigmficant effect upon either of these two
reactions However, 1t was found that incubation 1n this medium produced
 remarhable 1ncrease i the activity of both test systems when compared
with unincubated controls Oxygen was required for this actisation which
could be abolished either by meubation at 0°C or by the addition of
cyamde It was noted that when utermc segments from ovariectomized
rats pretreated with estradiol were incubated in Eagle’s medium, no fur
ther activation was observed It seemed that the effects of pretreatment
with estrogen and of incubation m Eagle’s medium were sumilar and ap
prosuimately additive These observations of a similarity 1n effect of estro
gen pretreatment and ncubation 1n g highly enriched medium may pomt
to a general phenomenon characteristic of estrogen action, namely, the
facilitation of the delivers of the nutritive requirements at a specfic site
as a preparation for rapid growth

Other biochemical studies have been concerned with the measurement of
enzyme levels 1n the utert of castrate rats treated with estrogen over longer
periods of time Bever (1959) has reviened data on the effect of estrogens
and other steroids upon the levels of lactic dehydrogenase and reduced
diphosphopy nidime nucleotide (DPNH) oxidase 1n rat uteri These expert
ments were based upon earlier obseryations that during the estrous cy cle
the levels of these two enzymes are maximal during early estrus and pro-
estrus and lowest in diestrus and after castration Estrone, estradiol, estriol,
progesterone, deoxycorticosterone acetate, testosterone, and cortisone ace
tate, all tend to elevate the levels of lactic dehydrogenase, the greatest
effect bemng ehcited by progesterone and the least clear cut by cortisone
acetate In contrast, progesterone mn small doses appears to depress the
DPNH oudase activity Progesterone and estradiol are antagomsts n both
test systems, whereas the other compounds exert lesser mhibitory cffects
Whether the changes are the expression of activating effects of the hor
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mones or the result of altered absolute amounts of enzyme cannot be deter-
mined from these experiments

A further example of the effect of estrogens on enzyme activity was re
ported by Beyler et al (1956) who showed that pretrentment of male rats
with either estradiol 178 or diethylstilbestrol dipalmatate for a period of 15
days produces 1 two to fourfold increase m the 38 ol dehydrogenase ac
ity of fortified testrs homogenates as compared with controls Even with
a dose of estradiol 178 as low as 2 pg per kilogram per day there was o
doubling of the enzymatic nctivity Although the weight of the testes of
these amimals was not influenced, there was a sigmficant decrease in the
weights of both <eminal vesicles and ventral prostates as a conse quence, of
estrogen therapy Dicthylstilbestrol dipilmitate evoked a stmular but less
pronounced effect 114 pg per kilogram per day of this substance (equiva
lent to 40 ug of diethylstilbestrol) producing a doubling in enzyme actvity
That this effect 1s not mediated through the pituitary 1s suggested by the
observations of Samuels and Helmreich (1956), who demonstrated a lower
mg of 38 ol dehydrogenase activity 1n testycular tissue after hypophy sec
tomy In the present expernments estrogen therapy would be expected to
reduce the output of mitwitary gonadotropin and thus tend to lower the
enzyme level m the testts That this level was mcreased suggests a more
direct, effect of estrogen on testicular enzyme activity This paradowcal ef
fect of estrogen, which on the one hand suppresses gonadotropin release,
which would depress enzyme activity while on the other hand 1t increases
activity apparently by a more direct effect, 1s typical of the difficulties
which are encountered and must be surmounted 1 any attempt to explam
the mechamsm of action of these substanees

Interesting effects of estrogen pretreatment upon carbohydrate metabo
lism 1n rat liver and the interrelations of estrogen action with adrenocortical
secre tion and nsulin action we discussed by McKerns et al (1958) These
observations should provide additional ponts of attack for the develop
ment of wn miro systems

VIII In Vitro SySTEMs

The first clear eut effect of an estrogeme hormone added n vatro to an
enzyme system was reported by Hagerman and Villee (1953) and Villee and
Hagerman (1953) who showed that the addition of estradiol 178 to slices of
human endometrium or placenta mcubated wn viiro produced an mereased
rate of ouidative metabolism In placental homogenates the locus of action
of estradiol was considered to be a diphosphopyridime nucleotide limhed
1=ocitric dehydrogenase present m the soluble fraction (Villee and Gordon
1955) Triphosphopyridine nucleot:de did not replace diphosphopynidine
nucleotide (Villee, 1955), and o divalent metal cation 1s required for full
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activity (Gordon and Villee, 1955) The data are consistent with the vies
that estradiol combines with an mactive form of the enzyme, thereby ren
dermg 1t enzymatically active A kinetic analysis (Gordon and Villee, 1906)
provides the basis for the enzyme activation concept When the steroid 1s
the hmiting reagent mn the assay system the formation of reduced diphos
phopyndine nucleotide can be used as an assay for estrone and estradiol
178

When the effect of various steroids upon the reduction of DPN by pla
cental extracts was studied, 1t was found that estrone and estradiol had
approximately the same activity Estriol at fifty times the concentration
had no effect, while 17a ethynylestradiol had shghtly more than one
third the effect of estradiol Neutral steroids, with the exception of testos
terone, were essentially mactive In the case of testosterone, however,
there was a sigmficant reduction of DPN which may be attributable to 2
soluble testosterone dehydrogenase which was found m human placents
by Meyer (1955) Diethylstilbestrol was in these experiments nactive, as
was estradiol-17¢ It 18 noteworthy that a mixture of 03 pg of estradiol
and 12 ug of estriol produced a mgmficantly smaller reduction of DPN
than did the same amount of estradiol alone A mixture of estradiol with
progesterone or corticol had no effect, whereas testostcrone appeared to
enhance DPN reduction The position of diethylstilbestrol in this series 1sa
little puzzling since 1t 18 an exceedingly effective estrogen in the whole am
mal

Hagerman and Villee (1957) measured the dissociation constant for
estradiol 178 and estrone and the estrogen sensitive enzyme The two nat
ural estrogens are bound to the enzyme about 200 times more strongly
than 1s diethylstilbestrol, the latter compound has only half as great an
ability to activate the enzyme When estradiol and diethylstilbestrol are
both present, the latter acts as a competitive mhbitor A parallehsm be
tween the effects of estrogens n activating the enzyme and their action 1n
the whole ammal was supported by tests (Villee and Hagerman, 1957) on
o series of aromatic ant1 estrogens of which <ome were higher homologs of
diethylstilbestral (Bérany ef al, 1955) Diethylstilbestrol, 1,3 di(p by
droxyphenyl)propane, and estradiol 17« were found to be competitive 1
bitors of the activation of placental 1soertric dehydrogenase by estradiol
n addition 1t was found that estriol alone has a shight activatimg effect but
combined with estradiol 1t decreases the activating effect of the hormone
These findmgs were mterpreted as indicating that estrogens and substances
related to them have two distinet properties the first being to combine
with the enzyme, and the second, to activate 1t The experiments on hon;l%
logs of stilbestrol ndicated further that the size and the shape of the mole
cule are important m deterrmmng binding to the cnzyme surface
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The observtions of Villee and his co workers have recently been con
firmed and extended by Talalay and Williams Ashman (1958), who found
that 1n more lghly punfied preparations of human placentn the estrogen
effects disappeared but could be restored by the addition of eatalytic

ts of triphosphopyridine nucleotide (TPN) The effect of TPN on
the reduction of DPN was mamfest only 1 the prescnce of both substrate
(1socitrate) and estradiol These obsery ations were interpreted as indicating
an effect of the hormone not upon 1socitrate dehvdrogenase but upon
transhy drogenase system Further support was provided by the observation
that 1socitrate dehydrogenase could be replaced by glucose 6 phosphate
dehydrogenase Thus, the locus of action of estrogen was shifted from 1so
atrate dehydr to a transhydr system The «milanties in
properties and kinetics of the transhydrogenating system and the estradiol
dehydrogenase of human placents deseribed by Langer and Engel (1958)
led Talalay to conclude that these enzymes were 1dentica]

It suggested that the reversible oxadation and reduction of the steroids
themselves constituted a sterord activated transhy drogenase sy stem accord
g to equation (1) The net effect 1s the transfer of hydrogen from TPNH

Lstradiol + DPN* = Estrone + DPNH + H*
Cstrone + TPNH + H* = Estradiol 4+ TPN* (n
DPN* 4 TINH == DPNH + TPN+

to DPN This concept would place the steroid hormone in the po-ition of
a coenzyme which controlled the flow of electrons into the two sets of meta
bolic reactions mn which di and triphosphopy ridine nucleotides play ther
specific roles Imphieit m this concept 1s the 1dentity of the DPN hinked
estradiol dehydrogenase the TPN lmked estradiol dehydrogenase, and the
transhydrogenase These experiments linkmg T PN with a possible biochem
1cal funetion for estradiol have certan ponts of contact for the work of
Mueller cited above since Flaks et al (1957) and Huennekens ef al (1957)
have demonstrated that TPN 15 required for the mcorporation of one carbon
fragments 1nto serne and nto purines

The experimental observations of Talalay and Wilhams Ashman were
soon confirmed by Villee and Hagerman (1958), who presented additional
evidence for the yiew that the site of action of estradiol was actually the
transhydrogenase system by demonstrating the couphing of transhydro
genation with a TPN linked yeast 1socitrate dehydrogenase (Talalay and
Williams Ashman used a rat heart enzyme) and with glucose 6 phosphate
dehydrogenase measuring 1 the latter case relative amounts of CH0,
produced from glucose 1 C!* and glucose 6 C* as well as reduced pyndine
nucleotrde formation

Attempts to couple the transhydrogenation with lactic dehydrogenase
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derived from exther yeast or hver, or with alcohol dehydrogcnase, w
successful, thus indicating some degree of specifieity m the coupling
transhydrogenation reaction It was also found that the addition of es
did not affect the rate of the reaction of lactic dehydrogenase or
dehydrogenase with ther substrates mn erther direction Fmally, by v
the relative amounts of di and triphosphopyndine nucleotide adi
purtffed plicental preparations in the presence of excess 1socitrate,
shown first, that in the presence of cataly tic amounts of T PN and sut
-aunounts of DP'N, there was a pronounced estrogen effect However,
amount of TPN was mncreased, the estrogen effect dimnished, and
presence of substrate amounts of TPN no estrogen effect was ma
These experiments, too, are completely consistent with the view th
locus of action of estrogen 1s the transhydrogenase However, the pr
15 raused by the authors that such compounds s bisdehydrodoisynol
and diethylstilbestrol are indisputably estrogens and yet do not ht m
mechamsm proposed by Talalvy and Wilhams Ashman

The prineip ul support for the Talalay concept that the estrogens fu
as hydrogen transfer agents rests on the supposition that the estradi
hydrogenase described by Langer and Engel (1958) 1s 1dentical wif
tranchydrogennse In a recent piper (Talalay ef al, 1956) evidence 1
scnted that during the course of a 200 fold punficition of the DPN |
dehydrogenating activity in human placenta, there was a parallel pu
tion of the estradiol specific transhvdrogenase when 1t was assayed
procedure which corrects for estradiol msensitive transhydrogemtmn‘
fication of the enzymitic activities from term placenta was accomp
by removal of the micro~omes with caleum chlonde, followed by a
nm sulfate fractionation, heat treatment, and a second ammonium st
fractionation The ratio of dehydrogenase activity to estradiol sp
tranghydrogenase activily 1nerensed from 23 n the supernatent fro
from the calctum chloride precipitation to 97 1n the fraction precipt
by 20-25% ammonwum sulfate mn the final step At the same time th
hydrogenase activity mnereased from 66 umts per millliter to 850 umt
rotllditer, whereas the estradiol specific transhydrogenase activity tha
from 29 to 88 umts per mililiter Lhe highest content of both dehydroge
and transhydrogenation activities was found 1 the 10-15% ammo
sulf ite fraction and had a ratio of dehydrogenase transhydrogenast. ¢
Although the authors assert that there was no tendency for separatyt
these two activities over a punfication range of 100 fold, the ratio of ac
ties does change, and there 1s a fourfold increase from the supernatant
tion from ealerum chloride precipitation to the 20-25 % ammonium su
fraction The problem of the separate natures of the transhydrogenase
dehy drogenase now appears to have been resolved by more recent wo!
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Hagerman and Villee (1909) and Hagerman et al (1959) These authors
have shown that the dehy drogenase wnd the transhydrogenase are mhibited
by sulfhydryl reagents at different rates, are thermally mactivated at differ
ent rates, and that the ratio of dehydrogenase to transhydrogenase activity
does not rcmam constant during purifieation Finally, by the use of electro
phoretic techmques three enzymatic activities have been scparated, a
DPN linked estridiol dehydrogenase, a I'PN hinked estradiol dehydro
genase and an estradiol sensitive transhy drogenase No transhydrogenation
occurs when the two dehydrogenases are mived 1n the presence of estradiol

The present position appears to be that although the locus of action of
estrogen 15 upon a transhy drogenase, as first suggested by Talalay, the es
tradiol presumably does not exert 1ts effect by funetioning as a coenzyme
m the ssmple manner postulited by lm The mechamsm by which 1t does
act 1s unknown and 1» merely redesertbed as “zetin ation ' It nill be recalled
that this term was first introduced by Gordon and Villee (1956) The “ac
tivation’ mechamsm permits greater structural latitude for estrogenic ac
tivity than does the postulated coenzymatic role The latter requires the
presence or the facile formation of a reversibly oxidizable idcohol group
Thus, the potentiating effects upon the transhydrogenase system of bisde
hydrodorsynolic acid (Villee and Hagerman, 1958) and 17a ethynylestradiol
(Gordon and Vallee 1936) can be accepted by the ‘activation theory but
are difficult to reconeile with the coenzyme mechamsm

Further information concerming the structural specificity of the transhy
drogenase system has been reported by Hollinder ¢t ¢! (1958a) who stud
1ed the effect of variations 1n structure of estradiol derrvatives upon « keto
glutarate production in the trinchydrogenase sy stem coupled with 1socitric
dehydrogenase The resultsin genersl are well correlated with the substrate
spearficity studies on estradiol dehydrogenase (Langer ef al  1959) carried
out on a more extensive senes of compounds 17« Ethynylestradiol agam
was noteworthy since at & concentration of 10 ug per mlliliter 1t wa< ap
prouimately one third as effective as estradiol 1n stimulating the reaction
The parallehism between the structural requirements for participation m
the transhy drogenase reaction and ability to <erve as a substrate for the
DPN hinked dehydrogenase seem at first sight to support the concept of
a coenzymatic role for the sterod although agamn ethynylestradiol strikes
a discordant note However 1t 15 as reasonable to mnterpret, these findings
as sigmifying that the receptor bnding sites which operate when estrogens
exert their potentiating effects upon the transhy drogenase protem are as
closely related to the total structure of the estrogen molecule as are the
binding sites on an enzyme protem for which the estrogen 1s o substrate

In assessing these results, several other factors must be hept m mind
Tust, we have as y et no iformation concerning the quantitatiyve importance
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of the estrogen activated transhydrogenase in the total economy of the cell
Secondly, the phenomenon has been studied most thoroughly 1n placenta
a tissue which synthesizes estrogens 1n relatively abundant quantities and
which ewists throughout 1ts hife 1 an environment rich estrogens How
ever, further emphasis 15 given to this phenomenon by the fact that es
trogen sensitive transhy drogenase systems occur 1 other estrogen targets,
namely, endometrium (Hagerman and Villee, 1953) and breast (Hollander
et al , 1958b, 1959) These observations are conmistent with theview that the
estrogen sensitive transhydrogenase 1s related to the hormonal actions of
these substances, but are by no means proof

Tt should be expected that there are probably other mechansms and «ites
of action for the estrogens, some of which may require mtact cells

IX Summary

One may perhaps summanize the present position m regard to mechanisms
of action of estrogens as follows the description of the phenomena at the
gross and microscopic level 1s well estabhshed If the demonstration of
estrogen effects 1n tissue culture serves to establish the fact that these <ub
stances act locally upon the tissue affected and are not mediated through
any systemic mechanisms, there 1s then s middle ground which consists of
the descriptions of changes in enzyme content and activities m the sus
ceptible tissues of pretreated nmimals This type of information serves as
the means of discoverng wn vilro systems 1n which estrogen effects may be
observed

Fmally, at the level of enzymatic reactions, the effect of estrogens upon
the transhydrogenase system present m several estrogen sensitive fissues
has provided the springboard for speculations concerning the mtimate
mechanism of action of these substances It would be premature to say that
we had any real understanding of these mechamsms, but the w 1despread
mterest evohed 1n this area wall undoubtedly Jead to o rapid accumulation
of information and a deeper nsight mto this problem
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I InTrRODUCTION

In recent times much hnowledge has been gathered on factors that play,
or may pliy, a role 1n the etiology of atherosclerosis Besides other studes,
many nvestigations of the blood plasma constituents have been made to
establish thewr possible relationship wath atheroseleross, and also to find
the relwion of these blood constituents, and of atherosclerosss, to «uch
factors as diet, habits of life, race, and climate

In a simdar way some of these techniques have becn used for studies of
pregnant women, and, less frequently, 1 cases of complicated pregnancy
Of the Intter, only data on toxemun of pregnancy (pre eclampsia, eclampsa)
are constdered here

In the hiterature on both subjects—especially recent papers—there can
be found a surprising number of proved or suggested causes and brochemical
deviations from the normal which are the same, or appear to be very am
lar, both 1n atherosclerosis and toxemia of pregnancy Most of the work
done on atheroscleroms has been in relation to coronary scleross

Ewidence for correlations between the two diseases should be =ought for
by comparing the data on the diseased subjects with the corresponding
normal ones, e subjects with coronary sclerosis compared with healthy
persons of the same sex and age, and patients with a toxema of pregnancy
with women with uncomplieated pregnancy of comparable duration

The avaulable data ean be divided into the following main groups

1 (a) Dietary factors suggested or proved to play a role n causing or
preventing the disense n human beings, either by a deficiency or by excess
af onie or imiore suhstances (b)) Dietary measures causng the same oF YeIy
sl ar disease 1 experime ntal animals, together with mencures to prevent
the development of the disease m these animals

2 (a) Dewations from the “normi” of the blood plasms levels of n
number of substances, whether normally present or not This wncludes al>0
reactions oceurring 1n the blood or blood vessel walls the underlymg ab
normalities of which are not yet hnown (b) Detiations from the “normal”
amounts of substances excreted by the hidney, mncluding data on substances
present only m the diseased

3 The mfluences of pondietary therapeutic measures

4 Habits of Ife which can play < role n inducing or preventing both
diseases I

5 Possible mmilarities in the climeal symptoms and the (anatomieal}
pathological findings 1 both diseases, and their course with time
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Before discusaing the above mentioned points m detail, 1t should be
noted that only those factors are recorded on which some mnformation could
be found bearing on both diceases or data of more general importance
There are of course ‘factors’ the roles of which have been deseribed 1n
only one of the diseases These have been omitted

II Drrrary Facrors TeAT Pray A Rouk v Humv Bemnves

Many papers hive been published n recent years on the mmfluence of
diet upon atherosclerosis and especially coronary sclerosis (Ielch et af,
1908) Data on the relation between diet and toxemia of pregnancy are
not as numerous and many are of somewhat older date

1 QGeneral Endence

The influence of ‘civibization ' can be mentioned as general evidence for
a positive correlation of dietary factors with these two diseases Civiliza
tion has proved to be unfavorable in both diseases In dietary terms “c1y
hzation” can largely be seen as the possibihty of obtamming preserved,
cinned, <hortened, and refined foods, possibly combimed with less need for
physical activity 1n obtaimng food, and consequently a lower need for cal
ones

Extensive studies on the world distribution of both diceases have been
carrted ont—hy Keys (1953), heys and Anderson (1957), Keyset al (19574,
b) Brock etal (1956) BroZek etal (1957), Bronte Stewart etal (1955), Enos
et al (1935) Mann, (1907) and Henschen (1853) in the field of coronary
heart disease, by Whitacre (1954) Bell (1956) Bell and Wills (1955),
Hipsley (1953), De Snoo (1949), Scrimshaw et al (1947), and Park and
Dawson (1952) as to toxemia—in which the influences of race sex and
climate are taken into account together with variations and changes m
dietary habits, and also the mugration into other countries of large num
bers of people of the same ongin

Unfortunately the frequency of both diseases has never been measured
intentionally at the same time 1n the same population group There are
only the data of Duncan (1947), concerning a Subaretie region and the
data obtamed during the world wars Fortunately, data on both diseases
measured mn the Jamaican population were recently given by Tulloch
(1958) Robertson (1908), and Robertson and Dixon (1958) Moreover 1t
1s extremely difficult to obtain comparable data According to the hiterature
mentioned a Ingh frequency of toxemua has been recorded m Western
Furope, Canada (Toronto), the Umited States ncluding Negroes, Sydney,
Austriaha, New Zealand, Indians m southern India and Colombo, Indiany
m the Fint Tslands, ete A low mcidence has been reported among native
Fipans, m the native New Gumes and Solomon Island population, m
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Jamazea, the Punyab, Java, Celebes, m the primitive Negro population
Afriea, n the Subaretic, and among Eshimos In general, the meidence
seems to be rather similar to the distribution of coronary mottality, but
no proof can be given as yet

Another general mfluence 1s that of the world wars A decrease 1n the
trequency of both diseases has been seen m all European countries where
tood was ritioned, with 1 subsequent merease after the normal food supply
was restored! (for atherosclerows see Malmros, 1950, Strgm and Jensen,
1951, Keys, 1953, Groen and van der Heide, 19564, b, Brewem 1957, wnd
for toxemia of pregnancy, Holmer, 1947, Mastboom, 1948, Van Bouwdyk
Bastinanse, 1954, Hilber and Mentz, 1954, Burger, 1950, and Tavmergen,
1955)

As to toxemin of pregnancy 1t might be suggested that the reduced
frequency was partly due to extra food rations, for mstance, mulk and wita
min supplements given to pregnant women But on the other hand, the
sudden greatly ncreased availability of food after the hiberation produced
at once a much higher frequency (Holmer, 1947, Jung, 1947) This may be
compared with the evidence of Kyhos et al (1949) obtaned i Naples among
the poor, 1n whom the toxema meidence rose on “umpros ement”—quahita
tively and quantitatively—of the diet A similar argument 1s that the tox
emi cases seen during the war oceurred mainly in those who had better
possibilities of obtaining food, for instance the wives of black marketeers

In any case, the food consumed during the war had much in common
with the food of primutive people 1t was less refined, contained less animal
fat and proteins, more fruit and vegetables, whether fresh or not, and was
1n general, a low fat, and often a low calorie, diet distinetly richer i vitammn
and mmeral content than at other times

Of course, the food supply can be actually nsufficient durning war and
famine, and a corresponding, nerease in the mortality rates can be expected
as a result It 1s quite conceivable that this might affect pregnant women
more than other subjects

As to pregnant women, 1 number of surveys have been made i which
dietary supplements were given based on the knowledge obtaned dunng
war time, for instance, the Toronto expertment (Ebbs et al , 1942a, b), the
London survey (Peoples League of Health Report, 1942 1946), the Van
derbilt study (Darby el al, 1953 b, 1955), and many others (Mellanby,
1029, Theobald, 1937, Sinclair, 1944, Baird, 1944 reviened by Magee,

1 The same trends were present for dental caries diabetes and the frequency of
thrombosts and embolism (Toverud 1956 1957, Malmros 1950 Boerema 1947) the

2By pnmitive people 1s meant those living 1n themr natural state from "
natural food sources not those ervilized just enough to earn nearly no money “;”
buymng only the cheapest staple  Western foods These last groups often Tive1n
poor conditions and suffer from many diseases
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1946) In general, favorable results were seen, but how httle actually 15
known on the subject was shown by the Neapolhtan work of Kyhos ef al
(1949), already mentioned, m which the ongmal diet was quahified as very
poor, yot the toxemia meodence proved to be low Tovemia madence ¢
tually rose on supplementing the diet with ingredients considered to 1m
prove the diet 1n quality and quantity Simlar results to those of Iiyhos
had already been reported by other authors Morcoyer, although primitive
people often consume diets which are considered to be very poor, they have
low mortahty rates of atherosclerous as well as a low toxema meidence m
general (see for mstance, Bronte Stewart et al , 1955, Holemans and André,
1955 Dunecan, 1947, Tulloch 1958, and Robertson, 1958)

A third general argument for a positive relation between the frequency
of the two diseases ts the possibility of inducing the diceases in experiment 1t
ammals by a number of closely related dictary mensures for each diven e
Details are given below 1 Section III The above mentioned reports con
cern rather large and multiple changes in the composition of the diet,
surveys with only one or two factors mvolved will be discussed below

The dietary factors studied mn detaal have been amount of calories (““over
weight” or not), refining of foods fruits and segetables, fats, protens,
carbohydrates cholesterol vitamins A D (cod liver oil) L, and B (espe
cially miacin and pynidoxine) cholme c¢ystine methiomne, and munerals
(copper magnestum sodwm potassium) In the following discussions the
disease for which the best documentation was found 15 usually deseribed
first

2 Calories

Investigations of the caloric level of diets point immediately to a hnk
between “overweight”” and disease Accordmng to Keys and Anderson (1954)
Keys (1955) Keys et al (1955) and Anderson et al (1957, b), there 1s no
direct relation between the body weight and the cholesterol level of the
blood whereas the average cholesterol levels of certain population groups
have a durect, relation of the coronary mortahty rates m these groups

In the active state of developing obesity by increasmg the calorie mntake
the serum cholesterol tends to rise but this incrense 15 not mamtained when
weight gam ceases Weight loss gives a decrease of the cholesterol level,
the effect 15 greater when the reducing diet 15 low 1 fat than when 1t 1s gh
m fat (Anderson et al, 1956) On the other hand people rapidly losimg
weight may have elevated cholesterol levels

‘Wartime ratiomng, causing a considerable calorie restriction resulted 1n
most cases In lower cholesterol levels, while the frequency of both athero
sclerosis and toxemua of pregnaney was reduced Obviously the qualititive
changes 1n the diet cannot be neglected, and the reduced mntake of anmal
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Jamasea, the Pun)ab, Java, Celebes, n the primitive Negro population 1
Africa, m the Subaretic, and among Eshimos In general the 1ncidence
seems to be rather similar to the distribution of coronary mortality, but
no proof can be given as yet

Another general influence 15 that of the world wars A decrease m the
frequency of both diseases has been seen mn all European countries where
food was rationed, with a subsequent increase after the normal food supply
was restored! (for atherosclerosis see Malmros, 1950, Strgm and Jensen,
1951, Keys, 1953, Groen and van der Heide, 19564, b, Breirem 1057 and
for tosemia of pregnancy, Holmer, 1947, Mastboom, 1948, Van Bouwdijh
Bastwanse, 1954, Hilber and Mentz, 1954, Burger, 1950, and Tavmergen,
1955)

As to {oxerma of pregnancy 1t mght be suggested that the reduced
frequency was partly due to extra food rations, for instance, mlk and vita
mun supplements given to pregnant women But on the other hand, the
sudden greatly increased avarlability of food after the Liberation produced
at once a much higher frequency (Holmer, 1947, Jung, 1947) Ths may be
compared with the evidence of Kyhos et al (1949) obtained i Naples among
the poor, n whom the toxemia incidence rose on “improvement”—quahta
tively and quantitatively—of the diet A similar argument 1s that the tox
emua cases <een during the war occurred mainly in those who had better
possibilities of obtaimng food, for mstance the wives of black marketeers

In any case, the food consumed durng the war had much m common
with the food of primitive people 2 1t was less refined, contained Jess animal
fat and protems, more frutt and vegetables, whether fresh or not, and wis
in general, a low fat, and often a low calorie, dret distinctly richer in vitamn
and mineral content than at other tumnes

Of course, the food supply can be actually msufficient during war and
fymine, and a corresponding 1ncrease in the mortality rates can be expected
as a result It 1s quite conceivable that this might affect pregnant women
more than other subjects

As to pregnant women, a number of surveys have been made m which
dietary supplements were given based on the knowledge obtamed durmg
war time, for mstance, the Toronto experiment (Ebbs et al, 19422 b), the
Tondon survey (Peoples League of Health Report, 1942, 1946) the Van
derbilt study (Darby et al, 1953a, b, 1955), and many others (Mellanby,
1929, Theobald, 1937, Swclarr, 1944, Baird, 1944, reviewed by Magee,

1 he same trends were present for dental caries diabetes and the frequency of
thrombosis and embolism (Toverud 1956 1957 Malmros 1950 Boerema 1947)

1By prumtive people 13 meant those living 1n their natural state from the
natural food sources not those civilized just enough to earn nearly no money i
buy1ing only the cheapest staple Twestern foods Theselast groups oftenhvein very
poor conditions and suffer from many diseases
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194G) In generil, favorable results were seen, but how httle actually 15
known on the subject was shown by the Neapolitan work of Kyhos et al
(1949), nlready mentioned 1n which the origmal diet was qualified as very
poor yet the toxema mcidence proved to be low Toxemia meidence ac
tually rose on supplementing the diet with ingredients considered to 1m
prove the diet in qualty and quantity Smmlar results to those of Kyhos
had already been reported by other suthors Morcover although primitive
people often consume diets which are considered to be very poor, they have
low mortality rates of atheroscleross as well as a low toxemia mexdence m
general (see for mstance Bronte Stewart et al , 1955, Holemans and André,
1955, Duncan 1947 Tulloch, 1958 and Robertson 1958)

A third general argument for a positive relation between the frequency
of the two diseases 1s the possibility of inducing the diseases in experiment 1l
ammals by a number of closely related dietary measures for each diense
Details are given below in Section III The above mentioned reports con-
cern rather large and multiple changes n the composition of the diet,
surveys with only one or two factors involved will be discussed below

The dietary factors studied in detall have been amount of calories (¢ over
weight’ or not), refinng of foods, frmts and vegetables fats, protems,
carbohydrates, cholesterol vitamins A, D (cod hver oil), E, and B (espe
cially nizein and pynidoxine), choline, cystine, methonine and munerals
(copper mignesium, sodwum, potasstum) In the following discussions the
discase for which the best dorumentation was found 1s usunlly deseribed
first

2 Calories

Tnvestigations of the caloric level of diets point immediately to a link
between “overweight” and dicease According to Keys and Anderson (1954),
Keys (1955) Keys et al (1955) and Ander<on et al (1957a, b), there 1s no
direct relation between the body weight and the cholesterol level of the
blood whereas the average cholesterol levels of certamn population groups
have a direct relation of the coronary mortality rates in these groups

In the active state of developing obesity by increasing the ealone intake,
the serum cholesterol tends to rise but this inerease 15 not maintamed when
weaight gan ceases Weight loss grves a decrease of the cholesterol level
the effect 15 greater when the reducing diet 1 low 1n fat than when 1t 1s lugh
in fat (Anderson et al 1956) On the other hand people rapidly losing
weight may have elevated cholesterol levels

Wartime rationmg causing a considerable caloric restriction resulted m
most cases m fower cholesterol levels, while the frequency of both athero
sclerosis and toxema of pregnancy was reduced Obyiously the qualitative
changes m the diet cannot be neglected, and the reduced mtake of animal
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fats may have had an especially important role, apart from 1ts ealome value
Moreover, Schmudt (1955) remarhs that, 1 all countries where the blood
cholesterol values are low, calone ntake 1s low too

The primitive Eshimo and Lapp consume o faly high fat diet {the diet
18 not necessarily rich n fat (see 4lso Duncan, 1947)], but famine oceurs
sometimes as a result of the mgration of animals and fish from the areas
where these primitive people live (Scott, 1956) Greater physical activity
and concomitant greater energy expenditure will be important m these
cases, as (partly) during war time

A suddenly improved supply of foods such as occurred at the end of the
war 1n Western Europe resulted m an immediate sharp merease of the
toxemia meidence The incidence of coronary mortality rose likewise, but
not so sharply This difference in rate of merease 1s not as contradictory as
1t might seem, since 1t mught well be related to the acute course of toxerma
of pregnancy 1 companson with the always more chrome progress of coro
nary sclerosis

The effect of a sudden great 1mproyement—qualitatively and gantita
tively—of a very poor diet has also heen seen by Kyhos et al (1949)
pregnant Neapolitan women The toxemia incidence, which had been low
before the diet was supplemented, rose significantly The weight nerease
induced by these dietary measures will have caused a greater tendency to
an increase of the cholesterol level, and 1t 1s known that 1n toxemia of preg
nancy cholesterol levels are elevated above the values tn normal pregnancy
(see Section IV, 1)

Williams reported recently (1857) that toxemma patients had a higher
average mitial weight and a greater weight increase (partly due to edema)
than have normal pregnant women Dieckmann (1952) caleulated that 2
normal pregnant woman should not have a weight nerease of more than
67 kg A weight merease of more than 8 kg 1nereases the danger of pre
eclampsta Others, however, tolerate o weight inerease of about 10 kg , for
mstance 9 5-10 5 hg (Wilhams, 1957) Thomson and Billewicz (1957), on
the other hand, consider 125 Lg a normal amount In comparison with
the weight ncrease records of primutive people (in whom to(emia 18 TIE
this seems too high (Holemans and André, 1055, Lambillion, 1950, Gcbelr
and Dean, 1957), however, race mnfluences play a role also Hamlin et t;
(1953) reported a reduction of the eclampsia metdence from approximately
1 1n 500 to 1 1n 7000 by avoiding undue weight ncrease by strict atten}t‘wﬂ
to the diet The whole invesigation covered 18 000 cases m a Sydney 0=n
pital Standard antenatal care during 1935-1947 resulted 1n eclamp=a 1
106 of 37,000 cases After starting weight control from earhest pregnan;%
i 1948, the frequency of pre eclamptic albummnurna was lowered fr?I:ned
t0 1 8% and booked eclampsia went down to the level already menty
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of 1 m 7000 at the end of 1951 3 The higher nsh of toxemia of pregnancy n
obese women—defined by mmitial weight as well as by weight gain—has been
reported by other authors also (sec for instance Theobald, 1955, Thomson
and Billewicz 1057, Darby et al, 1953a, b, 1955, and McGamty et al
1934, 1955, 1n the Vanderilt study)

An mereased weight postpartum has been reported repeatedly as oceur
ring frequently 1n countries with » known high maidence of toxemia, where
as this was not seen, for instance, 1n the studies of Holemans and André
(1955) 1n the Belgian Congo

3 Refinement of Foods

The refinement of foods has many aspects and 1s not hmited only to one
or two important dietary factors Most of the relativ e deficencies mentioned
in this paper are certamly partly due to refimng and preserving of food
stuffs and the preference for these foods, considening taste as well as eco
nonc factors

There 15, however, one special constituent of nonrefined foodstuffs that
has been extensively studied by Hipsley (1953) and by Bell and Wills
(1955) These wuthors compared the fiber contents of the diets from a large
number of studies in different parts of the world They noticed that the
Wwomen 1n population groups consuming diets with high fiber content suffered
les from tovemia whereas shifts 1n the dietary composttion m one or an
other direction changed the toxemi frequencies in concordance with this
View

Except for the war reports, there are no data obtamned simultaneously
on the meidence of atherosclerosis As has been already remarked, hoth
diseases were less frequent i Europe durmg the last world war

A Tigh fiber content of a diet always means a high intake of fruits and
vegetables and such a diet will give a higher intake of vitamins and miner
als trace minerals as well as others, and possibly other unknown factors
Further the wntake of vegetable fat 15 relatively high and the mtake of
antmal fat 1s relatively low while 1n general, the total fat intake 15 also

3 A toxema incidence of 13% was seen 1n an Amsterdam investigation carried out
1n 1950-1901 (Van Bouwdyk Bastinanse et al 1959) covering nearly 500 women
Toxemia was diagnosed here when the blood pressure was over 140/30 on one or more
occastons dunng the prenatal examinations {before the eighth month of pregnancy)
In another mvestigation (Nederveen Fenenga et al  1959) a few years later (1955)
also 1n Amsterdam about 25% of all women studied had salt restriction preseribed
from the sixth month of pregnancy or earlier However in one of the Amsterdam
climies 1t was noticed acridentally (spring 1957) that a rather small percentage of
women escaped the prescription of saltless regime during the last weeks of pregnancy
also However these data are not ly le and Hy m the last
one the physicians concerned might have been overcautious
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low The bulky eontent of such a diet will also discourage the mtahe of
excess calories and thus unwanted gam of weight In addition, loss of
calories by meomplete absorption 1n the mtestine can play a role (meom
plete digestion of fiber contamnng food particles and inereased bowel ac
tivity)

4 Fats

The exact role of dietary fats and the relation of the essential fatty acds
in this respect are still under discussion From the studies of Iseys ef al
(Keys, 1953, 1955, Keys and Anderson, 1954, 1957, Keys ef al, 190,
1956a, b, 1957a, b, ¢, d, 1958, Anderson et al , 1956, 19572, b) 1t 15 known
that a definite correlation exists between the prevalence of coronary heart
disease and the fat content of the diet Population groups consuming diets
low 1 fat have a low average cholesterol level of the plasma and a low
frequency of coronary heart disease On the contrary, high fat diets pro-
mote high average cholesterol levels and a high frequency of coronary
disease In general the Jow fat diets are low 1n amimal fat and thus most of
the fat 15 of vegetable origin (see also Anderson et al , 1957n, Broleh eldl,
1957, Frdanza et al , 1957, Ferber and Buzina, 1957) Moreover, 1t 1s 1\120‘;11
that the mgestion of vegetable and marne oils wath a high contenlt o u1
saturated fatty acids produces a fall m the level of plasma ch(} cstearsé
especially 1 subjects with high imtial cholesterol levels Ammal fats o
aiis with a low 10dime number have a reverse effect and tend to mcr;easlega6
cholesterol level in man (Beveridge et al , 1956, Bronte Stewart et 11“, 1904.
Brock ¢t al , 1956, Ahrens et al , 1957, Keys el al , 19572, b, ¢, chg ,]907)x
1956, 1958, Kmsell et al , 1953, 1958, Malmros and Wigand, 1905; l;aes o
Aftergood et al (1956) showed thedsame thing in rats However,

cts have not yet been resolve
EEIe)a:a on the ¢limea) effects of fats, apart from the mﬂuincer(;?‘;ilj Il:Ie(;i(ti
hipid system, are scarce The posstbility of prev entmnto fcf(;ts ot be
disease by changing the intake of the type and amoun 0t e etremely
given 1n percentages, and data on clmeal 1mprovemen ot Tl
difficult to evaluate since subjective factors play such an eof regnanes
This last argument 1s much less important i cases of htoxi:ft o rolo of the
Very recently Rutstein ef al (1958) demonstrated tl Ie[ em o deposton
cholesterol present 1n the culture medium, m mtracellul s mhibite "
by tissue eultures of human nortic cells The hipid depoalht;re 0 and
by adding linolenic aad to the cho};sttelgll c([)::gir(:zg cul .
dding steanic acid to this cer the
“a,icl;l;:gil:;dt: yGL;rdonget al (1957) the unsaturated fa;)tl)l'ezzccll‘:;sfr‘l; fees]
plasma cholesterol in man by an 1r:crea<ed con:ie:sh“;“"';osw dies 1n three pa
excretion of the latter Lews (1958) confirme 1
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tients with a completc bile fistula T'eeding sunflower <eed ol (by mouth)
and cottonseed o1l (mtravenously), which are both highly unsaturated,
produced a remarhable increase m the rate of cholie aed secretion, this
merease preceded the fall i the serum cholesterol level A saturated fat
(hydrogenated coconut oil) did not affect the bile acid output, but ramed
the .erum cholesterol Hellman et al (1907), however, working with CH-
labeled (holesterol, observed « decrcased output of cholesterol and its end
products on feeding butterfat and an increased excretion on corn o feed
mg to a hyperlipemic patient Gottenbos and Thomasson (1958) demon
strated that the fecal excretion of cholesterol 15 ugher m rats on corn o1l
diets than n those on coconut o1l diet They suggested that the cholesterol
15 excreted by the bowel wall

Although prpers concerning the mfluence of fats and oils 1 athero
sclerosts or coronary heurt disease as well as on “healthy” subjects, are
far too numerous to mention mn full, data concerning toxemia of pregnancy
and the possible role of fats are very scarce indeed Garret (1951) considers
an ymbylance of dietary protemn fats, and carbohvdrates to be a primary
cause of eclampsia According to ns experience, dietary fats and particu
larly lard and other pork products should be restricted for the prevention
of toxerma Silbernagel and Patterson (1951) reported a favorable effect
from wheat germ oil—one of the oils which 1s very effective 1n decrensing
blood cholesterol levels—on the meidence of toxemia of pregnancy In the
control series of 1973 women 10% developed toxemuy In the 825 women
who were given three times & day a 3 mium capsule of an eight times
concentrated preparation only 2 1% showed evidence of tovemra, 90% of
the subjects started therapy between the third and sixteenth week of preg
nancy

Stamler (1956) described a diet which causes a toxemia of pregnancy in
rats The effect disappeared when corn o1l was given instead of cod liver
ol Crude lmoleic acid was approximately as effective The eclamptic
disease could be prevented by prior treatment of the test ammals with
vitamn F (a tocopherol) or lettuce or by adding these substances ta the
toxic diet

Especially this last experiment agam points to the important metabolic
relations between vitamms E and D and the unsaturated fatty acads
mncluding both the ‘essential’ and the “nonessential” ones Some may
even be toxic as is probably the cace mn cod hiver ol It 1s hnown that a
high intake of unsaturated tatty acids mcreases the need for vitamun F,
possibly beeause there 1s more need for antioxidant The need for vitamin
A has been said to merease as well There are also relations with pyndovne,
which 15 necessary 1 the production of arachidome acid from hinolete acid
ete (Leitner, 1957, Hove and Harnis, 1951 Hove, 1955, Smclar 1956,
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low The bulky eontent, of such a diet will also discourage the at
excess calones and thus unwanted gam of weight In addition [os
calories by mcomplete absorption i the mtestine can play a role (inc
plete )dxgestlon of fiber contaning food particles and mereased bowe
tivity

4 Fats

The exact role of dietary fats and the relation of the essential fatty 2
m this respect are still under discussion From the studies of Keys ¢
(Keys, 1953, 1955, Keys and Anderson, 1954, 1957, Keys et d, i
1956s, b, 19574, b, ¢, d, 1958, Anderson et al , 1956, 19572, b) 1t 15 kn
that a defimte correlation exists between the preyalence of coronary b
disease and the fat content of the diet Population groups consummng d
low 1 fat have a low average cholesterol level of the plasma and a
frequency of coronary heart disease On the contrary, high fat diets ]
moate high average cholesterol levels wnd a high frequency of coror
disease In general the low fat diets are low 1n animal fat and thus mos
the fat 15 of vegetable ongin (see also Anderson ef al , 1957a, Brolek ¢
1957, Fidanza et al , 1957, Ferber and Buzina, 1957) Moreover, 1t 15 knt
that the ingestion of vegetable and marimne oils with a high content of
saturated fatty acids produces a fall 1n the level of plasma choleste
especially 1n subjects with high imhal rholesterol Jevels Ammal fats.
o1ls with a Jow 10dine number have a reverse effect and tend to 1mcrease
cholesterol level in man (Bevertdge e al , 1956, Bronte Stewart e al, 19
Brock et al , 1956, Ahrens et ol , 1957, Keys et al , 1057a, b, ¢, Kmeell, 19
1956, 1958, Kumsell et al , 1953, 1958, Malmros and Wigand, 1006, 19
Aftergood et al (1956) showed the same thing in rats However, causes®
effects have not vet been resolved

Data on the clinical effects of fats, apart trom the infiuence on the bk
hipd system, are scarce The possibility of prevention of coronary he
disease by changing the mtake of the type and amount of fats cannot
given m percentages, and data on chimeal improvement are extrent
difficult to evaluate smee subjective factors play such an enormous it
This last argurent 1s much less important n cases of toxema of PTEE“C}“;
Very recently Rutstemn et al (1958) demonstrated the eseential role o |
cholesterol present n the culture medum, in mtraceiluine ipd depo:‘
by tissue cultures of human aortic cells The lipd deposition “asdmhl :
by adding linolenic acid to the cholesterol contaiming culture medm
was mereased by adding steznc acid to this medm lower t

Accordmg to Gordon et al (1957) the unsaturated fatty acids O“d e
plasma cholesterol in man by an mncreased conyersion to ile acds tn;m .
excretion of the latter Lews (1958) confirmed this n studies 1n
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tients with a complete il fistuly Feeding sunflower seed ol (by mouth)
and cottonseed ol (ntravenously), which are both highly unsaturated,
produced n remarkable merease m the rate of cholic acid secretion, this
merease preceded the fall m the serum cholesterol level A saturated fat
(hydrogenated coconut ml) did not affect the bile acid output, but rused
the scrum cholesterol Heliman et al (1957), however, working with C®
labeled cholesterol observed n decreased output of cholesterol and 1ts end
products on freding butterfat, and an increased excretion on corn o1l feed
g to a hyperhipemc patient Gottenbos and Thomasson (1958) demon
strated that the fecal exeretion of cholesterol 13 hugher 1n rats on corn ail
diets than 1n those on coconut o1l diet They suggested that the cholesterol
13 excreted by the bowel wall

Although papers conecerming the mfluence of fats and oils in athero
sclerosis or coronary heart disease, as well as on “healthy” subjects, are
far too numerous to mention in full, data concermng toxemia of pregnancy
and the possible role of f-ts are very scarce indeed Garret (1931) considers
an imbalance of dietary protemn fats, and carbohydrates to be a primary
cause of eclumpsia According to his experience, dietary fats and particu
larly lard and other pork products should be restricted for the prevention
of toxemia Silbernagel and Patterson (1951) reported a favorable effect
from wheat germ oil—one of the oils which 1s very effective 1n decreasmg
blood cholesteral levels—on the meidence of toxemia of pregnancy In the
control series of 1973 women 10% developed toxemir In the 825 women
who were given three times a day 2 3 mmm capsule of an eight times
concentrated preparation, only 2 1% <howed evidence of toxerma, 90 % of
the subjects started therapy between the third and sixteenth week of preg
hancy

Stamler (1956) described a diet which causes a toxemia of pregnancy m
rats The effect disappeared when corn ol was given nstead of cod liver
oll Crude hinoleic acid was approumately as effective The eclumptic
disease could be prevented by prior treatment of the test animmals with
‘itamin E {a tocopherol) or lettuce or by adding these substances to the
toxic diet

Especially this last experument again pomnts to the important metabolic
relations between vitamms E and D and the unsiwturated fatty acids
cluding both the essential’ and the ‘nonessential” ones Some may
even be towe as 1s probably the case n cod liver ol It 15 known that a
high mtake of unsaturated fatty acids mereases the need for vitamn E,
possibly because there 15 more need for antiouidant The necd for vitammn
A has been sa1d to increase as well There are also relations with py ridoxine,
which 1s necessary m the production of arachidomic aetd from linolere acid,
etc (Letner, 1957, Hove and Harns, 1951, Hove, 1955 Smclarr, 1056,
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Irving and Budtz Olsen, 1955, Irving, 1956, Luttrell and Mason, 1949, Filer
etal, 1916, Day and Dinnung, 1956)

Recently Holman (1958) discussed all known roles of the essentral fatty
acids He pownts out agamn that the lipids of the gonads contam an unusally
high proportion of the polyunsaturated fatty acids and that pregnant female
rats on diets deficzent 1n essential fatty acids show impairment of reprodue
tion The blood phospholipids and the cholesterol esters also contain a high
propartion of unsaturated fatty acids

A few general remarks may be made at this pomt The bacon industry
ashs for hogs with a hard fat This fat 1s low m content of essential un
saturated fatty acids From the medical point of view 1t 1s certanly interest
g and mmportant to hnow that the composition of the carcass fat of this
ammal strongly reflects the type of fat, or better of fatty acids, taken m
1ts food The fat of hogs fed a soybean o1l diet may contamn as much as39%
Imoleate (Sinclair, 1957) and thus might well be a good source of essential
fatty acids, perhaps without an elevating effect on the cholesterol level of
those who consume 1t Hogs grown on a diet low 1n fat and high 1n carbo
hydrate store a harder and more saturated fat The tissue fat deposited n
hogs on such a diet contains about 70% of the Cys acids oleic and stearic
The content of hnoleic and the other poly unsaturated fatty acidsm the
fat 1s largely dependent on the oils grven 1n the rations (Elbs and Hanhins,
1925, Elhs and Tshbell, 1925, Eilis and Zeller, 1930, Hilditch et al , 1639)

Furthermore, partial hydrogenation of fats as applied in the food industry
may cause 1somerization so as to produce 1somers which may have an
adverse effect on the cholesterol level and may thus cause higher mstead of
lower levels However, there is no proof that this 1s so

& Proteins

A large total amount of protem has often been described as of gre';g ;I;\
portance 1n preventing toxemia of pregnancy (see e g, Arnell ef af, mc’
Burke, 1945, 1950) On the other hand, many primitive people cons:lOn
Iittle protemn, and yet thetr toxema meidence 15 not gh Under “‘:;; et
ditions the toxemia incidence was distinctly lower during World1 a:e i
than before and afterward, and the protem mtake nas certamnly lowe "
There are also a number of nutritional studies m which no mﬁllx)eniien
the dietary protemn content on the frequency of toxemia coti;d be g
For wmstance, m the Vanderbilt study (McGamty et al, 1924, :n;n z'n con’
1955) there was no difference between the toxermia ncidence i “Dless fn
suming more than 50 gm of protemn a day and those consun;;ngn e
50 gm Dieckmann et al (1951) also could not find any mnfluel
protemn mtake

A rather sumilar situation exists for atheroscler

os1s, at least as far as the
cholesterol level of the plasma 1s concerned Keys et al (19572-d

) did not
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ste any influence on the cholesterol levels of large differences 1n the dietary
protein supply (from 8 to 20% of total calories), whether or not a low or a
high fat diet was given to the subjects Olson et al (1957) reported a lower

mg of the serum cholesterol 1n man on decreasing the protein content of
the diet De Groot (1958) observed that an increased amount of protemn m
the diet of rats decreased the cholesterol levels The activities of the pro

tewns tested were, in decreasing order wheat gluten, ¢isein, gelatin

6 Carbohydrates

Very hittle 1s known about o possible role of carbohydrates mn these dis
eases, only o few general remarks can be made that may be important
Excess carbohydrates are converted into fat, which 1n turn 1s deposited n
the tissues The fatty acrids produced m this way are of the saturated ty pe,
or may have one double bond Quantitatively the most mmportant are
palmitic stearie, and oleic acxd The higher unsaturated fatty acids can
not be produced from sugars Laurent (1958) recently reported a very
marhed elevation of plasma tnglycende when carbohydrate 1s substituted
for fat 1n the diet, but no effect on the cholesterol level was seen, iIndicating
an acceleration of lipogenesis

In this conneetion 1t 1s important to note the data of Nickols et al (1956),
who observed that an mcreased carbohydrate intake without an mncrease
of the ealoric intake may cause a rse of the kvel of the $; 20~400 hipopro
teins in some people These hipoprotems are closely related to the chylom
crons, which contain much fat The cholesterol level showed no marked
change, and the effect was not influenced by the fat consumed

An mverse relation between the lipoprotemn levels and the blood sugar
levels was found by Wolff and Salt (1958) 1n diabetic chuldren, there was
also an mver<e relation between total ipid as well as cholestero! levels and
the glucose level

As o shift i the hipoprotem values n the same direetion as oceurs 1n
atherosclerosis has been seen 1n toxemia of pregnancy, these data may be
mmportant for both diseases

It chould be kept in mind also that latent diabetes may turn into real
diabetes during pregnanry and become latent agan after partuntion
duning another period of time Diabetic women have g marked mchnation
to develop tocemia of pregnancy as well as atherosclerosis (Sindram, 1955)
The toxemia may however be a sequel of the already deseloped vascular
changes as well as of new vascular changes and/or other causes of placental
hypowua

7 Cholesterol

The cholesterol of the diet has been proved not to be the factor in causing
high blood cholesterol levels Keys et al (1956a, b) demonstrated m a
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number of suryeys that there 1s no relation between the cholesterol content
of the diet and the cholesterol level 1n the plasma Even doses of 10 gm of
cholesterol per meal give only a very shght and temporary merease of the
blood cholesterol level According to these authors, the Sardimans, for
mstance, who consume a diet that may have large individual differences
m cholesterol content, owing to the consumption of 0 to 30 eggs, nvariably
have a low blood cholesterol level

Admmstration of extra cholesterol to pregnant women has been carried
out by Moses etal (1952) A dose of 2gm a day during the last four months
of pregnancy had no nfluence on the plasma cholesterol, the cholesterol
ester, or the ipid phosphorus content compared with a control group As
the cholesterol level in toxemia of pregnancy 18 still higher than the already
elevated level i uncomplicated pregnancy 1t 1s important to know that
this level, too, 1s not mduced by a high cholesterol intake (see also Section
IV, 1 on changes m blood) The blood cholesterol level thus seems to be
mfluenced remarkably little by exogenous supply m view of the daily m
take n relation with the total amount present in the plasma Howeser,
the presence of certamn oils m the diet ean play a role, and the po-sible
effects of surface tension depressing substances should be grven special
consideration (see also the review by Felch et al , 1958)

8 Vitamins A and E

For conyemence these two vitamins are considered together It 15 not yet
possible to say much with certainty how they are related to the chseases
under discussion

In normal pregnancy the plasma vitamm A level decreases, while the
level of carotene may mcrease (Lund and Kimble, 1943, McGamity ¢t al,
1954 1955) According to Bodanshy et al (1943), the levels are normal
during the first two trimesters of pregnancy and the changes just mentioned
oceur m the third trimester On the other hand, Cayer et af (1947), and
the workersin an Amsterdam mvestigation (Van Bouwdigh Bastizance ef al,
1959) could find no change of the vitamin A level Although the carotene
level was normal 1 Cayer’s subjects, 1t was somewhat decreased 1 the
women of the Amsterdam nvestigation ;

According to Lund and Kimble (1943), the levels i a very few cases Ot
toxemia of pregnancy were the same s i healthy subjects Treatmend
with vatamin A to decrease the toxemma ncidence has always })een c:\mi ,
out together with other measures For nstance, 1n the People’s Lea%ges)
Health survey by Darby ef al (1953a,b 1955, McGamty el al, 1904, . and’
2 number of nutrients were grven one of them bemg vitarmn A Tun ?w)
Kimble (1943) found an ndication that fewer comphications of pregna
were scen when the plasma levels were 30 I U % or higher
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As to atherosclerosis, Weitzel (1956, 1957) observed o favorable diminu
tion of the fatty deposits m the spontaneous atherosclerotic processes m
old hens on admimstration of vitamm A The effect was much better if
vitamin T was given at the same time, but vitamin E alone had almost no
effect This combination of vitamins A and E could however produce a
hyperlipemin and hypercholesterolemia during the first days of treatment
Dunng this time the lipid content of the aorta decreased Though Schettler
(1955, 1956) reported favorable effects 1n man of a combined preparation
of vitamuns A and E, some complieations were encountered later

The vitamin E level mncreises during pregnancy [eg Kramer 1955,
Cervelatti and Masser, 1950 McGanity ef al 1954, 1955, and the Amster
dam mvestigation (Van Boundyh Bastiaanse et ol , 1959)] While Cerve
latt1 and Masser (1950) observed also a much lower level of vitamimn E 1n
toxemia patients than in normal pregnant controls, Serimshaw et al (1947,
1949) found normal values and Gordon et al (1955) and Nitowshy et al
(1956) noted elevated levels postpartum

The therapeutic effects of this vitamin are compheated For mstance,
Shute (1953) warned that administration of vitamin E 1 (pre )eclampsia
mught be dangerous However, favorable effects which have been aseribed
to its vasodilating action were observed n early toxema Mastboom and
Stkkel (1952) could not find a favorable effect in mild cases of toxema of
pregnancy and n a few patients with pre eclampsia, but many of these
subjects did not have a genuine toxemia

The toxemia inducing activity of Stamler’s cod hver ol diet (1956)
disappeared on prior or simultaneous treatment of the amimals with «
tocopherol The substitution of corn o1l for the cod liver o1l, which also made
the diet nontoxie, provided vitamin F with other factors

In connection with atherosclerosis interest was at first concentrated on
the blood levels Like vitamm A, vitamm E 1s present 1n all lipid fractions,
but espectally in the aglipoprotem as are the carotenoids and estrogens
(Lewis et al , 1054) According to Curcio (1954) the vitamn I levels 1 old
men vary with the cholesterol levels, if the cholesterol level 1s high, the
vitamm E level 1s also lngh Chieffi and Kuark (1951) found higher levels
n women than in men, except at age over 80 There was a tendency for an
increase with age m men, but not n women Generally, young women have
lower (8 hipoprotein Ycholesterol levels than have men of the same age
However Vanzetts et al (1956) could not find a sigmficant difference be
tween the vitamm E levels n the plasma of healthy young persons and old

atheroscleroties The values m duabetics, with therr high susceptibility to
atherosclerosis, were sigmificantly higher than m both the former groups
Vanott: and Gervasom (1956) found 1n young healthy subjects a level of
1595 pg vitamm E per cubi¢ centimeter, and m healthy old subjects 2395



236 LOUISE M DALDERUP

ug /ec Higher values were observed 1n older patients with atherosclerous
In young patients the level was 1600 pg , 1n the older group 6000 g /cc
Adminstration of vitamins A and E caused an merease of the plasma cho-
lesterol level, a higher phospholipid level, and hugher levels of vitamuns A
and E The effect was especially marked 1n the older group Vanott sug
gests that vitamuns A and E can only mhibit the deposition of fatty ma
terial 1n the vessel walls The results of Schettler and Weitzel with vitamns
A and E have already been mentioned

In accordance with the findings of Weitzel (1956) an effect of vitamm
E alone on the blood cholesterol level m men could not be found by heys
et al (1957c) on doses of 100 mg of « tocopherol However, Wagner (19.2)
reported an influence of vitamn E doses on the prothrombin time and pro
thrombin content of the blood Gallett: et ol (1955) sumlarly found a de
creasing effect on the prothrombin time, and also on the recaleification
time 1n patients where these values were already Ingh, tending tovnard a
return to normal However, no effect could be seen mn coagulation time,
bleeding time, or capillary permeabihty According to Wagner (1952},
histamine has an effect opposite to that of vitammn E, and witamm L 1
equally as effective as histaminase m correcting this histamine action

Aftergood et al (1956) reported a favorable effect from a fivefold excess
of vitamn E on the hver cholesterol values mn rats fed lard plus cholesterol
Weitzel et al (1956) have shown how complicated the relations are betneen
the lipids of blood, liver, and the aorta wall and vitamimn A, vitamin E, and
Iipotropic factors According to Bottighont and de Jaca (1955), hugh doses
of vitamin E give a constant decrease in the vitamin A level of the blood,
but only shght vanations m carotenema, whereas Bechmann (1955) re
ported that vitamin E can economuze the consumption of vitamun A, and
1s able, under adequate conditions, to reduce or even normalize the symp
toms of vitamin A deficiency without vitamn A being given

A few remarks 1n connection with the action of hormones may be made
here Bestdes interacting with each other and with the essential unsaturated
fatty acids, vitamins A and E mfluence also hormonal systems

According to Paghan (1956), vitamin A n igh doses diminmishes the
estrogenic vaginal response 1 ovariectomized guinea pigs A rather siular
conclusion has been reported by Randazzo (1956), who observed a tem
porary mhibition in the production of estrogens m women An effect lihe
thig might not be harmless during some stages of pregnancy Vitamin E
1 excessive doses gives a prolonged estrone curve mn ov anectomized rats
recerving an estrogente preparation (Vafanun Abstr , 1956)

The mterpretation of all these effects 1s extremely diffic
factors are mvolved than wvitamins A and E It mught be su
the lgh cholesterol or, rather, the high axrlpoprotemn values,
can result m normal blood levels of vitamins A and E or nde

ult, and more
ppested that
of the blood
ed 1n 1alues
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greater thin normal Yet the tissue supply of these two vitamins can be
too low as a result of a too great inclination to bind to the blood Iimds in
stead of to the normal cell acceptors High doses of these two vitamins mav
be effective by increasing the tissue supply, but the blood level will be
abnormally hugh and will decrease to normal only 1if the blood Iipd content
15 also lowered In this way the effects of simultaneously admimstered sub
stances can be of the utmost importance This 1s true not only for unsatu
rated fatty acids administered when vegetable oils are used as the vitamn
carrier, but also for the Tweens or similar substances used to obtain water
oluble preparations of these vitamins Morcover vitamins A and E are
not always synergistic

Just as unavailability for normal metebolism can be suggested for the
lipoproten bound vitamins A and E, so a stmilar hypothesxs can be made
o1 woste products o other “unwonted” subst holesterel mcluded
which are bound to hpoprotems or, more generally, bound to the blood
hpid fractions This would result in mab\hty to catabolize and remove these
products

But altogether 1t seems probable that there 13 some direct action of the
two vitamins on the hpid system

9 Vuamn D

Clear evidence 15 available of the high susceptibility of vessels to an
overdosage of vitammn D According to Ham and Lewis (1934), one single dowe
of irradiated ergosterol 1s sufficient to produce more or less intense degenera
tion and ealeification of the muscular media of the vessels within 48 hours
Three weeks after feeding large daily doses of ergosterol to very young rats
a second lesion appeared a widespread proliferative lesion 1n the mtima
If vitamin D adminmstration 15 stopped, the caleium in the media wall dis
appear, leaving a hy perplastic lesion mn the intima

De Langen and Donath (1956), experimenting with rabbits found a
marked increase of the cholesterol level following toxic doses of vitamin
D Giliman (1907) admimstered toxic doses of caleiferol during 5 conseeu
tive days, and observed severe vascular lesions If these animals were given
a Iugh fat diet five to six months after the 1mt1al vitamm D experiment
the females survived but the males all died within a fortmpght Endarterial
thickenings and mural thrombi were found Deathwas 1scribed to ¢ a sudden
fall 1n fibrinolytic capacity of the plasma, perhaps induced by lipemia with
subsequent acute, albeit transient, ocelusion of the (already) damaged
coronary arteries by the de position of fibrin threads * he females survived
perhaps because of their better ability to handle fat and to regulate fibrin
Precipitation The controls on the original low fat diet survived until kalled
several months later Their plasma fibrinolytic activity was normal

It would be interesting to know what would have happened if pregnancy
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had been induced in the females of this experiment A tovemia of pregnancy
mught have occurred, as the medium s1zed arteries in general were reported
to be ijured and this might have mvolved the uterme artenes as well

Simultaneous changes 1n heart vessels and aorta, together with changes n
uterme vessels, can indeed occur, as has been shown by Rinehart and Green
berg (1956) 1 pynidoxine deficient monkeys The msufficient blood <upply
and consequent low supply of oxygen to the placenta and fetus n adsanced
pregnancy could have been compared with the hnown facts of this diease
m humans Furthermore, Zeeh and Assali (1950) actually described an
“acute atherosis” (literally stated) of the mtima of the decidual vessels
which 1s present 1n many toxemia cases, and 2 ughly sigmificant correlation
between the occurrence of placental mnfarcts and tovema of pregnancy

Furthermore, they suggested the possibihty that an 1schemia of the decidua
precedes nfarction Recently Robertson and Dixon (1958) also reported
mtimal changes with narrowing of the lumen of the maternal placent
blood vessels n pre eclampsia (see Section VIII)

In the experiments of Stamler (1956) experimental toxemia was produced
1 rats on a diet containing 5% cod hiver o1}, with about 100 I U per gram
of vitamin D This dose 15 about ten times as high as 1s used 1 normal rat
rations As cod liver o1l contains some highly unsaturated fatty acids which
possibly have a toxie effect and may aggravate, an essenbal fatty acid de
ficieney, one eannot be certain which of these two dietary factors 15 the
more esential for the toxemic effect Smeclasr (1957, 19581) demonstrated
a greater toxicity of vitamin D when the rats were deficient escentul
unsaturated fatty acids

The diet which Hoogerwerf (19553, b) admimstered to rats to produce
experimental atherosclerosis contained 4 75 % of a preparation confaning
5000 I U of vitamin D; per gram (Vigantol) Other authors used stmilarly
hugh doses, or higher (¢ g Buchley and Hartroft, 1954), but this may noc:ﬁ
necessary m view of the rather small total doses used by the first mention
authors, namely, one single dose (Ham and Lewss, 1934) or five consecutine
doses (Gillman, 1957)

In r(egnrd to the possibility of an overdosage of vitamn D, Bedin (19471
reported that vitamin A can prevent toxic symptoms caused by gh d";‘;
of vitamin D The vitamin A administration, as mentioned 1n Section | s
8, may be beneficral for this and for other reasons At therapeutic levely
yitamin A mereases the good effects of vitamin D ble

It should be suid here th ut there 1s a possibihty that reactions compara ¢
to those 1n the ammal experiments occur 1n children The booster do=es;:e
vitamin D given a few times a year for the prevention of richets rrl\’l.?h .
not harmless in this respect Moreoter, :diopathie hy percalcemia, “blucnoi
reported to be relatively frequent 1n the United Kingdom 15 possibly



ATHEROS( LEROSIS AND TOXEMIA OF PREGNANCY 239

a direct tovie effect of vitamin D, but there may be an induced hypersenst
trvty to vitamun D by high doses, and, according to Smnclair (19584, b), a
deficieney of the essentinl unsaturated fatty acids may play a role also It
1s reported that cow’s milk unfortified wath vitarmn D can hardly be ob
taned The fortified milk contains 1400 I U vitamun D per quart, whereas
the fortified milk in the Umted States contauns only 400 I U per quart
In the Umted States idiopathic hypercalcemia 1s relatively uncommon
(Bongiovanm cf ¢f 1957)

10 Niwcewn

Some nformation 1s avaihble relating to the role of niacm m athero
sclerosis and toxemia of pregrancy Parsons et al (1956a, b} deseribed a
significant decrease of cholesterol levels 1 some patients with hypercholes
terolemia on admimistration of 1-4 gm of macm a day The concentration
of the total hipids and the beta alpha hipoprotemn rition decreased lso,
Nmem proved to be the artive factor maemamde m comparable doses
did not have this effect Similar results were observed by Galbraith et al
(1959) 1n patients with wtherosclerosis ns well 1s with healthy young stu
dents Discontinuing the niacin resulted immediately m return to the
previous levels

Altschul (1956) and Altschul ef ol (1955, 1958) described similar good
results following administration of macm on the blood cholesterol levels
man, and 1n rabbits with experimental atherosclerosis However the effect
seemed to decrease somewhat on prolonged therapy

As to toxemin of pregnancy 1t was mentioned m the reports of the Van
derbilt Cooperative Study of Maternal and Infant Nutrition (McGanty
etal 1954, Darbyet al 1955), that the only sigmificant difference between
the diets of the toxemic and the healthy pregnant group was a lower mtake
of macin by the tovemc patients This was accompansed by a lower excre
tion of N’ methylnicotinamide 1 the urine In normal pregnancy there 1s
a higher excretion of this substance than in nonpregnant women (McGanity
etal,1954) This may indicate an mncreased catabolism and therefore a need
of macin Hebson (1948) also found a sigmificantly lower mtake (2 mg ) of
macm by toxemia patients than by normal controls in Bristol A role of
pyndoxine was also suggested but no data were given Turther Pai (1956)
reported a decreased urinary excretion of niacin, as compared with normal
controls 1 15 cases with a clmiecally diagnosed toxemua of pregnancy

11 Vautaman B

Besudes evidence of a relative pyridoxine defictency m man there, 1 proof
that pyndoxine deficiency can produce both atherosclerosis and toxemia. of
pregnancy m experimental ammals Mushett and Emerson (1956) obtained
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an experimental atheroscleross in both monheys and dogs by adminstermg
the pyndowne antagomist deoxy pyridoxme Addition of 2% cholesterol to
the diet deficient 1n By did not cause deposition of Iipid matenal in the
arterial lesions (intimal fibrosis) In these experiments dental caries were
produced, as well as malalignment of the teeth Rinehart and Greenberg
(1956) stuched pyridoxme deficiency m the rhesus monkey and demon
strated atheroscleross, dental caries, and hepatic ewrrhosis A suboptimal
mtake was mamntained durmg several years and the atherosclerotic lesions
had « striking resemblance to those occurring m man The important ob
servation was made that sumilar vascular lesions occurred 1n the vessels of
the uterus, but no mvestigation was mide of the effect of pregnancy inthese
ammals Using transammase activity values, which are a good measure of
relative deficiency of pyridoxine, they demonstrated that maximal values
are rarely found in man Glendening e al (1955) concluded the same from
their experiments 1n pyridoxine deficient animals and 1% cholesterol added
to the diet gave a higher cholesterol level in blood than m control ammals
recewving vitamin By 1n the diet, even though the latter ate more cholesterol

Data on the effect of pyrndoxine admimistration alone m patients with
atheroscl¢rosis could not be found, but pyridovine has been used together
with other dietary and therapeutic mensures (see for mstance Schroeder
1955, 1956)

Wachstemn (1956) reported an increased excretion of xanthurenic acid
m toxema of pregnancy, indicating a disturbance of tryptophan metab
olism The enzyme kynureninase necessary for normal tryptophan metab
olism has pyndoxine as coenzyme In normal cireumstances the van
thuremic acid 18 present only 1 very smell amounts Sprince et al (1901)d,
Glendening et al (1955), Page ind Brown (1952), and Page (1906) all f"“”t
the glutamic aspartic transamnase activity of whole blood m pregna;l
subjects to be essentialiy the sume as m nonpregrant contrels The a.utmlz)
could, however, be mncreased sgmficantly by a dietary supplement of bt
mg pyndoune hydrochloride daily As the transaminase activity of fef \
blood was found to be twice as great as that of maternal blood, the fetal
t1ssues are considered to contam optimal quantities of pyndoxine, where
ag adults, both pregnant and nonpregnant, have suboptimal coucentratlonz
The fetal supply 15 presumably at the expense of the maternal ttssu;;e
Routine admimstration of pyridotine did not appreciably decrease :
meadence of toxem1a, but the metabolic abnormalities were readily c(‘;l";;b
by supplementing the prenatal diet with 5-10 mg pyndoxne Hh o
The maternal need 15 considered to be two or three tumes higher than
msgleuwmler (1954) showed an mereased need for pyrldofljneﬁl:;z% ﬁ:fe
nancy by a Joad test with 40 mg pyridosine orally In the
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4 pyridovnie acid was measured A tryptophan load test was carried out
also by Sprince ¢f al (1951), who demonstrated tht women with a toxemia
of pregnancy excreted more xanthurenic acid than the controls with un
comphicated pregnancy Wachstemn and Graffeo (1956) found a lowered
merdence of toxemia n a group of 410 pregnant women recetving 10 mg
pyridoxine o day The ncidence 1n the control group was 4 4%, whereas
the B, supplemented group had 17% In agreement with others, the au
thors suggested that 1n normal pregnancy some insufficiency of Bs 15 already
present

1In 1956 Ross and Pike studied experimental toxemia m vitamin B de
fictient rats The same changes proved to be present in the serum protemn
pattern and n the nonprotemn nitrogen levels as those seen m toxemic
women The effect was simlar when the maternal stores were depleted
before mating

Day and Dmning (1926) reported on a vitamun E vitamin Bs interre
lationship m the monkey A more severe vitamin By deficiency developed
as g result of feeding a diet low 1n fat and m vitamm E, but this low fat
mtake may also decrease the severity of the atherosclerotic lesions They
showed that pyridoxal phosphate functions as a coenzyme 1 the desulfura~
tion of cysteme and the decarboxylation of cystemne sulfinic acid An im
portant function of vitamin E 15 regulation of the sulfur amuno aeid me
tabolism and stmultaneous deficiency of cystemne and/or vitamin By results
m additional pathologieal signs In this connection, Volovmk (1955) re
ported that after injection of %% labeled b and L-methiomne 1n pyridoxine
deficient white mice the mecorporation of §% i the whole body protemn and
cysteine alone was sigmficantly reduced as compared with nondeficient
controls Pyridoxine thus seems to be involved m the synthesis of cystene
by transsulfuration Moreover the conversion of L to D amino acids (via
Leto acids) was affected smce 8% uptake from L and pL-methonie was
reduced only 20-27% that from » methionine 44% It 15 known also that
Pyndoxine 15 necessary 1n the transformation of hnoleic acid mtoarachidome
acid and lnoleme acid nto hexaenoie acxd (Witten and Holman 1952),
as well as in v inious phases of fat metabolism, mncluding oxidation, sy nthe-
81s especially from protem deposition, and possibly m the transport of
unsaturated fatty acids (Tower 1956) Vilter (1956) found that the defi
ciency symptoms 1 man can be partly reversed by linoleic acid Pyridoxne
inlabits the production of collagen and chondrortin sulfuric acid, as does
cholme

Important also 15 the observation of Nelson and Evans (1951) and Nelson
etal (1951), who proved that 1t 18 possible to mamtain pregnancy in By de
fictent rats by admmustration of estrone and progesterone, whereas this 1s
nearly impossible 1 nontreated, B deficient ammals
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Altogether there 15 no doubt that pyndoxine plays an mmportant role i
the etiology of both diseases

According to Schroeder (1955, 1956), the American diet of processed
foods may be marginal i respect to pyridoxine content during certam
seasons of the year An example of loss of Bgn food processing and canning
18 that of a sterilized mfant milk formula, the giv ing of which was followed
by severe convulsions which proved to be caused by pyridoxine deficiency
(Molony and Parmelee, 1955) Likewise, Lestner (1957) powmnts to the loss
of Be 1n cannung or processing of food produets

12 Choline

Data on the role of choline are not numerous, but agan some reports
have been published for both diseases Its possible role in atherosclerosis s
of 1nterest because of 1ts hipotropie properties Wilgram ef al (1954, 1955)
produced coronary and aortic scleross in rats by feeding them a low choline
diet However, diets effective in producing atheromatous lesions in ammals
need not be choline deficient (see Section IIT) Labecki et al (1955) admm
stered to thewr patients a mixture of ipotropie substances contamng cho
line (2 gm of the dihydrogen citrate), methiomne (800 mg ), and mosttol
(600 mg ) and observed a ghly significant depression of the chylomieron
kvels The decrease in the cholesterol levels was not so clear, but might
be present 1n the myocardial infaretion group

The difficulty of tins research 1s exemplified by the results of Sellers and
You (1956), who were able to produce coronary lesions in rats with cholme
deficient and with supplemented diets Rats on the supplemented diet
placed 1n a cold room (1-3°C ) had more lesions than those housed at normal
temperature, but if made choline defictent the “cold” group showed fewer
lestons than the rats housed 1n normal temperature environment

As tn the observed difference 1n sex susceptibility fo atherosclerosts, the
findings of Gnffith (1940 1941) that young male rats are more susceptible
to choline deficiency than females, are important This has been observed
by others as well Estrogenic substances have a distinet ipotropie effecti
Accordmg to Schlegel (1949), n women the choline concentration 1n bloos
<hows cyclical vanations completely 1dentical with the shifts i the catm:e
levels The hghest values are present around the 14th-15th, and the
lowest around the 26th-28th, day of the cycle 1

No cholme escretion differences between normal pregnant women 'll;d
toxemia patients could be found by Borghn (1956) Sims (1951) Ob‘cr“er
the same and reported that methionine exeretion 15 also normal Howe thé
the excretion of both substances 15 much larger m pregnancy than e
and blood levels do not change Mischel (1804) me2

nt state,
nonpregna ) lacentas and found a markedly decreased

ured the choline content of the p!
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content of choline m cases of toxemia The choline level m the blood was
likewnice lower than mn the normal control women Moreover, an exper:
mental toxemia could be produced 1n ammals by giving them a choline-
deficient diet This toxernia was strikingly stmilar to human toxemia

It 15 very difficult to evaluate these findigs, and more than one varable
15 mvolved 1n producing the final result Apparently choline may oceupy a

key position,” but another factor may also have this hey position 1 the
long chain of metabolie events concerned Choline 15 very mportant, as it
1s an essential part of the phospholipids and a suffieient, supply 15 necessary
to make the production of the required amounts of the various phospho
lipuds possible (see Section IV, 1)

Gyorg ef al (1947, 1949) reported that estrogens decrease the need for
choline m rats On the other hand, 1t 1s suggested that choline metabolism
1s ereased 1n pregnancy, and choline seems to be necessary i the produc
tion of estrogens A decreased oxidation of fatty actdsis observed in choline
deficiency

13 Cystine and Methionine

Data concerning the role of cystine and methionine are rather scarce
Schuck (1950, 1932) reported a lower cystine content of the blood n tox
emu, of pregnancy The normal value in eight nonpregnant women was
53% caleulated on pure protein per 100 ce plasma, the corresponding value
m ten normal pregnant subjects was 4 5%, and 1n nineteen subjects with
tovemia of pregnancy, 36% Normal levels (4 8%) were reached after
parturition This 15 not likely to be caused by hemodilution only since
eclamptic sy mptoms could be produced 1 ammals by giving them cystine
deficient diets The fetal blood contains as much as 6 3% Therapy with
cystine often causes lowering of the rased blood pressure and lessening of
edema, but has httle mfluence on the albuminuria

Simultaneously the methionine levels shift with the cystine but in the
opposite direction In nonpregnant women the content was175% in nor
mal pregnancy 2 03%, and 1n toxemia, as high as 2 34 %, after parturition
the level decreascd again to 2 17%

In concordance with this, Kyank and I'ranch (1951) reported that the
methionne content of the plasma 1s ligher m pregnant than mn nonpreg
Dant women with still higher values n tosemia Administration of methio
e (4 gm thiomedon) mereased the blood level in the healthy subjects,
but decreased it in the toxerma patients Bozzo (1952) gave 5 gm of methio
mine 2 day and observed a shift 1 the albumin globulin ratio toward nor
mal values together with an increase of the total protein levels and dmminu
tion of edema On the other hand, Terguson (1956) found no favorable
effect on tovemua with a daly vitamn supplement containing 1 gm of
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methionmne, as well as 20 mg of thiamme HC, 10 mg of riboflavin, and
100 mg of macmamde However, the methionine dose was appreeiably
lower than 1 the previously mentioned surveys, and most of the patients
had a chrome hypertension, and thus not a genumne toxemia Neyertheless
a favorable nfluence on the birth weight and prematurity was shown to be
present

Data on atherosclerosis are very scarce Mann and Stare (1954) reported
the possibility of predisposing monkeys to atherosclerosis by giving o diet
such as to cause o borderline cystine deficiency Labechi ef ol (1955) found
an effect on the chylomicronemia 1n man, with a possible effect on the
cholesterol level, on admimstration of a mivture of the lipotropie factors
choline, methiomne, and mositol (see Section 1T, 12) The methionine dose,
however, was very much lower than those given to the toxemis groups
The problem 1s complicated further by the Weitzel (1956) report of a pro
atherosclerotic effect of methiomne (1 %) as revealed by the fat content of
the aorta m old hens The serum cholesterol level decreased, howeser
Choline and inositol sumilarly did not give an 1mprovement of the process
i these ammals (see also Section I, 12)

Further, Jones et al (1957) reported that methionine mereases the cho
lesterol level m rats fed a diet containmng casem, lard, and percomorph
hver ol No mnfluence on the frequency of the lesions was seen, but methio
nine given together with & tocopherol reduced the hypercholesterolemia to
normal levels & Tocopherol alone did not have this effect

One of the pathways for the removal of cholesterol from the blood 15 by
degradation to bile acids (Gordon et al , 1957, Lews, 1958) A deficiency
of the sulfur ammo acids can be 1mportant m Lhmitmg the production of
taurine, which 1s required for the formation of taurochohe acid (Filios and
Mann, 1954)

14 Copper

Dietary copper does not seem to be important m exther disease, evcep;
possiblv when anemia 18 present Probably this means that the mtﬂl\i g{
copper s sufficient under our present circumstances The copper conten "
the serum, however, 13 very mmportant mn both diseases There 15 =0m
evidence that the serum protemn to which nearly all the copper 1> bound,
the ceruloplasmin, plays the primary role (see below)

15 Magnesium .

Magnesium very probably plays an mmportant role mn both glci;‘;fly
With the normal “civihized” food products and dietary habits, the the
mtake of magnesium 1s too low (Keeser, 1952) With ncreasing 28¢
fissue content of magnesm decreases, whereas the caloum cnnf(y
creases If the plasma magnesium level decreases from 22 mg %

ent M
to 1



ATHFROSCLEROSIS AND TOXEMIA OF PRLGNANCY 245

mg % an increase mn the cholesterol level—especially of the esterified
fraction——oceurs

Magnesium salts, and al.o magnesium oleate, ¢1n reduce high cholesterol
levels Seliger (1902) reported a very good effect of magnesium oleate on
postprandial hyperlipemia and chylomicronemia The delayed “clearng’”
seen 1 older people both 1 regard to height and duration of the elevated
levels can become nearly normal agamn In agreement with this Bersohn
and Oelofse (19a7) reported that the Bantu m South Africa had a sigmfi
cantly higher serum magne<um level than a European population The
coronary morttlity 1s much lower 1n the former group than in the latter An
verse relation between magnesium levels and cholesterol levels has been
found 1n these different population groups Moreover, « dramatic improve
ment has been observed m many cases of coronary disease on administra
tion of magnesium sulfate parenterally Abnormal lipoprotem patterns
rapudly reverted to normal

It 15 true that Brown et al (1958) could not find an nverse relation be
tween the magnesium and the cholesterol levels i a group of middle aged
American men who had myocardial ifarctions and - control group with
out previous infarction As the intake of magnesium was probably much
the <ame 1n those two groups and the rhance that some of the controls
must be considered as future coronary patients might be farly high this
lack of difference 1s not very surprising Furthermore, if shght differences
re expected, 1t might perhaps be better to estimate the content of intra
cellular magnesium 1 the blood cells than the serum levels, since mag
nesium 1s maimnly concentrated mtracellularly

Vitale et al (1957) fed rats an atherogenic diet and found fewer athero
matous lesions when magnesium was supphed i an amount of 192 mg %,
than 1 the ammals fed 24 mg % The latter dose 1s the amount adequate
for a normal diet The cholate cholesterol diet used produced a magnestum
deficiency with low magnesium blood levels, hypercholesterolemia and
extensive sudanophilia of the heart and »orta

Biochemiceal estimations of magnesium 1n pregnancy are few Hall (1957)
reported a shght depression of the magnesium level 1 pregnancy, without
a distinet difference between the healthy and 2 few toxemic women The
lowest values were found between the 34th and 38th weeh The normal
values were as high as 1 87 == 02 meq per hiter and individual vanations
were rather large

The practical effect of high doses administered mtravenously 1s still safe
<nough for common use 1 precclamptic and eclamptic patients Doses of
40-60 gm daily can be given without unwanted effects It 15 not very prob
able that thys effect could be purely symptomatic (depression of the nervous
System and the effect of the hypertomaty of the solution) Moreover, an
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methionmne, as well as 20 mg of thiamine HCL 10 mg of nboflavmn, snd
100 mg of macinamide However, the methionine dose was appreciably
lower than 1n the previously mentioned surveys, and most of the patients
had a chromie hypertension, and thus not a genwne toxemia Neyertheless
a favorable influence on the birth weight and prematurity was shown to be
present

Data on atherosclerosts are very scarce Mann and Stare (1954) reported
the possibility of precisposing monkeys to atherosclerosis by gnng a diet
such as to cause a borderhne cystine deficiency Labeck: et al (1955} found
an effect on the chylomicronemia m man, with a possible effect on the
cholesterol level, on admnistration of a mixture of the lipotropie factors
choline, methionne, and imosttol (see Section IT, 12) The methionine dose,
however, was very much lower than those given to the toxemia groups
The problem 13 complicated further by the Weitzel (1956) report of a pro
atherosclerotic effect of methiommne (1 %) as revealed by the fat content of
the aorta m old hens The serum cholesterol level decreased, however
Choline and nositol similarly did not give an improvement of the process
1 these animals (see also Section I, 12)

Further, Jones ef al (1957) reported that methionine mereases the cho
lesterol level m rats fed a diet contuning casem, lard, and percomorph
liver 031 No nfluence on the frequency of the lesions was seen, but methio
nine given together with a tocopherol reduced the hypercholesterolemta to
normal levels « Tocopherol alone did not have this effect

One of the pathways for the removal of cholesterol from the blood 1s by
degradation to bile acids (Gordon et al , 1957, Lews, 1958) A deficiency
of the sulfur amino acids can be important m hmiting the production of
taurine, which 1s required for the formation of taurocholic acid (Fihos and
Mann, 1954)

14 Copper

Dietary copper does not seem to be important 1 etther disease, e*wep?
possibly when anemia 15 present Probably this means that the ntake 0r
copper 1s sufficient under our present circumstances The copper content o
the serum, however, 15 very mmportant in both dieases There 1> soﬂée
evidence that the serum protem to which nearly all the copper 18 bound,
the ceruloplasmin, plays the primary role (see below)

15 Magnestum

Magnesium very probably plays ag ampor

ith the normal “civilized” food products an
:Xtallze of magnesium 18 too low (Keeser, 1952) With increasing "é’et 2:;‘5
tissue content of magnesium decreases, whereas the calcium coﬂﬁ;“m 0
creases If the plasma magneswum level decreases from 22 mg %

tant role m both disea<es
d dietary hebits, the datly
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mg % an merease 1 the cholesterol level—especially of the estenfied
fraction—oceurs
Magnestum salts, and also magnesium oleate, can reduce high cholesterol
levels Sehger (1952) reported a very good effect of magnesium oleate on
postprandhal hyperlipemia and chylomicronemia The delayed “clearing”
seen 1n older people both 1 regard to height and duration of the elevated
levels, can become nearly normal agam In agreement with this, Bersohn
and Odof<e (1957) reported that the Bantu in South Afrieca had a sigmfi
cantly higher serum magnesium level than s European population The
coronary mortality 18 much lower n the former group than in the latter An
myers¢ relation betwcen magnesium levels and cholesterol levels has been
found 1n these different population groups Moreover a dramatic improve
ment has heen observed 1n many cases of coronary disease on admimistra
tion of magnesium sulfate parenterally Abnormal lipoprotein patterns
rapudly reverted to normal
It 18 true that Brown et al (1958) could not find an mnverse relation be-
tween the magnesium and the cholesterol levels m a group of middle aged
American men who had myocardial infarctions and a control group with
out previous infarction As the intvke of magnesium was probably much
the <ame 1 those two groups and the chance thnt some of the eontrols
must be considered as future coronary patients might be farly gh, this
lack of difference 1s not very surprising ¥ urthermore, if shght differences
are expected, 1t mght perhaps be better to estimate the content of mtra
cellular magnestum 1 the blood cells than the serum levels since mag
nesum 15 mamly concentrated mtracellularly
Vitale et al (1957) fed rats an atherogenic diet and found fewer athero
matous lesions when magnesium was supplied i an amount of 192 mg %,
than w the ammals fed 24 mg % Che latter dose 1s the amount adequate
for & normal diet The cholate cholesterol diet used produced 4 magnesium
deficiency with low magne um blood levels hypercholesterolemia, and
extensive sudanophilia of the heart and aorta
Biochemical estimations of magnesium 1n pregnancy are few Hall (1957)
reported a shight depression of the magnesium level m pregnancy without
a distinet difference between the healthy and a few toxemic women The
lovest values were found between the 34th and 38th weeh The normal
values were as high as 187 = 02 meq per hter and mdividual vanations
were rather large
The practical effect of Tugh doses admumistered mtravenously 1s still safe
enough for common use 1n precelamptic and eclamptic patients Doses of
40-60 gm daily can be given without unwanted effects It 1s not very prob
able that this effect could be purely symptomatic (depression of the nervous
System and the effect, of the hypertonieity of the solution) Moreover, an
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acute deficiency or an acute aggravation of a moderate depletion 15
possible because of the great retention of water and salt QCeurTIng 1
eclampsia and eclampsia In thus connection, mention should be m:
the work of Fitzgerald and Fourman (1956), who tried to mduce a
nesum deficiency m man with a diet supplymg 11 meq magnes
day durmg 3 weehs There were no changes in the magnesium blood
or n the blood pressure i this relatively short period There was, hor
a retention of sodum and chlorine, accompanied by weight gam

magnesium 1s mawnly an intracellular mneral 1t 18 not surpnsing
depression of the blood levels does not develop rapidly, and the <
true also for toxema cases in comparison with healthy controls Dx
depletion of magneaum can oceur i man as well as 1w cattle The ¢
toms concern the central nervous sy stem and the peripheral neuromu
system, terminating 1n generalized tonic clonic convulsions and deatl

In mld cases of toxemma, as well 1s 1 coronary sclerosis, therapy wi
50 called rice water frwit diet may owe part of its good effects to 1
supply of magnesium and potassium, while the sodum content 1
This may be as important s the Jow fat and calore content of the d

Important may ilso be the fact that pyridovine raises the magm
level n blood (Buseaino and Balbi, 1957)

Recently MacIntyre (1959) pomted to the strihing sumdartty of s
toms and biochemical aspects of magnesium deficiency and hypervitat
s1s D, a fact that certainly 15 of mterest in respect to the data mention
Section 11, 9 on the role of overdosage of vitarn D

16 Sodwum and Potassium

According to the common therapy of toxerma of pregnancy with re:
tion of salt, one might think that salt plays an 1mportant role m the etx
of this disease More than once the low toxerma meidence m pnm
people has been ascribed to thewr lower salt mtake (Van Bouwdyk B
aanse, 1954, de Snoo, 1949, Holemans and André 1955) The <ame n
be said concerning some of the observations during World War 11, as
was rather searce, regionally, at certamn periods (at least m the Nel
lands) However, the recent observations of M Robmson (1958) sh
stimulate further mnvestigations on this point Robimnson reported &
tmetly favorable mfluence of salt prescmption mn tovemia of pregl;:‘
Two groups of women were studied, one group was said to tahe mucl ,
the other to reduce the salt mntahe The whole mvestigation mciuded ¢
women The “salt supplemented” group showed a lower meidence of !|
ma and had less placental infarctions than the “low salt” group S‘Z
large doses (20~30 gm or much more a day) was reported even to !
slight toxemia
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Data as to the plasma content of sodium and potassium m pregnancy
are not m very good agreement Parviainen of al (1950, 1951) reported a
higher sodium and a lower potassium plasma level n toxenua pattents than
1 normal pregnancy In the erythroeytes the differences were even larger
Good therapy dimimished the differences On the other hand, Dieckman
and Pottinger (1956) found = decreased sodium and a normal potassium
plasma content 1n the toxemia cases while 1n normal pregnancey the sodium
level was somewhat elevated as compared with that i nonpregnant women
Nordenstrahl (1952) confirmed this but demonstrated m s hiterature re
view that the problem 1s far from simple and that not all data are rehable
According to this review <odium and potassium can be lowered 1 normal
pregnancy and wncreased agun when toxemia occurs Tampan ef al (1956)
noted o retention of sodium and potassium in pre eclampsia and the excre
tion of 1t postpartum, they suggested an adrenal cortex hypertrophy due
to defictency of B vitamins Data on sodwim and potassium content of the
plasmn. will be influenced by therapy such as salt restriction, moreover,
the sodium potassium ratio 1n cells, and 1n plasma, as well as 1 food seems
to be very important

In any case eclumpsia cannot be s smmple sodium mtoxication The
preseription of a saltless regime 1n toxemia which has been commonly used
until now cannot always prevent the outbreak of eclympasia Furthermore,
premature labor and low birth weight of the ehild, or stillbirth, together
with a small placenta, are eertainly not rare in chronic cases 1n spite of salt
restnietion

As to atherosclerosis and salt there are few observations De Langen
(1946) described experiments 1n which a mixed diet had been given to
anmals with or without an extra supply of sodium chloride Atheromatous
vascular lesions were seen more frequently m the NaCl supplemented group
than m the controls The fat and lipid levels of the “NaCl group” also
became markedly igher than in the controls The amount of NaCl neees
sary to obtain these effects varied according to the ammal species studied
m chickens the effect could be seen with only 1% salt 1n the diet, while

dogs no salt dose could be found which would produce vascular changes
No data on man are known However, there seem to be wide individual
dufferences m the ability to ehmmate NaCl This capacity also seems to
be nfluenced by the protemn 1 the diet, the fimd ngested and by hor
mones These animal experiments are really salt mtoxication studies m
which severe hypertension 15 always present The latter 1s not the case mn
;Sp:nt:meous ’ atherosclerosis in humans at least not to so great an ex
en

Similar loading tests with N+Cl have been carned out m rats by Moses
etal (1902, 1955) and Meneely et al (1955 1956) with doses from 1 5% to
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acute deficiency or an acute aggravation of a moderate depletion 15 east
possible because of the great retention of water and salt OCCUITINg 1n pre
eclampsia and eclampsia In this connection, mention should be made of
the work of Fitzgerald and Fourman (1956), who tried to mduce o mag
nesum deficiency mn man with a diet supplymg 11 meq magnesum a
day during 3 weehs There were no changes 1n the magnesium blood levels
or i the blood pressure 1n this relatively short period There was, however,
a retention of sodium and chlorme, accompamed by weight gamn Since
magnesium 15 manly an mtracellular mimeral 1t 1s not surprising that a
depression of the blood levels does not develop rapidly, and the same
true also for toxema cases in comparison with healthy controls Extreme
depletion of magnestum can oceur m man as well as in cattle The symp
toms concern the central neryous system and the peripheral neuromuscular
system, terminating m generalized tonic elonic convulsions and death

In mld cases of toxemia, as well as n coronary sclerosts, therapy with the
so called rice water frut diet may owe part of 1ts good effects to better
supply of magnesium and potasstum, while the sodium content 1s low
This may be as important as the low fat and calorie content of the diet

Important may also be the fact that pyrnidoxine raises the magnesium
level m blood (Buscamno and Balb:, 1957)

Recently MacIntyre (1959) pomnted to the strihing sumlanty of symp
toms and biochemical aspects of magnesium defieiency and hypervitammno
s1s D, a faet that certainly 1s of mterest i respect to the data mentioned 1
Section II, 9 on the role of overdosage of vitamun D

16 Sedwum and Potassium

According to the common therapy of toxemia of pregnancy with restrie
t10n of salt, one might think that salt plays an important role m the etiology
of this disease More than once the low totxemia incidence m primiive
people has been ascribed to their lower salt mtake (Van Bouwdyk 'Buﬂ;llt
aanse, 1954, de Snoo, 1949, Holemans and André, 1955) The same mig lt
be said concermng some of the observations during World War 11, as <al
was rather scarce, regionally, at certam periods (at least m the Nethelrd
lands) However, the recent observations of M Robmson (1958} shou
stimulate further investigations on ths pont Robmnson reported a dis
tinetly favorable mnfluence of salt prescription mn toxerma of prt‘g?lﬂncl)t
Two groups of women were studied, one group was said to take m;cd ;8771
the other to reduce the salt intake The whole mnvestigation mclu ef 2 !
women The “salt supplemented” group showed a lower metdence OS (;Z °
mma and had less placental mfarctions than the “low salt”’ group are s
large doses (20-30 gm or much more a day) was reported even to cu
shght toxemia
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Data as to the plasma content of sodum and potassium 1n pregnancy
are not 1 very good agreement Parviainen el al (1950, 1951) reported a
huigher sodium and a lower potassium plasma level i toxemia patients than
m normal pregnancy In the erythrocytes the differences were even larger
Good therapy dimmished the differences On the other hand, Diechman
and Pottinger (1956) found a decreased sodium and a normal potassium
plasma content 1n the toxemua eases, while 1n normal pregnancy the sodium
level was somewhat elevated as compared with that in nonpregnant women
Nordenstrahl (1952) confirmed this but demonstrated mn his literature re
view that the problem s far from simple and that not all data are rehable
According to this review sodium and potassium can be lowered in normal
pregnancy and inereased again when toxemia occurs Tampan et al (1956)
noted a retention of sodium and potassium 1n pre eclampsia and the excre
tion of 1t postpartum, they suggested an adrenal cortex hypertrophy due
to defictency of B vitarmins Data on sodium and potassium content of the
plasma will be nfluenced by therapy such as salt restriction, moreover,
the sodium potassium ratio 1n cells, and 1n plasma, as well as n food seems
to be very important

In any case eclampsia cannot be a simple sodum intoxication The
prescription of a saltless regime 1n toxemia which has been commonly used
until now cannot always prevent the outbreak of ¢clampsia Furthermore,
premature labor and low birth weight of the child or stilibirth, together
with a small placenta, are certamnly not rare in chrome cases in spite of salt
restriction

As to atherosclerosts and salt there are few observations De Langen
(1926) deseribed expermments m which a mixed diet had been given to
ammals with or without an extra supply of sodium chloride Atheromatous
vascular lesions were seen more frequently in the NaCl supplemented group
than 1n the controls The fat and hpd levels of the “NaCl group” also
became markedly higher than 1n the controls The amount of NaCl neces
sary to obtain these effects varied according to the ammal specics studied,
1 chickens the effect could be seen with only 1% salt in the diet, while in
dogs no salt dose could be found which would produce vascular changes
No data on man are known However, there seem to be wide mdividual
differences m the ability to elimmate NaCl This eapacity also seems to
be mfluenced by the protem in the diet, the flid ngested and by hor
mones These ammal experiments are really salt intoxcation studies i
:V}uch severe hypertension 1s always present The latter 1s not the case m
tsptontaneous ’ atherosclerosis in humans at least not to so great an ex

en

Smilar loading tests with N1Cl have been carried out 1n rats by Moses
elal (1952, 1955) and Meneely et al (1955, 1956) with doses from 1 5% to
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13 5% salt n the food and drnking water ad hbutum, or with salt
drinking water from 15% up to 4 5% Increasmg the potassium ¢
of the diet abolished the nephrosishike syndrome The protective a¢
potassium and the restoration of the potassium sodium ratio to )
values, has also been studied by Rahman ef al (1957) 1 rats on hy
diets They concluded that the lesions seen 1n the myocardium are ¢
tenstic of potassum deficrency and that an adequate supply of pot:
prevents them

In view of the important role of potassium, 1t must be remarked
diet consisting mamly of vegetable foods provides more potassiur
does one of ammal foods In this respect n towc effect of sodm
appear when the potassium mtake 15 seriously defictent or everet
too high

II1 Dierary MEASURES AFEECTING THE DISEASDS IN ANIMA

Many observations mm ammals have been discussed already mn Sect
and therefore only a brief survey will be given here

Atherosclerosis can occur spontaneously 1n various animals, for ms'
m old hens (Wertzel, 1956) and 1n the parrot (Cohrs, 1957), and pro
m other smumls (fed by man?) too The atheromn, eastly tnduced by
cholesterol diets in rabbits and chickens cannot be conzidered comp:
to the “spontaneous” disease m man Such experiments as that ¢
out by Fillios et al (1956), who supplemented purified diets with
lesterol, sodium cholate, and thiouracil, should be left out of consider
because a low basal metabohie rate was mduced However, the rat
veloped a blood pattern ke that present in the human patient, tog
with coronary and aortic lesions, and lesions 1n the heart valves Be
no similar data for toxema m pregnancy have yet been found, onl
results 12 mamnmals with % nérmal metabalic Tate will be considered
larlv, animal experiments m which cholate, choliw acid or other su
active agents arc used cannot be considered here

Mann and Stare (1954) reported the possibility of predisposing mor
to atherosclerosts by mving a diet which caused a borderlne cysiin
ficency In o smlar way, Schuck (1950, 1952) found 1t possible tosr
symptoms like those of human eclampsia in experimental animals by g
them a low cystine diet Hartroft and his group (1952), Best et al
and Wilgram et al (1954) produced atherosclerosis i adult rats witha
choline diet, with or wathout vitammn D m hagh doses Cholme morc of
protected against the lesions caused by vitamin D In this e\PCﬂmEk’:
group consurmng hydrogenated vegetable o1l proved to have % d‘
incidence of the lesions than the group fed  muture of beef f1t an
ol as a fat source Mischel (1954) reported an experimental toxerd!
pregnancy 1n rats with a cholme defictent diet
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Wissler et al (1951) and Moshowitz ¢t al (1956) produced atheromatous
lesions i middle aged obe-e male rats with a diet with an average compost
tion simalar to actual diets of certamn patients This diet was not choline
deficient, but contamed lard to an appreeiable amount, however, the choline
seemed to have an aggraviting effect on the lesions The difference 1n re
sults 1n this and the foregomg experiments cannot yet be explamed It
certamly points to the important role of imbalance m the dietary compost
tion 1nd the possible odd effects of relative deficiencies A simlar observa
tion was made by Jones ef al (1957) with methiomne which gave a hyper
cholesterolemua but was without effect on the number of lesions Methiomne
grven together with vitammn E, however, reduced the cholesterol levels to
thoe of the norm1l controls while vitamin E alone did not have this effect

Others who have experimented with s2tamen D are Hoogerwerf (1955a, b),
de Langen and Donath (1956) and Gallman (1957) and all produced ath
eromatous lesions 1n animals Stamler (1956) gave a high cod liver oil (5 %)
diet to rats supplymng an amount of vitamin D of about ten times the
normal daily dose but not nearly as gh as the dose in the above men
tioned experiments Eclamp<a 1n 2 high percentage of the primigravid rats
was observed when this diet was given mstead of the normal stock diet at
the 13th day of pregnaney Death was preceded by rapid progre~sive cardio
respiratory falure culminating in violent convulsions Resorption of the
fetuses took place in most, cases when the diet was given in the first days
of pregnaney Multigravid rats were less susceptible than the primigravid
Their <usceptibility could be ncreased by givng the diet earlier in preg
nancy

The cod liver o1l proved to be the cntical component of the diet Sub
stitution by corn o1l made the diet nontoxie, and crude hnoleic acid was
approximately as effective The eclamptic disease could be prevented by
treating the amimals with « tocopherol or lettuce before the toxic diet was
gren, or by adding these materials to the eclamptogemc diet Apart from
2 possible toxic effect of the vitamin D 1t 1s also possible that the oil itself
has o toxie effect It 15 known that highly unsaturated acids are present
which do not have the activity of the essential unsaturated fatty acids,
because they have cis trans and trans trans configurations nstead of the
active e1s c2s form Even deficiency of the essential unsaturated fatty acids
may be promoted The crude hnoleie acsid which was not quite as active
as «orn o1l may contun about 50% of the wnactive czs frans configura
tion(s) The vitamm B content of the corn o1l 15 probably important also

An effect, of n2acin m decreasing the blood cholesterol level was observed
by Altschul (1956) Altschul ef ol (1955), and Altschul and Hoffer (1958)

1 rabbits Schon (1808) found a simular result in the liver cholesterol levels
of the rat

Rinehart, and Greenberg (1956) induced atherosclerosis m the rhesus
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monkey by giving a pyridozine deficient ration The lesions had a striking
resemblance to those occurring m man Similar lestons were <een m the
uterne vessels, but conditions of pregnant ammals were not mvestigated
Ross and Pike (1956) reported that the symptoms of toxemun of pregnancy
were nduced 1n rats by pyndoxine depletion Darby et al (1955) descnibed
an experiment with vitarin By restriction n gravid rats resultmg m de
creased fertility, increased perinatal mortahty, and decreased birth weight
The young all died with a striking syndrome of spastic cony ulsions

The ifluence of magnesium on experimental atheromatous lesions m the
rat was investigated by Vitale ef al (1957) When an adequate supply of
magnesium was given, fewer atheromatous lesions occurred Studies on the
effects of NaCl intoxication in rats were carried out by de Langen (1956),
Moses et al (1952), and Meneeley et al (1956)

1t should be kept 1n rnd, however, that there 1s no proof that the diseae
induced 1 anmmals by these vanous factors, 1s completely comparable to
the disease m man

Summary A low mtake of a number of dietary constituents [unsaturated
(essentual) fatty acids, naemn, pynidovine, choline, cystine, potasstum, and
magnestum] seems to be mmportant 1 the etiology of both diseases The
effects of vitarin A, vitamin E, methionine, the potasstum sodium ratio,
and carbohydrates are less clear, partly because of lach of information
both diseases and partly because the mformation concerning the role of &
particular factor n one of the diseases seems to be somewhat contradictory

No definite effect 15 exerted by the cholesterol or the protem content of
the diet, but a gh mtake of calones, refined foods, fats, saturated fatty
acids, and vitamin D may certanly play a role i the etiology of both
diseases

Tt can no longer be considered as purely accidental that so many nutrients
have had to be mentioned, because of all the known interrelations and
antagomstic and synergistic actions of these factors However, a full ‘o
chemical survey of all these interrelations is beyond the scope of th
paper |
It should be noted that evidence of a deficiency of certam nutritiona
factors does not ndicate that by providing them at an arbitrary tme
when the disease has already been diagnosed chnieally, a benefictal effect
will always result Irreversible damage may be present already, and)tem
poranly unpleasant or even dangerous effects may occur on supp YU:)%
certamn factors Owing to 1ts rapid course, toxema has the best chance
gnng such comphieations and these are also less tolerable \ be

When mvestigating the mfluence of dietary factors, 1t <hould m;ome
forgotten also that food additives, apphed for whatever use, may have

wfluence
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IV DeviaTions FROM THE NoeMAL BrLoop Prasma LEVELS AN
ReacTions OccURRING IN THE Broop or
Broop VessEn WaALLS

Of the blood constituents concerned in the diseases under discussion the
most 1mportant are discussed below

1 Serum Lypids

The whole ipid system 1n the blood may be considered as a functional
umit, with the important task of transporting of fatty acids However, hittle
18 known of the exact functions of all constituents The data from studies
on cholesterol (free and estenfied), phospholipids, @ and 8 hipoproteinst
and total fat values, 1n atherosclerosis and toxemia of pregnaney, can often
be compared with data on normal subjects and on women with uncomph
cated pregnanctes There are also some reactions which seem to have a
close connection with the hipids, namely blood coagulation, fibrinoly «s, and
‘clearing ”

In atherosclerosis, on the whole, ugher levels of cholesterol and phospho
lipid are present, with a lower phospholipid cholesterol ratio than mn
healthy subjects (normal value >1) The ratio of 8§ to a lipoprotens 15
above normal and also the absolute values of @ and 8 lipoproteins are
increased The relative amounts of cholestero! 1n the 8 lipoprotein fraction
are higher Total fat values of the serum are likewise higher than normal
(in fasting subjects all serum lipid 15 bound to proteins)

Individual values of these substances however, do not always give
reliable mdication as to the presence of atherosclerotic discase This can
be accounted for at least partly by the slow development of the complaints
and chmeal signs, which depend also on the localization, whereas the blood
constituents may have been abnormal for a considerable time This 15
reflected also m the increasing +alues with mereasing age There 15 no exact
information as to normality, and on many oceasions levels which mitially
were considered as within the normal range onght now to be considered as
abnormal 1 view of later information

Since 1t 15 impossible to ate all the literature on this subject, only a few
atations will be given (see also Symposium on Arteriosclerosis, 1956)

Barr (1956) for instance, showed data on survivors of myocardial
farction m comparison with normal subjects 1 New York (Table I) Sex

*The lipoprotemns can be separated by different means paper electrophoresis
(main fractions « and §1 1 (ow and high density
{ractions) see for instance Fasolt et al (1956) and Lindgren and Gofman (1956) or
Cohn s ef al {1950) microfractionating method
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influences hike those shown here have been reported by many other authors
and concern other serum constituents as well In the above sertes theresa
sigmficant difference between young men and women only m the a hipo-
protemn levels The number of subjects, however, 15 rather small
Thurnherr et al (1956) gave the averages obtained from Swiss subjects

TABLE 1

CuoLESTEROL AND LIPOPROTEIN LEVELS IN SURVIYORS OF MYOCARDIAL INFARCTION
CompaRED wI1TH NORMAL Sussects v New YoRK

Total

terol
Number of | cholesterol Percentage of total cholesterol

Age subjects (mg /100
cc) In « ipoprotemns | In 8 lipoproteins
Normal men and
women
18-35 44 190 29 3 675
45-65 41 245 231 752
Survivors of myo
cardial nfare
tion
18-64 33 259 13 6 839
« Lipo 8 I1po
proteins protemns | Ratoa B
(mg /100 | (mg /100 [Lipoproten
ce) ce)
Healthv women
18-35 20 187 533 399 075
men
Hea}l‘é‘—%i} 24 197 417 477 115
Survivors of myo 28 239 467 500 19
cardial 1nfare
ton

@ From Barr (1958)

(Table IT) and Antonim and Salvino (1956) reported the data on subjects
lorence (Table ITI

" fparet fr01(n real reg?onal differences 1n the blood hipid composition, t:e
1bsolute figures, especiaily for @ and 8 hpoproteins and therr ratic may
vary according to the techmques employ ed

In general the cholesterol level of the plisma has a
i patients with atherosclerosts As 18 well hnown,
alone cannot give defimtive nformatian about the

tendency to be hugher
the cholesterol salue
presence of yaseular
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disease, and the ratio of 8 to « lipoprotens 1s also consdered very valu
sble The cholesterol level 1s often used for comparing groups of subjects
and as a cnitenon for the results of therapy In any case, death from coron
ary dicease tends to be hugh m populations with levels from 200 mg % up,
and low n populations where levels are m the range of 120-180 mg %
(leys ¢ al, 1955, 1956a, b, Bronte Stewart et al, 1955, Bose and De,

TABLE II

CHOLESTEROL AND LiroProthIN LEVELS IN ATHEROSCLEROTIC COMPARED WITH
NONATHEROSCI EROTIC SUBIECTS IN SWITZERLAND

Total |Total lipo | « Lipo 8 Lipo
(Number of |cholesterol | proteins | protemns | protemn Ralt‘m 8o
subjects | (mg /100 | (mg /100 | (mg /100 | (mg /100 xt)o .

ec) ce) cc) cc) protein

Age

Nanatheroselerotic subjeets

<20 7 114 675 195 180 25
(29%) {T1%)

>20 14 170 1020 255 765 30
(25%) @5%)

Atherosclerotic patients
100 215 1200 210 930 34
(22%) (718%)

From Thurnhe r et gl (1956

TABLE IIt
ChotesTEROL AND L1POPROTEIN LEVELS AND PROTHROMBIN ACTIVITY COMPARED IN
NORMAL AND ATHEROSCLEROTIC SUBJECTS IN FLORENCE

Normals 40-70 years old Atheroselerotics
Cholestero} 220 4: 41 5mg % 23 +5601mg %
8 « lipoprotein ratio 265102 454112(P <00l
Prothrombin actrvity 100% 118%

From Anton n ani Salv no (1956)

1936, Toor et al , 1954, <ee also Scott et al, 1958 and Corcoran, 195%)
Recently Rutsten ot al (1958) demonstrated the essential role of cho
lesterol (as such or as 8 lipoprotein) 1n the culture medium for mtracellular
lipid deposttion m tissue cultures of human aortic cells

Tlevated levels of cholesterol 1 normal pregnaney hove been reported
by many authors Von Studnitz (1955) for nstance, showed n increase
of cholesterol v alues from 176 to 276 mg % The latter values may not be
pathological, and data on populations where toxemua 18 rare are needed to
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resulting 1n o hgher level of the blood phospholipids However, as Kings
bury and Morgan (1957) showed, a lugher level of phospholipids does not
always oceur, for instance, 1t was not seen when tobacco seed o1l was fed,
though hipemia developed and the coagulation time was shorter But as the
turnover rates of the phospholipids cannot be given, 1t cannot be excluded
that a synthesis of certamn phospholipids might have occurred, though the
amounts synthesized could not exceed the breakdown of these or of other
phospholipids during that period of time

Indeed, 1t may be suggested that at least small amounts of ethanolamme
phosphohipid are synthesized, since Kingsbury and Morgan (1957) demon
strated that the effect on the clotting time 13 dependent on some reaction
oceurring <0 izo only They concluded from their experiments that phos
pholipid on the surface of the chylomicrons very probably causes the blood
clottmg 1n which the ethanolamine must, at least partly, be endogenous,
because the same effect could be seen on feeding a pure tnglyceride mix
ture To complicate matters 1t must be taken mto account that choline
can be synthesized from ethanolamine by a transmethylation process in
which methionine may be mvolved

A high turnover rate of phospholipids 1s seen 1n pregnancy, «nd a high
level 18 al<o present in plasma However, there 15 no unammity as to the
relations between phospholipids and cholesterol Chatterjec and Gosh
(1940}, mn India reported an increased lecithin content of the blood Peters
et al (1951) 1n the United States, reported data m which the inerease of
the phospholipids vared very much, even above 50%, whereas the phos
phohipid cholesterol ratio did not change Only at about the 12th week did
subnormal values occur Von Studmtz (1955), in Malmo showed a statis
tically sigmficant increase of the phosphlipid level from 245 to 398 mg %
without a change in the phospholipid cholesterol ratio, which had the value
of 14 (cholesterol values 176 and 276 mg % respectrvely)

Arnaki (1956) reported data obtamed by Artom on the total lipid and
phosphohipid content of plasma in normal nonpregnant women The total
Iipid averaged 976 mg % and the phospholipid content, 152 mg %, the
ratio thus being 100 403 In alimentary hyperhpemia (after a fatty meal)
the phospholipid content show ed less imncrease than the total hpids content,
the ratio now bemng 100 357 Arnaki carned out the same measurements
n pregnant women The hyperlipemia m pregnant women m Istanbul
showed a total ipid content of 740 mg % with a phosphatide level of
3297 mg % (number of subjects not reported), the ratio bemg 100 44 5
Arnakt concludes from his studies that the total imd phosphohipid ratio
1> shifted 1 opposite directions by pregnancy and by ahmentary hyper
liperma In umbiheal cord plasma the ratio 1s 100 60 and the values are
246 mg % and 1457 mg %, respectively

The same ratios calculated from the data of Von Studmtz (1955) give 1
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decide this In rablats, on the other hand, Baumann and Holly (192)
found that pregnancy causes the cholesterol and blood phosphatides to
dummsh, and m the dog blood hipids are not affected by pregnancy In
any case a physiological increase of the cholesterol level superposed on a
high startmg value may well result mn a level which may be pathological
and dangerous It was observed as far back as 1912 that the hypercho-
lesterolermua of pregnancy passes off more quickly m women who nurse ther
babies (Hermann and Neuman, 1912)

Cholesterol levels i toxemia of pregnancy were studied by Ghose (193)
In 32 patients with pre eclampsia 1n the third trimester a higher level of
total cholesterol was seen than m the normal pregnant controls, and ths
was maimly du¢ to an mcrease of the ester fraction Von Studmtz (1905)
reports a more pronounced lipemuia 1n touie pregnancy than mn uncompl
cated pregnancy One case was reported with a total hipid of 1450 mg /100
cc serum, whereas 1n normal pregnancy the average 1s 966 mg /100 cc

It 15 often assumed that a correlation exists between the rased blood
cholesterol level in pregnancy and the mereased tendency to the production
of gallstones contaiming cholesterol This might suggest that even m un
complicated pregnancy (“clinically” uncomplicated), where the cholesterol
level 1s elevated, a physiologieal borderline may already have been sur
passed m a number of cises As to toxemia of pregnancy, with its still
Ingher cholesterol levels, this probabihty 1s still greater A strong argu
ment 15 found, moreover, 1n the “acute atheroms” of the decdual veseels,
described by Zeek and Assali (1950) 1n toxerme cases, and mn the mtimal
changes m the maternal placental blood vessels reported by Robertson and
Dixon {1958) 1 pre eclampsia

However, changes 1n other blood constituents must also be considered
For nstance, the phospholipids are very important factors These com
pounds seem to have the special tash of holding the cholesterol (esters)
and other lipids of the blood m “solution” m cooperation with the plasma
protemns The synthesis of the phospholipids occurs maily m the Iner and,
according to Rewser (1955), n the ntestmal wall, but also other tissues,
meluding the aorta wall Choline 15 necessary as 1t 1s an essentil part of
the lecithin molecule This would at least mdicate that its simultaneous
mtake with dietary fat 15 important Indeed, the lipotropic effect of cholme
1s conside red to be due to 1ts share 1 the synthesis of phospholipuds (Nulrt
twon Revs, 1957) There are, however, other phospholipids, the most m
portant of which seem to be those 1n which ¢thanolamine replaces cho]mfz
in the molecule (cephalin) Poole and Robimson (1956) demonstrated tha
thus phospholipid has an accelerating effect on blood clotting by mcres:*lﬂj
the formation of thrombin n the coagulation system This 15 1n con r:
to the normal choline contaiming lecithin, which has no such acfl;: rfﬂ
Phospholipid synthesis 1s stimulated by the absorption of fat, 1n ge
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resulting 1n a higher level of the blood phospholipids However, as Xangs
bury and Morgan (1957) showed, a lgher level of phospholipids does not
always oceur, for instance, 1t was not seen when tobaceo seed o1l was fed
though lipernia developed and the coagulation time was shorter But as the
turnover rates of the phospholipids cannot be given, 1t cannot be excluded
that a synthests of certaun phospholipids might have occurred, though the
amounts synthesized could not exceed the breakdown of these or of other
phosphohipids during that period of time

Indeed, it may be suggested that at least small amounts of ethanolamme
phospholipid are synthestzed, since Iungsbury and Morgan (1957) demon
strated that the effect on the clotting time 15 dependent on some reactton
occurring 1n vuto only They concluded from their experiments that phos
pholipid on the surface of the chylomicrons very probably causes the blood
clotting 1 which the ethanolamine must, at least partly, be endogenous,
because the same effect could be seen on feeding a pure tnglyceride mix
ture To compheate matters 1t must be taken mto account that cholne
can be synthesized from ethanolamine by & transmethylation process mn
which methionine may be involved

A high turnover rate of phospholipids 1s seen n pregnaney, and a high
level 1s also present n plasma However, there 13 no unanimty as to the
relations between phospholipids and cholesterol Chatterjee and Gosh
(1840), m Indin reported an increased lecithin content of the blood Peters
et al (1901) m the Umted States reported data m which the increase of
the phospholipids vared very much, even above 50 %, whereas the phos
pholipid cholesterol ratio did not change Only at about the 12th week did
subnormal values occur Von Studnitz (1955), in Malmo showed a statis
tically cignificant inerea.e of the phosphlipid level from 245 to 398 mg %,
without a change 1n the phospholipid cholesterol ratio, which had the value
of 14 (cholesterol values 176 and 276 mg % respectively)

Arnals (1956) reported data obtamed by Artom on the total lipid and
phospholipid content, of plasma m normal nonpregnant women The total
lipid averaged 876 mg %, and the phosphohpid content, 152 mg %, the
ratio thus bemg 100 40 3 In alimentary hyperhipemua (after a fatty meal)
the phospholipid content showed less increase than the total lipids content,
the ratio now bewng 100 357 Arnaki carned out the same meisurements
m pregnant women The hyperhperma in pregnant women 1n Istanbul
showed a total lipid content of 740 mg % with a phosphatide level of
3207 mg % (number of subjects not reported), the ratio bemg 100 44 5
Arnala concludes from s studies that the total Tipid phospholipid ratio
I <hifted 1 opposite directions by pregnancy and by alimentary hyper
hperma In umbihieal cord plasma, the ratio 1s 100 60 and the values are
246 mg % and 1457 mg %, respectively

‘The same ratios caleulated from the data of Von Studmtz (1955) give a
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dearde this In rabluts, on the other hand, Baumann and Holly (1926)
found that pregnancy causes the cholesterol and blood phosphatides to
diminish, and i the dog blood lipids are not affected by pregnancy In
any case a physiologieal mncrease of the cholesterol level superposed on &
high starting value may well result mn a level which may be pathologieal
and dangerous It was observed as far back as 1912 that the hy percho-
lesterolemia of pregnaney passes off more quickly 1n women who nurse ther
babies (Hermann and Neuman, 1912)

Cholesterol levels in toxemia of pregnancy were studied by Ghose (1953)
In 32 patients with pre eclampsia in the third trimester a higher level of
total cholesterol was seen than n the normal pregnant controls, and this
was mamly due to an increase of the ester fraction Von Studmtz (190)
reports 5 more pronounced hiperma n tovic pregnancy than in uncomph
cated pregnancy One case was reported with a total ipid of 1450 mg /100
cc serum, whereas m normal pregnancy the average 15 966 mg /100 cc

It 15 often assumed that a correlation ewusts between the rased blood
cholesterol level in pregnancy and the mcreased tendency to the production
of gallstones contaimng cholesterol This mught suggest that even m un
complicated pregnancy (“clinically” uncomplicated), where the cholesterol
level 18 elevated, a physiologieal borderline may already hatve been sur
passed i a number of cases As to toxemia of pregnancy, with its still
higher cholesterol levels, this probability 1s still greater A strong argt
ment 15 found, moreover, 1 the “acute atherosis” of the decidual vessels,
described by Zeek and Assalt (1950) 1n toxemie cases, and 1n the timal
changes 1n the maternal placental blood vessels reported by Robertson and
Dixon (1958) 1 pre eclampsia

However, changes 1 other blood constituents must also be considered
For mstance, the phosphohpids are very important factors These com
pounds seem to have the special task of holding the cholesterol (esters)
and other hipids of the blood mn “solution” 1n cooperation with the plasﬂéﬂ
proteins The synthesis of the phospholipids occurs mamly 1 the Tiver and,
according to Reiser (1955), 1n the mtestinal wall, but also i other tlesuesé
mecluding the aorta wall Choline 1s necessary as 1t 1s an essential part o
the lecithin molecule This would at least indicate that its stmultaneous
mtake with dietary fat 13 important Indeed, the Lipotropic effect of choline
15 considered to be due to 1ts share 1 the synthesis of phospholipids (Vulrt
ton Revs, 1957) There are, however, other phospholipids, the moit IH:B
portant of which seem to be those 1n which ethanolamine replaces ¢ (;}:nt
m the molecule (cephalin) Poole and Robinson (1956) demonstrated s
this phospholipid has an accelerating effect on blood clotting by mcre:ms'z
the formation of thrombin m the coagulation system Thas 15 1n mtnnt)
to the normal choline contaming lecithn, which has no such ad elne
Phospholipid synthesis 1s stimulated by the absorption of fat, m &
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resulting 1n < higher level of the blood phospholipids However, as Kings
bury and Morgan (1957) showed, a higher level of phospholipids does not
always occur, for mnstance, 1t was not seen when tobacco seed ol was fed,
though lipemia developed and the coagulation time was shorter But as the
turnover rates of the phospholipids cannot be given 1t cannot be excluded
that a synthesis of certamn phospholipids might, have oceurred, though the
amounts synthesized could not exceed the breakdown of these or of other
phospholipids during that period of time

Indeed, 1t may be suggested that ¢ least small amounts of ethanolamine
phospholipid arc synthesized since Kingsbury and Morgan (1957) demon
strated that the cffect on the clotting time 1s dependent on some reaction
oceurring @1 tato only They concluded from their experiments that phos
pholipid on the surface of the chylomicrons very probably causes the blood
clotting, 1n which the ethanolamine must, at least partly, be endogenous,
because the same effect could be seen on feeding a pure triglycende mix
ture To compheate matters, 1t must be taken mto account that cholne
can be synthesized from ethanolamine by 2 transmethylation process n
which methionme may be mvolved

A high turnover rate of phospholipids 1s seen 1 pregnancy, and a high
level 1s also present 1 plasma However there 1s no unamimity as to the
relations between phospholipids and cholesterol Chatterjee and Gosh
(1940), 1n Inda, reported an mnereased lecithin content of the blood Peters
et al (1951), in the United States, reported data mn which the increase of
the phospholipids vaned very much, even above 50%, whereas the phos
pholipid cholesterol ratio did not change Only at about the 12th week did
subnormal values occur Von Studnitz (1955), in Malmoe <howed a statis
tically sigmificant merease of the phosphlipid level from 245 to 398 mg %,
without o change in the phospholipid cholesterol ratio, which had the value
of 14 (cholesterol values 176 and 276 mg %, respectrvely)

Arnaki (1956) reported data obtained by Artom on the total hpid and
phospholipid content of plasma 1 normil nonpregnant women The total
Iipid averaged 376 mg % and the phosphobpid content 152 mg % the
ratio thus bemg 100 40 3 In alimentary by perliperma (after a fatty meal)
the phospholipid content show ed less increase than the total lipids content
the ratio now being 100 357 Arnaki carred out the same measurements
m pregnant women The hyperhpcmia in pregnant women mn Istanbul
showed a total imd content of 740 mg % with a phosphatide level of
3297 mg % (number of subjects not reported), the ratio bemg 100 415
Arnaki concludes from his studies that the total lipid phospholipid ratio
b shufted m opposite directions by pregnancy and by alimentary hyper
hpermia In umbiheal eord plasma the ratio 15 100 60 and the values are
246 mg % and 1457 mg % respectively

The same rat103 caleulated from the data of Von Studmtz (1955) give a
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total Iiprd phospholiprd ratio of 966 398 or 100 412 1n healthy pregnant
women and 664 242 or 100 36 5 1n normal nonpregnant subjects haplan
el al (1957), however, found & normal ratio of only 700 210 or 100 30
(United States)

The above findings seem to be 1 contrast with the data of Oliver and
Boyd (1953, 1955a, b), who studied twelve y oung healthy pregnant women
i Edinburgh As pregnancy advanced a gradual nse m cholesterol level
was seen together with a decrense of the phospholipid cholesterol ratio and
an merease of the concentration of cholesterol m the 8 lipoprotein fraction
By the thirty second week the levels and the distribution of the lipids and
Iipoproteins 1n each woman resembled those seen m cases of coronary
disease However, the pattern returned to normal about the fifth month
postpartum Oliver and Boyd (19552) gave a preluminary report on thehis
tores of 500 postmenopausal women with coronary disease and 500 healthy
women of comparable age The number of pregnancies in the former group
proved to be significantly greater than in the healthy group In studying
the mfluence of the menstrual cycle, on the other hand, they found that the
effect on the cholesterol, cholesterol phospholipid ratio, and hpoprotems
was the reverse of that m the pregnant women At about the time of
ovulation, corresponding to a peak 1n the secretion of estrogeme hormone,
the cholesterol Jevel was lower and both the o o 8 hpoprotem ratio and
the phosphohipid cholesterol ratios were lngher These effects correspond
with the results of estrogen therapy imn patients with coronary sclerosis,
who show marked changes 1 the various blood levels i the “fayorable”
direction

Russ et al (1954) (United States), studying the relations m twenty seven
healthy pregnant women could also not find these “normalzing” trends
of the estrogens in the blood hipid pattern in the mothers, but in the children
(cord blood) the hpid pattern proved to be such as would correspond to
estrogen admumstration A similar hpid pattern in infants has been re
ported by Rafstedt (1955)

From these data one mght suggest that these women were not com
pletely healthy, at least msofar as they could not respond without laf(lji
pathological sign to a higher demand on the system regulating the lilobe
Iipids and perhaps other systems These subclimical signs might 5‘11 y
considered as a subchmeal toverma It 1s tempting to suggest that a lac
of estrogens may be responsible for this In any case, this view 181 agrig
ment with the findings of Smith and Smith (1937, 1939, 1940, lg 1n’
1949), who reported that the estrogen content of the blood 15 low ;l"cr s
toxemia of pregnancy, while the level of the gonadotropins was rﬂl~(cl ot
demonstrated these changes 5-6 weeks prior to the climeal evidenc i
toxerma This 18 n agrecment with Anker (1956), who found a very
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estrogen content i the unne m a case of <evere pre eclympsia (1 mg per
liter mstead of 1 normal value ranging between 6 6 and 21 4 mg per hter)

Moreorer, Gemitz and Schild (1955), in Germany, found lipoprotemn
changes 1n 6 normal pregn-int women, which are oppowte to those reported
by Olner and Boyd, and which thus are in agreement with the eycheal
effects 1n nonpregnant women and the effects of estrogen therapy The
a ipoprotemn ncreased by 6% on an wverage, the 8 hipoprotemn did not
change, wnd the “traal’ (mostly neutral fats) decreased by 8% Only 1n the
first weeks of pregnincy were the effects sometimes reversed, and this could
then perhaps be ascribed to 2 transient delay 1n estrogen production

As there 1s a phospholipid cholesterol ratio of about 1 1 or less m
atherosclerotic patients and a somewhat higher ratio in healthy subjects,
1t seems that pregnancy shufts the ratio in the “far orable” direction, per
haps “normaliang’ 1t The optimal ratio seems to be fairly mgh—about
14 If now o tovemia develops the ratio will probably decrease, but will
still be higher than m the average healthy ’ subject, for « certamn period
of time The same argument can be used to explain the other blood con
stituents

If the hypothesis can be accepted for a moment that a whole range of
amounts of estrogen secretion 13 present in a group of women 1t 1S con
cenvable that there are many women who never will show any chimeal
evidence of tovemin, but who mav have blood changes that predict the
onset of the diserse but in whom the outburst of the clinical signs 1s ean
celed by dehvery

The actual frequency of toxemra of pregnancy 1n relation to age, partty
twm pregnaney ete could be explamned, perhaps, by considening the effect
of the estrogens on the growth of the necessary new blood vessels n the
uterus wall and in the placenta The whole problem 1s reduced m this way
to that of hypoua which is generally accepted as the real “cau e” of all
troubles Of course, insufficient vessel supply 18 not the only possible cause
of hypoua Other cauces may melude pathologieal changes—for instance
atherosclerosis—in the (normal amount of) vessels spasms po~ 1bly also
mechamcal factors, and congemtal abnormalities

The probable presence of a wide range of gradations of toxerma which
can be seen 1n terms of blood and blood vessel supply as well 1s mdicated
by the observations of Mastboom (1948) and Theobald (1958) If 4 toxema
develops early m pregnancy, the patient has a fair chance of developing
toxema again 1 1 <econd pregnancy but 1t usually oceurs somewhat later
If the toxemia oceurs at the same time as n the first pregnancy then ac
cording to Theobald this patient will always develop toxemia durmg
Pregnancy unless sympathectomy or something of the kind 1s carried out
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Those with the first signs of a toxemia at the 39th or 40th week of ther
first pregnancy are not hkely to develop tovemia in the next pregnancy

If the role of the estrogens (progesterone has no distinet nfluence on the
blood lipid pattern) 1s really so important in this respect, 1t will be clear
that further determmations of the limd pattern 1 chnical cases of tovema
could be very helpful The changes in the ipid pattern, or its tendency to
shift 1n a particular direction, might resemble what occurs i cases of
coronary disease or atherosclerosis The hyperliperma and hypercholes
terolemia were already mentioned above Von Studmitz (1955) deseribed
the electrophorests pattern of one case of toxema of pregnancy A much
higher amount of 8 lipoprotein seems to be present n the toxemte pregnant,
than 1n the normal pregnant woman, together with a much higher 8 « ratio,
gradually normahzing during the first 6 postpartum weeks The same effect
has been described by Loeffler and Wunderly (1953) In the normal preg
nanaes desertbed by Von Studmtz the « ipoprotemn level showed an i
crease from 224 to 326 mg % with corresponding levels of the § lipoprotem
from 375 to 597 mg % (calculated ratios are 8 « from 17 to 18) « Lipo-
protem fell from 37 % of total fat to 33 %, 8 lipoprotein increased from 52%
to 62% of total fat

A companson of the meidence of toxemia measured according to the
same critera m Istanbul (Arnaki, 1956), Malmo (Von Studmtz, 1955),
Edmburgh (Oliver and Boyd, 1953, 1955a, b), the United States (Peters
et al, 1951), and India (Chatterjee and Gosh, 1940) would certamly beof
value

It should be noted that normal pregnancy (Russ ef af , 1954, Von Stud
mtz, 1955) as well as an mjection of heparin 1 nonpregnant ndrviduals
(Kuo et al , 1956, Laurell, 1955, Dangerfield and Smith, 1955) mncrease the
mgration rate of the hipoprotems

Considering once more the phospholipids, 1t should be borne m mnd
that the need of the fetus for these “building stones” n the last months of
pregnancy 1s very lgh and the turnover i the placenta 1s enormous
Phospholipid supply 1n toxema of pregnancy will probably be too low
This mght be concluded from the lower weight of placenta and child But
how this would mnfluence the maternal blood level cannot be predicted with
certanty Blood phosphohpid levels in chmeally established toxemit have

een found mn the literature

nof\z’ce(:’rSmg to Popjak and Beechmans (1950), the placenta takes mor;.
phospholipds from the maternal cireulation than does the liver BO.‘/dl;ms
Wilson (1935) estumated that the fetus takes up roughly 30 gm of }; "rt
pholipds & day from the umbilical vemn blood at the time of birth Xt’;’lo .
from this supply of phospholipids from the placenta—nfter dlsmtegr:lm—‘
and rebulding, because phospholipds eannot pass across the placen
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the fetus synthesizes phospholipids 1n 1ts hver (Popjdk and Beekmans,
1950, Arnak, 1956) and m other tissues According to Arnaki the amount
taken up from the umbilical vein blood would provide approximately the
amount of calories necessary for the basal metabolism of the child

In this connection it seems curious that choline excretion 1s very much
higher 1n pregnant than in nonpregnant women (Sims, 1951) Borghn
(1956) reported n shightly increased excretion durng the first months of
pregnancy, 5 strong increase after the fifth month, and between five and
ten times the normal level at the time of delivery The levels were normal
again within 1 week postpartum In toxema of pregnancy no different
excretion pattern was seen by Borglin (1956), but on the other hand Mischel
(1904) reported that the cholime levels of the blood and placenta are lower
in women with toxema of pregnaney than in women with an uncompheated
pregnancy Moreover Mischel could induce 1n ammals an experimental
toxemia by giving them = choline deficient diet

It would be of interest to repeat the work of Schlegel (1949), who found
cyclic varations 1 the blood choline content paralleling the changes in
estrogen contcnt

Sins (1951) and Borghn (1956) suggest that a defictent choline intake
cannot be & primary cause of toxemia Obviously 1t need not be for the
impaired production of phospholipids may be due to o deficiency of other
factors, such ns lack of the essential fatty acids, or of pyridoxine, which 15
necessary for transformations to the higher unsaturated fatty acids such
a3 are present mn the “normal biclogical” phospholiprds Halden and
Prolop (1957), etting Grun and Lampacher (1923), pomts ance more to the
fact that only the phospholipids with unsaturated fatty acids have bio
logical activity, mdeed, analysis of blood and other phospholipids shows
the presence of lughly unsaturated fatty acids (see e g Witteoff, 1951)

Choline has also been mentioned m connection with atherosclerosis
Problems Hartroft of al (1952) Best et al (1955), and Wilgram et ol
(1954, 1955) reported atheromatous vascular lesions i the coronary arteries
and scleross of the aorta 1 choline defielent rats, together with kidney le
Slons [he sclerosis resembled the Moncheberg type in man Wissler et al
(1954) and Page and Brown (1952) by means of a choline supplemented
diet induced vascular lesions m anmals which even more closely resembled
the lesions seen 1n man The data on atherosclerosis agree with those of
Pregnancy i that 1t 1s obviously not the chohne which 1s the irmting factor
i all cases However such cases might oceur

Considering all the foregoing facts 1t 15 indeed clear that the admmnistra
tion of extra choline does not promuse good Tesults in all cases either m
atherosclerosis or m pregnancy It 1s clear also that much mformation 1s
needed from population groups where toxema of pregnancy does not occur
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and where vascular disease also 1s nfrequent Corresponding values on am
mals can be of great help, too

2 Blood Coagulability and Fabrinolysis

In hypercholesterolemia or hyperhpemia 1 general, such as oceurs m
atherosclerosis, the clotting tvme of the blood 1s shortened Macfarlane ef ol
(1941) and D S Robunson et al (1956) showed relations to exist between
the chylomicrons m the blood and the clotting time Maeclagan and Bils
morta (1956) demonstrated that the clotting time was shortened more by
the consumption of butter than by that of margarne, yet the two fats
produced a plasma turbidity of the same order As noted shove, the nature
of the phosphohpids present 1n the food or those produced durng the
absorption process very probably play a role Ethanolamine phosphatide,
which 15 present 1 butter and other dairy products and which can be found
m the chylomicrons m the plasma, 15 & potent activator for the formation
of plasma thrombin (Poole ef al, 1955, Poole and Robmson, 1926 D 8
Robmson ef al , 1955, 1956, Robinson and Poole, (1956), O’Brien, 19563, b,
1957) and thus has strong coagulation indueing properties

Pillangton (1957) demonstrated a simlar relation between the mgeshion
of cream and of olive o1l The saturated fatty acids i cream accelerated
the clotting process while the unsaturated (mostly oleic) acids of the olrse
oil had no nfluence on the clotting time However, the effects of fatty
meals on the blood elotting tiumes vary according to the methods used, 1¢
to the specific parts of the chamn of reactions resulting mn blood clotting
which are measured Moreow er results are not related m a sumple way esther
to chylomicronemia or to cholesterol depressing or elevating effects (cee
Keys et al, 1957a~d, Mersky and Nossel, 1957, Kingsbury and Morgan,
1957, Fullerton, 1956)

Greig and Runde (1957) showed that butter fat and egg yolk mhibib
fibrinolysts, whereas, after consumption of vegetable oils, the fibrinolysts
usually rose above the fasting level, if 1t was low imtially This effect was
unrelated to the degree of saturation of the fatty acids 8 Lipoprotem, the
level of which 1s igh m atherosclerosis, mhibits fibrinolysis (see also
Barnard and Barnard, 1956, and Gillman ef al , 1957) Moreover fibrinolys1s
15 mnfluenced by sex hormones estrogens mncreise the fibrmolytic activity

1llman et al , 1957)

(GThe clottmg’ of blood 1tself also produces an mereased fibrinoly tic Lt\co
tivaty This has been reported also after mntravascular c]_ot on f;\brul')mld
placentae (Schneider and Engstrom, 1954, Schnesder, 1955, Larl f;‘[;nno-
Phullipp, 1957) Recently Biezenshi and Moore (1958) reported on -
lysis m 500 cases, over 90% of whom had a climeally normal pregn -

The madence of lysis fell progressively after the 15th week of pregnancyy
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reaching the lowest value (about 10%) during the last 10 wecks, and the
first two stages of labor Three hours postpartum the value was already
about 75 %, and at 24 hours postpartum the normal nonpregnant ncidence
of 90% was reached As hpemia mhibits fibrmolysis (Greig and Runde,
1957) and estrogens merease 1t (Gillman et al  1957), there are at least two
factors acting antigomsticnlly If there 1s a too high ipemin and = too
low estrogen production, as 1s suggested now to be present 1 toxemia of
pregnaney , fibrinoly sis will be low and might then be insuffictent to prevent
the formation of thromby, or msufficent for the lyxs of fibrin already
deposited This might concern the \essels supplying the placenta, but alvo
other maternal vessels The events taking place 1 the latter might be
compared with the events occurring 1 atherosclerosis This accords well
with the findings of Oliver and Boyd (19552) that postmenopausal women
with coronary heart disease had had more pregnancies than the healthy
controls Moreover « more direct description of such events has been given
by Schneider and Dngstrom (1954) and Schreider (1955), who pomt to the
telease of thromboplastin on autoextraction of 2 retroplacental hematoma
This ean give such a strong inclination to blood clotting that fibrin deposits
are caused in the pulmonary cireulation in such amounts that an acute cor
pulmonale can oceur (<ee Section VIII)

Lack of physieal activity has been reported to result m reduced clotting
time becuse of the longer lasting hyperhpemia and mhibition of fibrine
Iys1s Stress inereases fibrinoly tic activity Hvperliperma 15 constantly
present 1n atherosclerotic patients and ther tendency to thrombosis 1s
known to be higher than normal (MeDonald and Ddgill 1957) Dugwd
(1906) and Dugwd and Robertson (1957) even suggested that organiza
tion of mural thromin produced the atheromatous plaques, and Antomm
and Salvino (1956) reported a prothrombm actwty of 118% n athero
sclerotic patients m comparison with healthy controls

A reduced clotting time . tovemia of pregnancy has been described by
various authors Bajusz (1955) demonstrated a hyperthrombinemia m
experimental toxemia m mmals and aseribed 1t to a too low level of
heparin Chiceo (1950-1951) <showed a shorter clotting time in patients
w1th o toxemua of pregnancy, and normal values n controls with an uncom
pheated pregnancy Pernmi (1950) measured the coagulation time the
blood prothrombun, and the thromboplastic activity and compared this
with the values of 70 normal nonpregnant, women His data are tabulated
in bercentages of normal (Table IV}

The coagulation time and prothrombin values decreased as the severity of
the toxemia mcreased Heparin values would be of interest but the<e were
not gven Return to normal was slow 1 the eclampsta cases, mdieating
more chance of vascular aceidents postpartum Placental infarcts are in
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deed often present m toverma cases, and thrombosis postpartum 1s als
more often seen than in uncomplicated cases Holmer (1947), who reported
a decreased meidence m the Netherlands of toxema of pregnancy dunng
World War II, also remarked that placental infarctions, as well as caleum
incrustations, were nearly completely absent, yet they are frequently seen
at any other time

8 Clearing Faclor, Heparin, Mucopolysaccharides
“Clearmg” of the lipermc plasma 15 produced by the cleaning factor, 2
complex thermolabile sy stem activated and stabilized by heparm or related
substances Doses of heparm given endogenously as well as intrayenously
are effective In alimentary lipemie plasma and 1n other protem contamng

TABLE IV
CoacuraTion TiME BL0OD PROTHROMBIN AND THROMBOPLASTIC ACTIVITT IV
PrEGNANT SuBJECTS COMPARED WITH NORMAL CONTROLS

Normal in third
trimester (70
subjects)

Moderate toxerma Eclamps1a
{23 subjects) {15 subjects)

Coagulation time Shghtly decreased| Further decreased | Greatly decres ed
extreme coagula

bility
Blood prothrombin | 109% (7th month)| Decreased Nearly always below
118% (at term) %
Thromboplastic ac | 88 4% (at term) |Max 156 5% Max 401%  very
tivity of plasma high

& From Pertigt {(1950)

neutral fat emulstons, heparm causes a raptd “clearing” (first obser ed by
Hahn, 1943) 1n which the neutral fat carrymg particles, the ch)lom;ﬂmls
and the hghter molecules of the 8 lipoprotem group (Gofman’s Sy 20400
fraction) decrease or totally disappear while the ugh-density llpopmlel:l;
increase (Landgren and Gofman, 1956, Graham et ol , 1901) Accordmgtbe
Kuo et al (1956) and others, heparn alo causes a marked ncrease :;emn
electrophoretic mobility of both & and 8 hpoprotemns, but no comt
- ito a hipoproteins

of (ﬂ)nly the protemn bound triglycerides are the substrate, the elillt tting
bemg ~ lipoprotem hipase (Korn, 1954 1955) Asa result of ¢ g ;’1 h“;
the neutral fats are converted nto glycerol and fatty acids, » f10 s
are held 1n solution by binding six melecules of fatty acd to onelo9 X; 10ot)
(Gorden et al, 1953, Nihhili and Haahts, 1954, Robnson et ql 03,

and also by binding to 8 lipoprotemn (Nihhila and Hashti, 1954)

yme thus
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deed often present mn toremia cases, and thrombosis postpar
more often seen than i uncompheated cases Holmer (1947), w
a decreased ineidence 1n the Netherlands of toxemia of pregn:
Waorld War 11, alro remashed that placental mfarctions, as well
Incrustations, were nearly completely absent, yet they are freq
at any other tume

8 Clearing Factor, Heparin, Mucopolysaccharides

“Cleaning” of the hperme plasma 13 produced by the cleany
complex thermolabile sy stem acti ated and stabilized by heparn
substances Doses of heparm gnen endogenously as well as int
are effectine In alimentary Iipemic plasma and mn other protemn

TABLE IV
Coacrramon Tne Broop ProTHrOMBIN, AnD THROMROPLASTIC A(
PrEGNanT Sumsects Couparrp WITE NoRMAL ContrOLS

Normal 1n third

trimester (70 Moderate toxema Ecls
subjects) (23 subjects) (15 s
Coagulation fime Shghtly d d] Further d d | Greatly
extrems
bility
Blood prothrombin | 109% (7th month)j Decreased Neatly al
118% (at term) 0%
‘Thromboplastie ac | 85 4% (at term) | Max 156 5% Aax 40
tivity of pla.ma agh

¢ From Pernm {1950)

peutral fat emul<ions, heparn eauses a rapid “clearing™ (first ob
Hahn, 1943) m which the neutral fat-carrying particles, the chy!
and the lighter molecules of the B-hipoproten group (Gofnun’s
fraction) decrease or totally diappear while the hlghdef\s;t} I
metease (Lindgren and Gofman, 1956, Graham et gl , 1951) Acc
Kuo et al (1956) nd others, heparin also tauses a marked ncre:
elertrophoretie mobility of both & and g hipoproteins, but no ¢
- -lipoprotemns

o gn;;“:’hz pfotrt)zm bound tngly cendes nre-EhL substrate, the enz
being < hpoprotemn hpase (Korn, 1954, 1935) Asn result of tbg
the neutral fits are conerted wto glyceral and fatty acds, w t]
are held m solution by bindmg siv molecules gf fatty aad to otllclf;
(Gordon ct af , 1953, Nibhild aud Haght 19_.74, Robmson ettf .
A e Yandime to 8 hpaprotemn (Nikkils and Haahty, 195%)
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judge by the biochemieal findings in such cases Other obscrvations cor
cerning myocardial infarction are those of Pomerance (1958), who found
considerable ¢xcess of mast cells in coronary arteries at the sites of a fres
thrombus, while some local mcrease over atheromata was also present Dat
given by Sundberg (1955) and 1n the hiterature support thus Furthermore
2 higher mast cell count was found 1n the coronary arteries mn patients wit
disewses 1 which there 15 a tendency to thrombosis Thewe local effect
and the absence of age influences 1 these cases, are not necessanly 1
contradiction with the findings of Hellstrom ind Holmgren Fhe mast cell
can nugrate by ameboid moiements and might perhaps do so toward th
aites of local need e the vessels As there 1s an ncrease of atheromatou
lestons with ncreasing age whether or not succeeded by clot formation
this rmght explamn the decreasing counts 1n the shin and heart muscle tr
sue Ths effect might be even greater 1f mdeed the production of new hepa
nin 15 1mpared, as 15 suggested by the data ready mentioned 1n this sec
tion Ths 1den could be supported by the fact that Pomerance (1958) di
not observe higher counts when the thrombus was not of local origir
Furthermore, Poller (1958) demonstrated th it clot formation nereases th
level of factor VII, and that the release of factor VII activity would b
greatest at the site of the thrombus Since factor VII powerfully antago
nizes the anticoagulant effect of hepann, the mcreased mast cell coun
might be 2 response to the rased factor VII level wlueh will neutralize th
heparin erreulating m the blood

Data concerning heparin and mucopolysacchartdes m toxemia of preg
nancy are extremely rare Mischel and Mischel (1955) reported 2 decrease
total ipase activity of the blood 1n toxemia cases Nothing 1s saxd about th
cleaning factor or heparin but on the other hand they reported that th
atoxyl fast and quimine fast lipase fractions were mnereased, whereas thes
fractions are not mentioned m atherosclerosis research Mischel and Mische
found normal values of the lipase activity 1 other comphcations of preg
nancy, for mnstance, in hy peremests Bajusz (1955) suggested a low heparu
content of the blood as the cause of the higher tendency to blood clottin;
in toxemia of pregnancy Kaku (1953) described 1solation of a polysac
charde with antigemic properties from the placentas of women with
toxema of pregnancy Injection of this polysacchande mto pregnant am
mals induced the production of antibodies as 1 the tovemia patient anc
Bave rise to symptoms of real toxerma This fact 15 important i connectior
with Antomm and Salvino’s data on the production of qualitatively ab
normal polysaccharides with antigeme properties mn atherosclerosis

Further evidence for a disturbed mucopolysaccharide metabolism 1s re
ported by Yekete (1958) In edema of pregnancy mucopolysaccharides
which have the tendency to bind water and salt, are accumulated Thu



264 LOUISE M DALDERUP

and Salvino, 1956) In concordance with this the number of mast cells
(producing the endogenous heparin) m the connective tissue 1» dimimshed
m atherosclerotic subjects Hellstrom wnd Holmgren demonstrated as far
back as 1947 that the number of mast cells per tissue umt, recorded 1n
100 ¢ slices of heart and shin, was greater in females 0-39 years of age than
mn mles of the same age range In both the skin and the heart, the counts
decreased sigmficantly with mereasing age In the shin the differences
between men and women disappeared, whereas in the heart older women
had lower counts than men of the same age Sundberg (1955) reported very
sumular datn As the @ to g Lipoprotein ratio, cholesterol levels, and other
levels show varations m the same sense s heparn Jevels and mast cell
numbers, 1t can readily be accepted that hormones must play a role m this
whole complex of events

Antonim and Salvino (1956), ating Engelberg (1953) and others, pomt
agam to the fact that an merease of heparn oceurs during the menstrual
cycle mamly 1 the follicubme period Estrogens are capable of increasing
the release of heparmoid substances from the tissues, smultaneously with
an ncrease m the blood concentration of the glucosamine and nonglucosa
mmunie polysaccharnides They also normahze hypercholesterolema and alter
Iipoprotein distribution, whereas androgens aggravate the symptoms (Barr,
1956, Boyle, 1950) A further wrgument, for a 1¢lation between heparin and
estrogens 18 found n the data on the estrogen excretion deseribed by hurk
(1951} (see Section VI) A sumilar sex and age distribution pattern 1s shown
as thit m the mast cell counts reported by Hellstrom and Holmgren (1947)

According to Stary et al (1951b), the aminopolysaccharides contamng
glucosamime—in contradistinetion to other polysaccharides which contain
only the hexoses mannose and galactose—participate m the formation of
gonadotropins, prothrombin, heparm, and blood group substances, wnd
constitute prosthebie groups of several compound protems The level of the
protemn bound poly sacchandesis mereased m a number of diseases, meluding
pneumoniz, In normil pregnancy the albumin bound fraction 13 also sig
mificantly 1ncreased In dimbetics, however, the polysacchande content of
the serum protemns 1s mereased also, but the surplus 1s mor or less equally
divided between the albumin and globulin-bound fractions The same pat
tern could be found 1n allosan diabetic ammals In old age, where more or
less atherosclerosts 1s commonly present, the blood polysaccharides increase
m quantity and they develop speafic immune reactions {Antonm and
Salvino 1956)

Tanho and Wans (1955) report that mucoprotemn levels may rise con
siderably after chnical myocardhal infaretion and that the values remam
above normal for at least 3 weeks This finding may have significance also
in small subelinieal nfarctions, whether i the heart or in the placenta, to
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nology varies somewhat, especially as to pre eclampsia, judgment may b
difficult on some occasions

The alterations in the serum proteins ceen 1n cases of atherosclerosis ar
qualitatnvely simlar to those seen 1n toxerma of pregnancy Khemn ef @
(1953) reported electrophoretic studies of serum proteins i 30 atherc
sclerottc men and 30 women and also 1n 20 men with coronary disease
hyper beta globulinera was present and was accompanied by hypc
albuminemia 1 almost all eases  “The deviations from the normal averag
were more strihing the closer was the occurrence of the coronary occlusion
Russ ef al (1951) and Barr et al (1951) reported a lower albumin conten
of the serum of the older age groups and in survivors of myocardial mfrac
tion than m the younger age groups Voigt et al (1956) gave the followiny
data on this subject in patients with vascular disease of the fundus vessels
tolal prolern normal 721%, atherosclerosis 6 84% (mean calculated fron
the data of the four groups of patients), albumin, normal, 58% of tota
protem, atherosclerosis, 56 4% of total protemn, the globulin values thu
bemng 42% and 43 6% of total proten The hypoalbuminemia has bee:
deseribed also by others

The deviations from the normal values are generally rather small n
atherosclerosss 1n companson with those m toxema of pregnancy Th
mght be explamed by the fact that the atherosclerotic disease 15 chrom
m comparison with the relatively acute course of toxemia n pregnancy I
atherosclerosis there 15 no urgent need and no possibihty for a large an
acute compensation such as 1s necessary to keep the blood supply n th
pregnant uterus at normal levels Raising the blood pressure and increasin,
the blood volume takes less time than producing the proteins correspondin
to this nerease 1n blood v olume

& Ceruloplasmn

Ceruloplasmin 15 a spectal protemn of the blood plasma mentioned fre
quently both in connection with atherosclerosis and pregnancy This blue
copper contmning protein was 1solated first by Holmberg and Laurell 1
1848 Tt 15 an alpha globulin with a copper content of 0 32-0 35 % with ¢
atoms of copper per molecule and molecular weight of about 151 00
(Pedersen 1945)  Ceruloplasmin has an oxidase actwvity with numerow
substrates, e g ascorbic acid, p phenylenediamine, benzidine ete (Holm
berg and Laurell, 1947, 1951a b ¢) There are two fractions of plasma cop
per m normal subjects, which have been referred to as the ‘ direct reacting’
fraction (0-17 % of the total) and the “indirect reacting” fraction indicat
ng a direct and an indirect action respectively with the copper colorimetr
Teagent sodium diethyldithiocarbamate The direct fraction 1s bound te
serum albumin (Bearn and Kunkel, 1954) and seems to be actively con
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property 1s lost on exposure to hyaluromdase Tt can be suggested, there
fore, that m both diseases mucopolysacchande metabohsm 15 inhibited or
15 led partly to ibnormal end products mstead of yielding the heparin or
related substances which are necessary The estrogens seem to have,
primanly or secandanly, an important role 1 the normal course of events

4 Serum Proteins

As will be understood, the les els as well as the ratios of the serum proteins
are of interest It has been known for a very long time, and agreed to by
many authors, that normal pregnant women show a shight decrease of the
total plasma protemn content, a decrease of serum albumin, and an nerease
of the serum alpha and beta globulin, while gamma globulin remains un
changed or may dimmsh Friedberg (1951) found these changes more
marked m toxerma of pregnaney Glatthaar et al (1951), however, could
not find a sigmfieant difference between normal pregnant and tovemie
women The albumin level decreased to 50% of the total protemn, whereas
values 1n normal nonpregnant women were 65~70% of total protemn Stary
et al (1951a) reported 1 decrease of total protemn from 7 8% to 6 6% (9th
month) with an albumin level of 50% and 3 7%, respectively, while the
globulin levels were 24% and 2 7% in normal pregnaney (9th month),
toxema data are not given Ross and Pike (1956) demonstrated similar
changes m the serum protemn pattern in normal pregnant rats In expen
mental tovema induced by a Bs deficiency 1n these ammals, the decrence
of <erum protemn was larger, and the increase of the plasma globulin
greater, effects which they also observed in patients with a genumne
toxema

In cases of very serious toxemia (pre eclampsia or eclampsia) the globulin
content has a tendency to decrease again In women as well as m By deficient
toxemic rits This decrease 1s understandable if one corsiders the hy dremia
and/or edema production together with protemnuna, in which much globufin
and albumm are lost and all plasma protems except fibrinogen can be
found 1 the urine (Parviainen ef al , 1951) At first, loss of protein 18 met
by production of new serum protemn, particularly globulin, which appears
easier than albumun to synthesize i the body This compensatory mech
amsm, however, cannot meet all demands the more so because the globulin
has much less oncotic actrv ity than alburmn and thus favors the production
of edema and hypoprotemnema

Tt should be hept 1n mind that toxemia data can be used for companson
with data on ntherosclerous only mn those cases where hidney disturbances
are not serious enough to alter the ongmal pathologieal relations 1n the
blood and the urinary escrction pattern This means that data on severe
cases of pre eclampsia and eclampsia often cannot be used But as termt
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(1955) for mstance, reported an average total serum copper of 192 pg /100
¢ 1n patients with a chrome mfcetion

Values n toxemia of pregnancy were deseribed by Thompson and Watson
(1949) The scrum copper level m 12 cases of pre eclampsia (blood pres
sure over 160/90 together with either albumnuria or edema after the 30th
week of pregnaney) showed a small but statistically sigmficant mcrease
over the usual elevation observed 1n pregnancy, but there seemed to be no
correlation between the seventy of toxemia and the height of the serum
copper level The mean value m this seres was 279 pg /100 cc, and 1n 42
eases of uncompheated pregnaney (37—40 weehs) a mean value of 243
xg /100 cc was found But a ceruloplasmin loss by hidnev lesions 1s pos
sible simular to that which occurs n nephrosts and this might lower
previous high levels somewhat Ninety per cent of the copper was bound
1n the globuhn fraction

The serum copper level 15 elevated after myocardral infaretion (Russ and
Raymunt, 1956) Vallee (1902) and Adelstemn ef al (1956) demonstrated
that the change ordinanly starts on the second or third day after the
mfarction, continues to a maximum on the fifth to the eleventh day and
gradually decreases to normal m several weeks The extent of the copper
elevation during this pertod 15 greater than can be accounted for by the
cardine copper content freed by tissue necrosis The masimum levels re
ported by these authors were between 151 wnd 227 ug /100 cc

There 1s no defimte correlation with the ery throcy te sedimentation rate
but as the latter 15 dependent on changes in globulin as well as m fibrmogen
content, 4 correlation with the total globulin content 1s not 1mpossible (in
any case ceruloplasmuin belongs with the globulms) This also would not
be 1 contradiction with the hypercupremia seen m so many apparently
unrelated diseases Changes 1n globulin content are at least as nonspecifie
The globulin content 18 higher in pregnant than m nonpregnant women,
and 1 toverma of pregnancy this effcct 15 even stronger In the latter the
high ceruloplasmin levels may also be due to placental infarctions, which
(see Sectton VIII) can be demonstrated 1n nearly all toxemia patients with
certanty whereas these are absent, or less marked, in the placentas of
clinieally normal pregnant women

Copper and ceruloplasmin levels 1n subjects with known atherosclerosuis
or coronary heart disease without mfaretion have not yet been compared
with those of normal subjects This will be difficult because the range of
values considered as normal 1s very wide The values of Russ and Raymunt
(1956) for the xanthomatosis patients with ther vascular lesions that are
very probably present suggest that levels in atherosclerosis may be shghtly
above normal 152-175 pg /cc (shghtly elevated globulin level and per
haps microthrombotie processes or mfarctions) The levels reported by
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cerned m copper transport The indirect reacting fraction corresponds to
the ceruloplasmm bound copper and 1s not concerned m copper transport

Hypercupremua and hyperceruloplasminemia are present in pregnancs
and after myocardial mfarcton, but also m acute leuhemia and mfections
Very low values are seen m Wilson's disease and 1n nephrosis (20-80 ug %)
Normal copper values range from about 80 to 140 pg per 100 ce (Russ
et al, 1954, Russ and Riymunt, 1956, Adelstemn ef ol , 1956, Lahey ef af,
1953, b, Markowitz et al , 1955) Lahey ef al (1953a) demonstrated a sig
nificant sex difference, the average value 1 23 normal fomales bemng 116 +
16 (range 84~143) ug per 100 ce , and 1n 40 healthy males, 105 =+ 16 (range
638-134) pg per 100 cc

In normal pregnancy the serum copper level begins to mse gradually at

TABLE V
CoPIER AND CERULOPLASMIN LEVELS AND OXIDASF AcTiviTY COMPARED IN NORMAL
Sussects AND 1N PREGNANCY

Normal® Pregnant®
{d and @) (third trimester)

lotal serum copper 108 == 9 ug /100 cc 257 3= 38 pug /100 cc
Direct reacting cop 5 4 6 ug /100 cc 20 &+ 13 pg /100 ce

per
Indirect reacting 103 == 11 pg /100 cc 228 o= 35 ug /100 ce

copper
Ceruloplasmin 34 & 4 mg /100 cc 84 &= 15 mg /100 ce
Oxidase actiity 39 & 0 7 gmoles Oy/ml /hr 9 2 :£ 2 2 pmoles Oz/ml /hr

From Markowitz et al (1955)
b Average of ten suljeots

about the 8th week, reaching 2 maximum betw een the 32nd and 36th weeks,
which remains until delivery (Krebs, 1928) The level 1s generally about
twice normal Return to normal oceurs in the 5th to 10th week postpartum
Fav et al (1949) reported normal levels of 1227 = 106 ug % females
and A mawmum of 260 & 42 sg % mn pregnancy According to Lahey
(1953b) the copper level m umbihcal cord blood 1s low 75 == 14 pg %
(average of 14)

Markowitz ef al (1955) gave the data presented in Table V, (average of
ten subjects)

The hypercupremia 15 due mainly to an merease 1 ceruloplasmin, but &
modest merease 10 the direct reacting fraction 1s present as well (Gubler
et al , 1953, Scheinberg ef al , 1954, Marhowatz et al, 1955) An increase i
ovdase activity has been demonstrated

Values 1n fections are not as hgh as m pregnancy Markowitz ef al
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(1955) for mstance, reported an average total serum copper of 192 pg /100
cc In patients with a chronic infection

Values m toxemin of pregnancy were deseribed by Thompson and Watson
(1949) The serum copper level mn 12 cases of pre eclampsia (blood pres
sure over 160/90 together with erther albuminuria or edema after the 30th
weeh of pregnancy) showed a small but statistically sigmficant mncrease
over the usual cleyatton observed in pregnancy, but there seemed to be no
correlation between the seventy of toxemia and the height of the serum
copper Jevel The mean value 1n this series was 279 pg /100 ce, and 1n 42
cases of uncomplicated pregnancy (37—40 weehs) a mean value of 243
28 /100 cc was found But a ceruloplasmin loss by kidney lesions 1s pos
sible sumilar to that which occurs i nephrosis and this mght lower
previous high levels somewhat Ninety per cent of the ropper was bound
m the globulin fraction

The serum copper level 1s elevated after myoeardial mfarction (Russ and
Raymunt, 1956) Vallee (1902) and Adelstein ef ¢l (1956) demonstrated
that the change ordinanly starts on the second or third day after the
ifaretion, continues to & maximum on the fifth to the eleventh day and
gridually decreases to normal m several weeks The extent of the copper
clevation during this period is greater than can be 1ccounted for by the
cardinc copper content freed by tissue necrosis The maximum levels re
ported by thewe wthors were between 151 and 227 ug /100 ce

There 15 no definite correlation with the erythroeyte sedimentation rate,
but as the latter 15 dependent on changes m globulin as well as 1n fibrinogen
content a correlation with the total globulin rontent 1s not impossible (in
any case ceruloplasmin belongs with the globuling) This also would not
be i contradiction with the hypercupremia seen i <o many apparently
unrelated diseases Changes 1n globulin content are at least as nonspeafic
The globulin content 1s igher 1 pregnant than m nonpregnant women,
and 1n toxemia of pregnancy this effect 1s even stronger In the latter the
high ceruloplasmmn levels may also be due to placental mfarctions, which
{see Section VIII) can be demonstrated 1n nearly all toxemia patients with
certainty, whereas these ire absent or less marked, 1n the placentas of
climeally normal pregnant women

Copper and ccruloplasmin levels i subjects with known atherosclerosis
Or coronary heart disease without mfarction have not yet been compared
with those of normal subjects This will be difficult because the range of
values considered as normal 15 very wide The values of Russ and Raymunt
(1956) for the xanthomatois patients with therr vascular Jesions that are
very probably present suggest that levels in 1therosclerosis may be shightly
above normal 152-175 pg /ee (shightly elesated globuln level and per
haps microthrombotic processes or farctions) The levels reported by
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Vallee (1952) 1n a few patients with vascular disease where mfarctiq
questionable or absent were all on the upper side of the mean valu
all fell w thin the range considered normal, which does not contrad:
above hypothesis Rather Iarge groups of subjects will be necessary t
proof of such a minor difference, if 1t exists The mereased globulin les
subjects with atherosclerotic dicease mentioned above, 1s also m line
this hypothesis In any case all the patients had an elevated eryth
sedimentation rate

The hypocupremma m nephrosis where the albumn globuln ra
ruversed and total protemn levels are low remains to be explaned In
censes, however, there 1s a considernble loss by kidney excretion, as has
deseribed by Markowitz ef al (1955) The ceruloplasmin excretion has
determined 1 4 of his 7 ne phrosts patients The loss proved to be as
as 16-75 mg ceruloplasmin a day The serum copper values of th
patients were between 36 and 129 pg %, with corresponding decrea
ceruloplasmin values

Adelstemn et al (1956) contend that a linear relation exists betwee:
copper concentration, the ceruloplasmin content and the p phenvle
ammmue oxadation m normil subjects (10 subjects), mn acute mvoer
mfarction (8 subjects} where o rapid ¢levation of the levels occurs, a
pregnancy (18 cases) with a gradual elevation of the levels How
henzidime ovidase levels m myocardial infarction were elev 1ted to o gr
extent than could be accounted for by mse of the copper levels alon
would certainly be of nterest to know these relations 1n cases of tox
of pregnancy The sigmificance of the elevation of the copper and ce
plasmm levels and the response of the levels to different circumstanc
obscure The elevationin normal pregnancy stemsto be due, at least pe
to the direct or mndirect action of estrogens, smilar to the other cha
m the feveis of the blood constituents Estrogen therapy m cofo:
patients gives very gh ceruloplasmin levels as well as a normalizin
pathological values and ratios of the hipd fractions The two coro
vietims reported by Russ and Raymunt (1956) reached levels of more 1
300 and 500 pg copper per 100 cc on a dose of 1 mg of estrogen a
during several weeks, all three xanthomatosis patients reached value
300 pg /100 ce

But this explanation probably cannot hold for the mffuence of mfare
on the copper and ceruloplasmin levels Even if 1t 15 supposed that thel
1 overflowing with toxic products for detoxieation and mparment o
normal metabohe functions oceurs—such as, for nstance, the catabol
of estrogeme substances—this could hardly be a great enough factos
give such long standing elevation of the copper ind ceruloplasmn level
orcurs under these circumstances A more compheated system myoly
mterrelationships with other endoerine glands would be more probable
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A passive change of the copper and ceruloplasmin levels together with
changes m the globulin levels might be present as well Lipds in the um
bilical cord blood show effects similar to those oceurring during estrogen
therapy, but the ceruloplasmin value does not (Lahey et al, 1953a b,
Rafstedt, 1950) As has been said, the maternal blood shows high cerulo-
plasmin levels and no “estrogen” effect on the blood hpids Probably,
changes in ccruloplasmin and copper levels can thus be considered as see
ondary to shifts i the protein levels which may be mduced by hormonal
aetion

6 Uric Acd

Une acid 15 2 compound playing an unexpected role in both diseases
Data on the uric acid content of the serum are available for both diseases
Harns Jones (1957) described dommant traits for hy perurice mia together
with hypercholesterolerma  Gertler and Oppenheimer (1953) noted that
cardiovascular degenerative disease 1s far more frequent 1 gouty patients
than m others The serum unc acid levels proved to be statistically higher
1 males under 40 years of age with coronary heart disease than 1n a group
of srmlar healthy individuals Adult men (over 18 years of age) have higher
levels than women, and a sigmficant positrie correlation with the serum
cholesterol level exsts

In normal pregnancy there 1s hypouncemia during the first months, with
i merease to shghtly above the normal near term (Resen Steenstrup,
1956) Mull and Bill (1945) hkew1<e described a hypouricemua mn pre gnaney
Munro Kerr et al (1918) noted that the levels of uric acid in toxema of
pregnancy are increased m the ibsence of severe hidney mjury Simlar
observations were made by Lindeboom (1947) m eclampsia Mukherjee
and Govan (1950) reported an elevated level of uric acid 1n the tissue flud
in the edema of pregnancy 1n companson with the tissue flnd of healthy
mothers at term

Further according to Adlersberg and Ellenberg (1939) there 1s some
cvidence that high fat diets mhibat the urie acid excretion 1 man (sce
Harns Jones, 1957)

7 Vutamuns Munerals Hormones

Data on the blood levels of vitamins and minerals were discussed 1n
Section II where the effects of the dietary mfluences were considered Che
levels of hormones m the blood remain to be considered Though the
estrogens are the most relevant few authors have determined the levels
of estrogens or related substances 1n the blood or urme On the other hand,
the effects of doses given therapeutically have been described far more
extensn ely, and all available data will be discussed 1 Section VI
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V DeviaTions rrom THD NORMAL AMOUNTS OF SUBSTANCLS
ExXCRETED By THE KibnFy

Data on this subject are not numerous Urine analyses hate been carred
out especially n pregnant women, but only rarely m athcrosclerotic
patients Moreover, as a consequence of the secondary hidney leston m
toxemua of pregnancy, of which the protemnuna 1s the most outstanding
feature, changes in the excretion pattern of other substances are possible

All the data ure discussed 1n other sections Abnormal findings have been
reported m connection with a deficient mtake of macin and pyndosine No
changes i chohine or methiomne excretion could be found, but there were
evidences ot abnormal findings of another ty pe Further, there 15 evidence
of a lowered excretion of estrogens and of pregnanediol 1n toxerma of
pregnancy The only avaable urine analyses m normal nonpregnant sub
Jects switable for comparison are those of Kirk (1931}, who reported the
amounts of the estrogen and androgen disintegration products in the course
of aging, while recently Marmorston et al (1958) reported on an estrogen
defieit and a deecreased 17 hetosteroid ewcretion n patients who had a
myocardial infarction (see next section)

Summarizing the observations on blood and unme analysts, 1t can be
<aid that as fir as the avaiable information for the two diseases can be
compared, there 15 a remarhable stmilarity There 1s however, a real need
for more hnowledge of the “normal” relations and also for simultaneous
determmations m patients with atherosclerowis (coronary sclerosts) and
patients with a toxemia of pregnancy, living under closely sumilar ar
cumstances Such hnowledge could be acquired by family studies Studies
are necessary m population groups where both diseases are rare, as well as
m groups where both are frequent, or where one of the diseases is frequent
and the other 1s not While mahing compansons, 1t must also be taken mto
account that diefiry customs may differ between males and females 1
certain regions, and that different amounts of physical exereise between the
sexes can also play o role Extensive studies m women will defimtely be
required and must concern atherosclerosis s well as toxermin of pregnancy

Tt must be kept m mind also that 1n pregnaney, a number of shifts 1 the
blood Lipid pattern n the “fuv orable direction” may oceur mtally, whereas
a8 toxemin develops, a shift in the reverse direction starts In this way, the
disease can be present for some time before the original levels are passed,
and the values shift into the “bad direction ”

Moreover, umformity of chemical methods 1s a first requirement i this
respect, and a umform nomenclature of the Iipid and protemn fractions 1
of the utmost importance
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VI Soume TuERAPEUTIC MEASURES

Therapeutic measures which have been applied 1n both diseases, other
than dietary preseriptions and symptomatic therapy, are few The most
important, therapy 1s with estrogentc substances, the next that with thyrad
hormone and related substances, and the third that with magnesium suifate
guven puenterally The role of hormones n eardiovascular disease has very
recently been reviewed by Oliver and Boyd (1958)

1 Esirogens

The great interest 1n the effects of estrogens in atherosclerosis is due to
the ob-ervation that women—and especially young women—proved to
have some protection agamst serious complications from atherosclerosis,
but after the menopause the discase seems to proceed faster than i men
of the same age The effects of estrogunie substances given therapeutically
on the blood hipid pattern m men and 1n coronary victims proved to be
very marked A ‘normalizing of blood lipid levels takes place the cho
lesterol level falls, the 8 hipoprotemn level decreases and the a to g lipo
proten and phospholipid cholesterol ratios merease (B-r, 1956, Boyle
1906, Dock, 1956, Robinson, 1956) Barr reported that admimstration of
testosteronc exaggerated the plasma abnormalities in subjects with mitially
normal plasma constituents The effects of testosterone seemed to be aug
mented by the simultaneous administration of estrogens Chinges similar
to those on cstrogen admmistration can be seen during the menstrual cycle,
but of course the chifts are only shght (Olver and Boyd 19554, b) Pro
gesterone does not cause mgmficant changes m the blood lipid pattern
(Olner and Boyd, 19555, 1956) Castration has effects which can be pre
dicted from the previously mentioned effects of estrogens and androgens
(see also Olwer and Boyd, 1958)

Doch (1956) has stressed that massive doses of estrogens cannot give
immunity to coronary discase, as 1s readily seen in men with prostatic can
cer treated with estrogens Moreover the side effects of doses effective on
the blood pattern are marked if these doses are apphed for a considerable
time

Apart from the effects on the blood compostion estrogenic substances
have a defimite influence on the vasculanty of tissues Estrogen mjections
can mduce uterine blecding m women in postmenopause Histologically the
blood supply to the uterus 1s increased Holden (1939) demonstrated that
one single dose of estrogen m an mmature rat causes a hyperemua of the
uterme yessels After repeated doses many newly developed arteries can be
“en m hustologieal <ections (Allen and Masters, 1948) Goldzieher and
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Goldzieher (1949) and Kountz (1950) observed the augumented vascular
1zation also 1 the nasal mucosa and submucosa m women (no data for
men are given), and m the shn m men and women Testosterone ointment
applied to the shin seemed to have some effect also, but in a much lower
percentage of cases than the estrogen preparation Effects on the vas
cularization of the heart and the great vessels are not reported (and ths
will hardly be possible), but there 1s no special reason to suggest that such
effects do not oceur

Androgen and estrogen excretion data on men and women may indicate
whether there 1s a possible hormonal deficiency According to Kirk (1951)
the urmary excretion of neutral 17-ketosteroids—representative for an
drogen production-—declines from about 15 to 4 mg per 24 hours 1n men
betneen the ages of 30 and 90 years, and from =bout 10 to 2 mg 1 women
of the same ages This has been confirmed by several authors (Hamburger,
1948, Robinson, 1948, ete, cited by Kirk, 1951) On the other hand the
excretion of estrogenic hormones 1s quite different 1n the two seves and 15
considered to be a reasonably good measure of the estrogen production n
the body

Estrogen analysis of the urine reveals practically the same excretion
values m young and old men (about 12 rat umts per 24 hours), howeser,
the excretion of estrogens is higher mn women during the reproductive
pertod of life (8540 umts daily), but drops to only 7 umts with the onset
of the menopause This has been confirmed by others (Pincus, 1951, Peder
sen Bjergaard and Tgnnesen, 1948, cited by Kirh, 1951) Marmorston et al
(1958) reported a substantial estrogen deficit in female patients who had a
myocardial infarction, m comparison with healthy and sick controls, judged
by the urnary excretion of biologically active estrogens No such effect
could be observed 1 a large group of male subjects (1200), although mn a
much smaller group mvestigated previously a deficit could be found The
17-ketosterord excretion was significantly lower in male and female patients
who had recovered from a my ocardial infarction than in controls This last
finding 18 not what would be expected But on the other hand, the conditton
of the patients after an mfarction has occurred need not be biochemeally
the same 1n all respects as i the condition that caused the infarction

Both 1 old men and m women mn the menopause, the gonadotropn
production 15 constderably mereased

There 1s o relative predominance of estrogens mn males with advanemg
age For mstance the androgen estrogen ratio 1s 139 between 17 and 29
years, 70 between 50 and 59, 64 betneen 60 and 69, and as Jow as 26
between 80 and 96 years of age (Xurk, 1951) Estrogeme substances are
Lnown to stumulate osteoblasts (Kenyon, 1942, with stilbestrol) and to
prevent osteoporosis and the deposition of ealcium 1 tissues other than
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those wormolly calmfied Awdin (1956) reported a therapeutic effect of
stilbestrol on calerfied atheroma with regam in elastiity Elkeles (1957)
show ed radiographieally that a correlation exists betwecn calerfied atheroma,
and osteopoross 1n men and women over 50, and thus with subsiding
hormonal actavity

More evidence of a fayorable effect on the vessels of shght shifts in
hormonal balance can be scen 1n liver disease where the plasma estrogen
level 1s elevated Although other factors operate here too, liver disease may
be a contnbutory factor in the low ncidence of atherosclerosis in some
prmitive people, for istance the Bantu Moreover there 15 a higher
fibrmoly tie actrvity 1 the plasma 1n these cases (Gillman et al  1957)
Expenmentally the fibrinolytic activity of the plasma 1n rats 15 modifiable
by sex hormones 1n accordance with the above mentioned observations

A few words are necessary on the influence of hormones on toxemia of
pregnancy Estrogen therapy 1s considered unsuccessful by several authors
( ee for instance Dieckmann 1948 1952 Diechmann and Pottinger, 1955,
1906, Dieckmann ef al 1949, 1951, 1952) However, according to Smith
and Smith (1937-1946 Smuth 1948) the estrogen levels show a great de
crease while there 1s at the same time 2 marked nse 1 the level of the
gonadotropins These signs regul urly precede the clincal symptoms by 4-6
weehs Unine titrations for these substances were less dependable but a
lower sodium pregnanediol excretion was present This excretion pattern
Was not seen 1n chrome nephritis or essential hypertension but the toxemia
m diabetics behaved like the genuine toxemia Anker (1956) reported a
very low estrogen excretion, «bout 1 mg per hter 1n a case with severe pre
eclampsia, whereas the normal values ranged between 6 6 and 21 4 mg per
liter Also the low estrogen levels of the umbilical cord blood are remarkable
In toxemia cases The data of Smith and Smuth and of Anker were con
firmed by Cagnizzo (1956), according to this author the breakdown of
estradiolestrone estriol, and further to mactive substances ¢xcreted 1n the
unne, 15 meomplete n toxema However, other authors could not
confirm the findings of Smith and Smith

Smith (1948) and Smuth and Smith (1949) could not estimate with cer
tamnty the prophylactic value of stilbestrol, owing to the climical material
avallable There was no control group and only the difference froma  pre
dicted’ frequency as described by Mastboom (1948) was considered White
(1904), however, reported good results with prophylactic therapy of stil
bestrol combined with progesterone m pregnant cdiabetic women Success
seemed to depend on the normalizing of gonadotropin and estrogen levels,
and the pregnanediol everetion Vascular disease develops at an early age
m these subjects and toxeria of pregnancy occurs very frequently Smith
and Smuth (1949) suggested that a deficiency of progesterone with a too
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rapid and/or faulty destruction of estrogens 1s present mn toxemia Accord
g to Russell e al (1957) the pregnanediol excretion levels in moderate to
severe eclampsia are below normal, 1n less severe cases the levels are not <o
low Pame (1957) showed on histological sections of his material that the
changes normally oceurring 1n the aging of the placents are accelerated m
cases of toxemn (see also Section VIII)

The endogenous production of estrogens 1s mfluenced by a number of
vitamins  For instance Gyorg ef al (1947, 1949) showed that estrogenc
substances reduce the need for choline, and also have a distinet Iipotropic
effect (Griffith, 1940, 1941) A reciprocal influence seems to ewist (see
Section II, 12 on choline) Nelson ef al (1951, 1953) could mantam preg
nancy m pyridovine deficient ammals if estrone and progesterone were
myected As 1t 1s known that pynidoxine deficiency can mduce tovemia of
pregnancy, 1t 18 possible that this deficiency interferes with the production
of the estrogenic substances

Vitamin E prolongs the estrogemc effect of mnjected doses of estrogen,
but on the other hand vitamin A 1n high doses has an antiestrogenic effect
(Paghan, 1956, Randazzo, 1956) Moreover a number of vegetable foods,
such as wheat, soybean meal, oats, and alfalfa, have a sigmficant estrogente
activity (Pieterse and Andrews, 1956) Thus a vegetable diet might pro
vide some useful dose of estrogenic or related (“pre estrogenic”) substances
and the same might be true concerning atherosclerosis A lowenng of the
plasmy cholesterol following admimstration of soysterols has been de
seribed (see for mstance Peterson ef al , 1952, 1956) Apart from the com
petitive effect on the resorption of cholesterol, estrogenic activities might
perhaps make some contribution to the effect

2 Thyrod Hormone

Thyroid hormone treatment, has sometimes been tried m both diseases,
but 1t does not deserve encouragement because of unwanted and dangerous
side effects m which the mereased oxygen consumption certanly plays an
ymportant, role (see for coronary sclerosis, Oliver and Boyd, 1955a, 1956,
1957, 1958, Strisower et al , 1957, Lancet, 1957, and Symposium on Arterio
sclerosis, 1956, and for toxema of pregnancy, Munro Kerr e al, 1948)
Many mvestigations are going on to find related compounds 1nfluencing
the blood levels favorably but without the dangerous side effects

On the other hand, lack of thyroid hormone due to deficient 10dine intake
can be a contnbutory cause for regional high merdences of atherosclerosis
such as was demonstrated by Uotila ef ol (1958), Rome et al (1958), and
Keys et al (1958) m Finland Tovemm of pregnancy 1s certaunly not m
frequent, (Karvonen, 1958a) here, but definite data are not yet at hand

Effccts of other hormones reported by Oliver and Boyd (1956, 1958)
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mclude ncrease of the fibrinolytic actrvity by the thyrod stimulating
hormone, growth hormone, testosterone, and deoxycortisone acetate the
effects of which are similar to those of the estrogens Corticotropin and
cortisone ihibit fibrinolysis

8 DMagnesium Sulfate

Magnesium sulfate 1s a completely different therapeutic 1n both diseases
It has been used 1n massive parenteral doses 1 pre eclampsia for a very
long time Good results were reported recently 1n atherosclerotic patients
(see Section II, 15)

It 18 elear that estrogens alone cannot cure atherosclerosis The same
holds true for toxema of pregnancy As pregnhancy has the more direct
relation to estrogenic substances, 1t 18 also possible that the provision of
this factor at a certain time cannot restore all the damage caused by pre
vious lack of 1t The same argument 15 true for both diseases, concerning
whatever factor has becn lacking for some time, 1t also holds mutatis
mutandis for 1 temporary oversupply

It seems probable, however than nonestrogeme substinces related to
the estrogens may play an important role Something similar can be ex
peeted from nonthyroid products related to the thyroid hormone In
vestigations are bemg carned out at the moment to find suitable thera
peuties of both hinds which do not have unwanted side effects

Since many dietary factors such as vitamins and minerals affect the
metabohsm of the hormones mentioned here, 1t can be expected that an
absolute or a4 relative lack of any dietary factor could hmit or inhibit
normal metabolsm The effects can be quantitative as well as qualitative
and can y1eld end products normally absent or nearly so, 1s well as cause a
lack of products necessary for the normal course of metabolic reactions It
eans too, that under differing circumstances of hfe, and perhaps more or
less regionally, the “factor” which has such 2  key position” may vary
Furthermore, an ample supply of one or more of such dietary factors may
nfluence the necessary amounts of other substances also Sex differences
are of course present, and there 1s a ittle evidence that the need for some
of the vitamumns, for instance cholne (Griffith, 1940, 1941) and linolene
aexd (Greenberg ef al, 1950 Sinclatr, 1956) might be higher for males than
tor females However, thewe obseryations have been made 1n rats A higher
need 1n pregnant than mn nonpregnant women will be obvious

Of the three therapeutics mentioned In this section magnesium sulfate
eems to be the most harmless, as 1t has been used 1 astomshingly lmgh
doses, relative to the plasma level without dangerous side effects It has
been used not only 1 the two discases under discussion but also m diag
nostic procedures such 1s the measurement of the blood circulation time
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This does not mmply that mcreasmg the physical activity 1s a good
therapeutic measure once the disease has developed In coronary sclerosis
a maxamal hmut for exercice 18 set by the symptoms of the disease itself
For toxemiz of pregnancy the vascular relations are necessanly otherwise
From clinical observations 1 toxema patients it 1s known that contimuing
aetive hife 1s unfavorable to the patient’s henlth Moreover, N Morris ef al
(1956) demonstrated that the uterine blood flow decreases temporanly on
exercise, as by using an “exercycle” m bed An all round physieal training
should be started before that time “Trammg—increasing the physieal
activity—means a better blood and vessel supply m all the tissues con
cerned and a much greater gencral reserve to meet ncreased demand
Moreover, tramned muscles perform work with greater efficiency For
stance, Karvonen (1958b) reported that the work done by the tramed
heart at rest was half to two thirds less than that performed by the un
tramed heart A mimmum of exercise 1s necessiry to result in the * tramning
effect Estrogens have a definite enhancing action on the growth of new
vessels and they may thus be of value mn both diseases, apart from their
effects on the blood composition (though these effects mght be closely
connected with each other) Estrogen given durmg o hmited time, together
with physical activity —gradually increasing at first and not to be stopped—
might be of value as a therapeutic as well especially m coronary sclerows,
but 15 probably not adwisable i clinically established toxerma of preg
nancy

8 Siress

Psychical “stress” has often been considered an important cause of the
di.eases under discussion  However, data and results are difficult to evaluate
and compansons of the two diseases are not possible

Some data mentioned by Oliver and Boyd (1956), and Biggs and Mac
farlane (1957), reviewmng the literature, are of general importance Among
the varied influences cited 1s the fact that experimental stress and adrenaline
gve an mereased fibrinolysis 1n the same way as exercise, examinations
(Latner, 1947), air rmids dunng war, anxiety states, alarming suggestions
under hypnosts (Truelove, 1951) ete Further, an merease of the prothrom
bin concentration (Uvnas 1942, Leibetseder 1951), a decrease of heparn
activity (Constantmi and Tintors, 1951), and an acceleration of clotting
(Donzelot and Kaufman, 1952, Mills et ol, 1928) have been reported
Cortrcotropin and cortssone mhibit fibrinolysis

An elevating, effect on the cholesterol levels and a decreased fibrinolysis
and clottmg time hase been reported by Roseman (1958) m accountants
under stress circumstances Byers (1958) mducing stress conditions by
electne stimuli rats, found no change 1 plasma cholesterol or phos
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pholipid levels, but clotting times proved to be shorter On the other hand,
the “average” stresses of the war circumstances, howey er unfay orable these
might have been, proved to be more thin corrected by other mfluences
such as diet and physical activity

Concluding this section, 1t can be said that the factor of physical actr 1ty
among the habits of lfe certamly 1s a very important one practically as
well as theoretically The factor of psychical stress still rernains difficult to
evaluate and to investigate

VIIT SmMInArITIES IN CLINICAL SyMPTOMS

A comparison of these two diseases 1 respect to the chnieal symptoms
myy seem mpossible at first ssight However, a few details of the syndromes
i both diseases m 3y be mentioned The most evident symptom of toverma
of pregnancy, the elevated blood pressure, 13 not seen 1n coronary sclerosis
or, at least, not to such an extent ¢ However, according to Brown ef al
(1957), the blood pressure in coronary disease, before wnfarction has oc
curred, 15 shightly rawsed on an average, compared with that in healthy
men of the same age After the recovery from the acute phase of an infare
tion, the blood pressure becomes fixed at a lower level than that m the
healthy controls A regulating system to supply the tissues with blood as
well as posuble 1s certainly present and substances released from the 1s
chemic and mnjured tissues must play a role

Considering the consequences of placental 1schemia or an mfarction, the
following course of events could be suggested At first, the blood supply
1 the placenta and the child’s eirculation will gradually or abruptly be
come too low, compensation can come from the mother’s crculation
[vasoconstrictors, adrenals, or kidney (uterorenal reflex)] Fehete (1958)
especially pointed to the fact that hypoxia of the placenta causes a num
ber of products to be formed which act on the blood vessels, resulting m
a rased blood pressure which will become still higher with the mcreasmg
blood and oxygen need of the growmg uterus and 1ts contents When new
placental nfarctions occur, the demand on the maternal curculation will
become still higher There 15, obviouslv, no primarv reason whatsoever for
2 low blood pressure in the mother’s circulation when a placental mnfarction
has occurred, as no immediate harm has been done to vital maternal tissue

° Hypertension as such does not cause atherosclerosis as has been demonstrated
by Kimura (1957) 1n Japan and by Senimshaw (1956) (cited by Groen et al 1956) 10
Guatemala In both regions the atheroscleroms incidence 13 low, whereas hyper
tension 1s frequently seen However, 1f conditions are favorable for the development
of atherosclerosis hypertension can promote this development Recently Oliver and
Boyd (1958) reviewed the influences that a number of hormones can have on the

tonicity of the artenes
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as m myocwdial infarction Moreover mn myocirdm! mfarction there 1s no
need for 1 blood supply mn excess of the normal ” After parturition the
blood pressure soon becomes normal, since there 1s no longer any need to
force extra blood to the uterus (provided no irreversible harm has been
done by a too long duration of the abnormal conditions)

An msufficient blood supply to the placenta 15 generally accepted as the
ongm of toxemin m pregnancy wnd this agrees well with the relatively
loner birthweight of the child the tendency to early labor, the small
placenta with fewer vessels, etc 1 the more chrome cases Kloosterman
and Huidehoper (1952), found higher placenta weights on an averige, n
cases of toxemia of pregnancy dehivered between the 270th and 290th
day of pregnancy It was demonstrated also that the quality of thewe
placentas was poorer as determmed by the functional capacity of the tissue
per umt weight In heavier placentas there was a greater rish of toxerma
and a lugher frequency of infarctions In severe cases the placenta weights
decreased again The fetal weight decreased progressively with the seventy
of toxemia This suggests a number of posubilities Growth of the pla
centa and 1ts size are determined early 1n pregnancy, certamly carlier than
toxema develops The quality of the uterus mucosa, 1ts vascularity, capa
aty of ‘ adaptation” to pregnaney and the vitality of the fetus gemell
ete, will influence the size of the placenta It 13 a dicadvantige for the
placents to be exther too small or too large, because of suboptimal reserve
capaaty (Kloosterman and Huidehoper 1952) Both will then be very
sensitive to 1~chemia—he cause of too low vaseularity either as a result of
damage of the vessel walls due to the blood lipid changes mentioned above
or by nfarctions which are known to oceur frequently The ultimate re
sults will be dependent on the mitial situation, the time and rate of onset
of the pathological changes and the capaaty to compensatc locally or
generally via ¢ stress” on the mothers’ cireulation, 1€ hypertension It will
be clear that these effects vary greatly they may result in the death of the
child or 1n premature labor progressing to eclampsia The early and more
chrome cases will tend to cause the child or the placenta to be small Sub
iects with large placentas may do better at first possibly because there are
more vessels and narrowing or obstruction does not result 1n fetal death as
early as when the placentas are small

In diabetes, the readily metabolized glucose can be a factor mn the known
tendency to develop large children and large placentas The tendency to
toxerma, 15 then greater for reacons sumilar to those desertbed above The
effects will be greater when the diabetes 1s poorly regulated resulting in
longer periods of rased blood sugar levels each day Distinction has to be
made between genwne toxemia cases and those women who des elop toxe
e symptoms as a result of pre existing vascular disease (Van Bouwdyk
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Walker and Turnbull (1953) and Mnekay (1957), by measuring the
oxygen levels 1n the cord blood, have demonstrated that oxygen supply 1s
reduced 1n toxemia cases MacKay also reports an increase mn the occur
rence of fibrin nodes, which has often been commented on by other authors
as well although quantitative measurements are scarce Moore and Myers
cough (1957) and also Morns ¢ al (1955) found a reduced clearance rate
and reduced blood flow of the myometrium 1n pre cclampsia, while Browne
and Veall (1953) demonstrated a reduced clearance rate in the choneo
decidual space It 1s widely beheved that this lowered blood flow and thus
lonered oxygen supply to the placenta 15 associated with a degencration
of the placental membrane Ewvidence for this 1s the higher hemoglobin
and erythrocyte count in the fetal blood in cases of maternal toxemia of
pregnancy Moreover Van Bouwdyh Bastinanse and Mastboom (1949)
were able to produce an expermmental toxemia of pregnancy 1 ammals by
partially hgating the uterine vessels in such a way as to produce a uterine
and placental 1°chemia

Felete (1958) pomts to the fact that hypoxi of the placenta causes the
formation of a number of substances which can act on the blood vessels,
these imclude listamine tyramume, acetylcholine, serotomn guamdine,
argimine thromboplastin, and others This may explan vascular spasms,
higher thrombotic ctivity and pre eclampsia eclimpsia, as well as the
oceurrence of a striking nise m blood pressure in the first few days of the
puerperium  whereas blood pressure was normal antepartum This latter
effect has also been observed by the author in an Amsterdam climic The
effect will 1ast s long as the substances acting on the blood pressure per<st,
which may be from some minutes up to a few days (Fekete, 1958) and 15
also dependent on the presence of (ounteracting substances

Paine (1957) 1n histological preparations of placentas of toxemia patients,
observed a premature syncittal atrophy accompanied by a reduction 1n
syneitial ipid  which relates to the generally lowered values for pregnane
diol excretion The abnormal changes are not seen m cases where acute
toxerma, mamifests itself only i the last fen weeks of pregnancy In ac
cordance with this vascular changes are more marked where there 13 pre
enstent hypertension so that the vascular system has to suffer even early
In pregnancy Thromboses m the decidual veins and hemorrhages were also
common Slow depositions of fibrin from the maternal circulation could be
seen, and these might result 1n occlusion and nfaret formation although a
residual fetal eirculation through the villous cores was present This picture
“eems to be not unlike the course of events n coronary atheroma forma
tion as given by Levene (1956) Dugmd (1956) and Dugwid and Robert
son (1957)

Infarctions are very frequently seen m the placentas of toxemia cases
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whereas they are less frequent mn clmcally uncomphcated pregnancies
Young was the first to report this fact, as far back as 1914 (see also Young,
1927, Morris et al, 1955) Zeek and Assali (1950) report a strong correla
tion, mn 83 % of the 59 toxemia cases, true placental infarcts were present,
whereas they were found only m 16 % of the 122 nontoxema cases Barth
olomew ef al (1957) report very similar incidences The variations n the
meidences reported, and the more or less distinet relation of mnfaretions to
toxemia of pregnancy (see also Dicchmann, 1952), may well be due to cases
n which no 1schemia developed severe enough to give nise to clineal symp
toms It may also be that a severe enough 1schemia could develop without
an mfarction having occurred, either because the supply of blood vessels
was too Limited, or because of pre existent atheromatous changes of the
uterme vessels Fatty subendothehal deposits, suggesting atheromatous
changes, could also be demonstrated This was confirmed once more by
Bartholomew ¢t al (1957), who also pointed to the important role of vascu
lar spasm with subsequent infarction According to Bartholomew ef af
spasms are the most probable cause of the 1schemia and subsequent, throm
bosis, though thrombosis as an 1mtial event could not be ruled out How
ever the spasms these workers observed were i the placental vems, m such
a way that the smooth muscle sphineters (discovered by Spanner) obstruct
the et of fetal blood from the corresponding placental umt Bartholomew
et al believe the spasm 1s caused by oxytoem, as a reult of hormonal 1mbal
ance The obstruction causes distension of the villous capillaries, enlurge
ment of the villy, diminution or obhteration of the intervillous spaces and
decreasing circulation By the compression of the tissues, anoxema and ne
crosis result Thromboplastin, the first product released from the necrotic
tissues, causes clot formation Once a clot has been formed, other toxic sub
stances from antolytic processes begin to act Moreover, 1scheme tissues
also release toxic substances to the circulation As the fetal blood does not
show the biochemmeal changes, resulting 1n enhancement of the tendency to
clotting, as oceur m the blood of the mother, the spasms m the fetal yens
deseribed by Bartholomew ef al are indeed likely to occur before the
thrombosis However, vasoconstrictors released from ischemic tissues on
the maternal side mght perhaps contribute to the occurrence of these
spasms Simlarly Schneider and Engstrom (1954) and Schneider (1955)
pomt to the release of thromboplastin on autoextraction of blood clots
The effect, this has on the mclination to coagulation, when 1t has been re
leased from a retroplacental hematoma, 1s even sufficient to cause fibnn
deposits 1n the pulmonary eirculation which can then give the symptoms of
an acute cor pulmonale, and can result moreover m defibnination of the
blood nd subsequent tendency to hemorrhage Furthermore, aceording to
Schnerder and Engstrom, 1954, and Schneider, 1955, the serotonin released
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from the blood platelets 1s o strong vasoconstrictor and immediately in
crenses the blood pressure In addition to serotonin a number of other
active substances come mto the arculation It should be remarked how
ever, that according to Page (1924) serotomn injected ntravenously mnto
human bemngs can give 4 varety of effects such as hy perpnen, tachycardia,
1tching, burning sensations, ete , but its effect on the blood pressure 1s not
consistent Correspondingly, patients with argentaffinoma producing large
amounts of serotomin do not always have a high blood pressure Very
probably, thus, the induced reactions and responses are extremely com
plicated

Something more should he said about the retroplacental hematoma and
abruptio placentae This complication of pregnancy Is accepted as equiy
alent to torema of pregnancy n 1ts more usual form by many authors
(Holmer et al, 1956, Bartholomew et al, 1957, Russell and Dewhurst
1958}, although others divide these cases into a nontovie and a tovie group
the former showing no signs of toxemin before the abruptio placentae, while
the latter do In view of the suggested etiology of toxemin signs of a toxema
may sometimes appear before an abruptio placentae occurs It can be ex
pected that there are women without chnical signs who already have the
changes 1n the blood composition, described m the previous sections which
mcrease the tendency to hlood clotting and atheromatous changes i the
mtima of the vessels and can result finally 1n obstruetion of these vessels
If then a placental infarction occurs, exte nsive enough, or extending rapidly
enough, with secondary hemorrhage a seemingly nontoxic case could be
found Of course this cannot exclude the possibility of real nontoxic cases m
which the cause 15 something else

It only remains to be explamncd why the infarction occurs then in the
placental arteries and not i the coronary vessels or clsewhere No defimte
answer 1s possible at the moment Certainly the caliber of the vesscls plays
arole n the amount of deposits necessary to result in a distinet diminution
or obstruction of the lumen In addition to the vasculanty, the rate at
which oxygen 15 absorbed from the blood 15 mportant, espectally when a
large enough supply of blood to keep the oxygen at an adequate level 1s
not possible A low oxygen content of the blood and thus of the vessel wall
will certamly limit the capacity to elmmate and withhold unwanted”
and harmful blood constituents That the harm done to the vessels m
pregnancy does not involve the placental vessels exclusively 15 suggested
by the findings of Oliver and Boyd (1955a), who noted that a group of
DPostmenopausal patients with coronary disease had had more pregnancies
than o comparable control group who had no coronary disease

The pathological changes 1n the placental vessels can be very distmet
Zeek and Assaly (1950) even saw such o strihing resemblance to atheroma
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tosis mn the coronary vessels or aorta that they described thor findings n
the decdual vessels, present m  hgh proportion of toxemic cases, as an
‘ acute atheross ” The same was true m the vessels of the panetals The
next most frequent finding was retroplacental humorrhage In addition,
secondary hemorrhages m the mfarcts were often seen, they frequently
extended beyond the mfarct into the retroplacental decidua, causng pre
mature separation of the placenta The atherosis lesion was characternzed
bv the deposihon of large amounts of fatty matenal i the infuma of the
decidual vessels Obstruction of the lumen occurred later on The more
advanced stages were accompanied by fibnnoid neerosis and a pleomorphic
type of mflammatory exudate which caused further obstruetion of the
lumen This form of acute atheroms wis found m endometnal spiral ar
tenoles, m their decrdual termum, and 1 endometnal venous lakes [he
latter are considered important for the regulation of the endometnal blood
flow, they have both artenal and venous connections The acute atheross
lesion 1 o diffuse lesion of the decidua and seemed to be “‘most marked 1
the decidua basalis near areas of 1schemie neerosts of decidua and overlying
placental mnfarcts ” Regressive changes could be found in five of the tovema
patients who succumbed at vanous mmtervals after delivery Regression
seemed to start immediately after debvery Within 5 weeks “the lesions
were mdistingwshable from those of ordinary atheroscleroms except for
their hmited distibution and the unusual degree of seveniy mn young
mdividuals

Of the whole series of 232 cases, mcluding 9 cases of pregrant or puerperal
uteri removed surgieally, ind tissues from 30 autopsies, acute atherosis
was found 1n 34 of the 71 toxemia patients and in onlv 3 of the 143 non
toxemic nanhypertensive patients In these Iatter 3, the lesions were early
and not yet obstructive Furthermore “acute atherosis’ wasnot seenn any
of the non-toxerme hy pertensive patients In this group, however, moderste
hy perplastic arteriolar sclerosts, a lesion commonly assocated with essential
hy pertension” was frequently observed

Recently Robertson and Divon (1958) 1so reported intimal changes with
narrowing of the lumen of the maternal placental blood vessels m pre
¢cclampsia Obstructions m the circulation of the fetal part of the placents
were noted also by Zech and Assali (1950), though there was no correlation
with toxemia of pregnancy The lesions were charactenzed by acute angutis
and prohferative endartentis A similar acute sngutis was alyo present m
the maternal vessels m some cases The endartentis was “evidenced by an
increase 1 the vanous cellular components of the mtim: resulting m a
thichened, Joose meshed, cellular tissue which often presented a foamy 2p
pearanee and which cansed narrowing of the lumens ” This lesion was
considercd s possibly 1dentieal with the lestons described 2s occumng
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most frequently m cases of toxema of pregnancy by Bartholomew and
Tsrache (1936) and by Hunt et al (1940), who charactenzed them as cho
lesterol artertosclerosis Zeeh and Assah (1950) could, however, not demon
strate ipid material mn the lesions they observed The lesions were most
marked 1n eases mn which death of the fetus had oceurred 2z utero long be
fore delnery

Bartholomew and Kracke (1936) reported that the atheromatous changes
obseryed were maunly 1n the artenes of the medium sized villous stems less
frequently in the large artenes of the main stems, and very seldom 1n the
vessels or capillaries of the terminal vili Thrombowis and infarchion oc
curred and a great similarity was seen to the development of coronary
thrombosis 1n man as well as to the experimental coronary lesions induced
1 rabbits Hunt e @l (1940) reported furthermore that pregnant rabbits,
thyrordectomized at the end of the first trimester, died 1 conyvulsions near
term The placentas of these animals appeared to have mfarctions and a
severe cholesterol endarteritis These rabbits did not develop hypercho
lesterolemia, as nonpregnant rabbits do but their fetuses did

An observation possibly related to these problems has been made by
Popjdk (1954), studying the placental transfer of lipids in experments with
rabbits Pregnant anmals fed a cholesterol diet showed the hyperlipemia
that usually occurs 1n this species on such 2 diet, but nothing has been saxd
on the development of possible toxerma Plasma phospholipid levels i
fetuses from cholesterol fed mothers were shghtly higher than i the con
trols Nevertheless, as Popjak says, this does not mean a transfer of excess
of lipid from the mother to fetus, “because the cholesterol feeding produced
an abnormal condition n the placenta in that 1its fetal part was impreg
nated with cholesterol and its esters and, moreover, this change mterfered
sertously with fetal development resulting m fetuses one third lighter than
normal ” It 15, however, very difficult to make comparisons between man
and the rabbit since 1t 1 known that their lipid metabolism 15 somewhat
different

The course of events i myocardinl 1schemia and mfarction 1s simpler
to desaribe than that of placental infarction There are stmilar ipd de
Pposits in the vessel walls, there 15 1schemia by which vasopressor agents can
be released 1n the circulation, spasms can oceur, and the biochemical reln
tions within the blood complete the picture with a igher tendency to
clotting An infarction may result more vasopressive substances come nto
the circulation, etc The extension of the infarct and a possible secondary
hemorrhage, Just as 1 a placental infarction determine the final outcome
rangiag from cases missed elinmcally or shight cases to acutely fatal ones

There are o few additional pomts Tampan ef af (1956) suggested a
hy pertrophy of the adrenal cortex induced by vitamin B deficiency as the
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chemieal as well as histologieal, show 1 strlung similanty It can be objected
that o number of these pathological signs may be completely nonspecific
and that they mught occur as well i a number of other diseases cansed by
« deficiency of one or more of the factors under discussion Furthermore,
mdividusl su~ceptibiity, 1e hereditv, and different imbalances 1n the de
ficrencies will wfluence the end result the chimeal signs

Known relations with other diseascs {4 number of them sometimes ealled
“civihization discases”) are present, for nstance, 11 the essential fatty
aeids, 1 defietency of which has been deseribed also n 1diopathic hyperel
cemia n mfants (Smelmr, 1956, 1957, 19582, Frazer 1956, Bongiovanm
et al 1957) These authors also reported m this connection A greater sus
ceptibibiy to vitamin D mioxication A deficency of essential fatty acds,
and good responses from their administration, have heen noted bv Hansen
(1933, 1957) and Hanven ef al (1947) 1 1nfant eczemn Treatment of exuda
tive diathesis in children of 2 somewhat older age by avoiding amumal fats
15 often successful, if properly done That the functions and ¢ffects of the
(essentral) unsaturated fatty acids are not completely the same 1s demon
strited clearly by the fact that linolenate cannot cure the dermal symptoms
m rats on a fat defiment diet, whereas hnole wte does so readily Other symp
toms can be relieved by both

Diabetic antmals develop signs of essential fatty acid deficiency earher
than normal ones on 4 diet deficient m essential fatty acds (Pefer and
Holmwn, 1950) In the dinbefic o reverse relntion s present between the
esscntial fatty acid content of the blood and the glucase level Furthermore,
1t 15 well hnown that diaheties develop atherosclerosis easiv, while dabetic
women are known to suffer frequently from totema of pregnanry alo
The prevalence of both discases m disbetics might be related to the endo
(nne diorder stself but could equally well be due to the dietarv measures
Fspecially the low carbohydrate lgh fat diet formerly so commonly de
scribed, must be considercd as harmful m this respect Even the re-istance
to radiation sickness 1s less 1 essentinl fatty acid deficency states (Decher
¢t al , 1950, Cheng et al , 1954, 1955, 1956, Deuel ef al , 1953)

Recently Smelawr (1958b) powted to the influence of the essential fatty
acids on arcus sembis In rats, wrcus senhs could be produced by an essential
fatty ased deficiency, and wnprovement occurred when these fatty acuds
were agam supphed Apart from the relations between hipd deposits
arcus semlts and atheroscleross, there 1s some evidence of a regional ds
tribution sumalar to that of totemia of pregnancy Duncan (1947) reported
a2 low madence of toxemia n the Subarctic at Dawson, Yubon, while athero-
sclerows was reported to be infrequent also among the people of ads anced
age Smelarr (1958b) found the mcidence of arcus sembs 1 Canadian Ls
Tumos and Canadian Indians extremelv low, even 1n advanced age, whereas



ATHEROSCLF ROSIS AND TOZEMIA OF PREGNANCY 291

as among the young men carefully selected for pilot traimng from Canada
and New Zealand (about 22 years of age) 10% had arcus senihs In the
regions these men came from, tovemia incidence 15 certamly not low Welm
and Cramér (1907) observed that arcus <enilis 1s a symptom mdieating poor
diagnosts 1 a group of Swedish patients with hypercholesterolerma and
angina pectoris

Dental canes are saxd to be mfluenced favorably by vanadm (Rygh,
1949, 1951, Geyer, 1953, Munch, 1957) and Wimker (1957) states an opt1
mal dose of vanadium euists Moreover, 1t has been stated by Curran (1954)
that vanadium decreases the synthesis of cholesterol by the hiver and the
synthes of fatty acids from geetate Iron as ferrous salt has the same ef
fect, but 1n somew hat lesser degree (N B 1n anemua a hy perhpemia 1s pres
ent) but manganese and chromium have the opposite effect, imcreasing the
cholesterol synthesis in the hiver Curran and Costello (1956) were also able
to demonstrate that when vanady! sulfate w1s given to rabbits, fed prior
to this period with cholesterol, 1t reduced the cxcess of cholesterol de
posited 1n the norta Bernheim and Bernherm (1939a,b) found that vana
dum marhedly increases the oudation of phospholipids in the liver, 1 which
process a desaturation of the fatty wcids of thewe phospholipids occurs with
a demonstrable inerease in the amount of double bonds Manganese mhibits
this effect too £ Lecithins are more easily attacked than a leathins while
the cephalins i soybe in phospholipids are more rapidly attiched by the
liver than 15 the lecthm friction this might be important in respect to the
action of the cephalin m promoting blood clotting Both authors tested
other metals, but thesc had no actinity m the reactions studied by them

Expenmental pyridoxine deficicney causes dental canes as well as athero
sclerosis Dental cares mnerease as a result of envihization and avalability
of refined and preserved food m general (see Scott, 1956) Wartime cireum
stances reduced dental cartes (Toverud, 1956 1957) as well as death from
coronary sclerotic diseases and the meidence of toxemia of pregnancy
Cirthous of the hiver has been mentioned also as a sequel of pyndoxine
deficiency “The role of n deficiency of fipotropie factors such as choline
methionme 1nosttol, ete , 1n this respect has been known for a much longer
time Teeding of vitammn Bj; can make the symptoms of atheroscleross
much worsc (Annand, 1957) Pantothentc actd deficiency results i a lower
ing of the cholesterol level in man (Bean et al , 1955)

Osteopoross 15 connected especially with a dimimshed estrogen produc
tion 1n advanced age Dstrogens stimulate the osteoblasts and prevent
calelum deposits i other tigsues They also stimulate mtrogen retention
ond wereage proten synthesis m the bone matrix Testosterone also has
the latter activities

Tissue necrosis may bring about shfts n the blood lipid lex els sumilar to
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those reported for atherosclerosis and toxemua of pregnancy Elevation of
the levels of a number of enzymes has been seen 1n cardiac infarction as well
as in necrosis of other tissues

In connection with the usual therapy in coronary thrombosts and the
reported evidence of an elevated uric acid level in coronary disease, 1t might
be remarked that dicumarol increnses the urmary evcretion of urie acd
with subsequent, fall in the serum unec acid level (Hansen and Holten, 1908)

I the relwtions between toxemua of pregnancy and atherosclerosis are
reaily as close as 1s suggested by the above findings, a more extensive study
of the biochemustry , anatomical pathology, and meidence of toxemia, should
provide valuable information for atherosclerosis Tovemma of pregnancy 1s
a disease of Iimited duration and provides a very valuable pathologic
anatomical substrate m the placenta Furthermore, studies of the incidence
of atherosclerotic disease 1 these subjects, at a more advanced age, m com
parison with that m normal controls, should prove very informative Oliver
and Boyd (19552) have made one such study

In conclusion, 1t may be sud that m both diseases a hypowia develops as
A result of faulty metabohsm A primary cause of this seems to be a border
lime deficiency of o great number of factors, together with - relative excess
of a few others Quantitative data cannot yet be given The results are 2
disturbance of the metabolic processes, whether directly by the deficiency
or the excess and/or by 2 subsequent deposition of substances that cannot
be brohen down, and/or by indirect damage

It 15 not surprising that so many factors are mvolved smee all of them
mfluence others or modify the activity of the substances produced In the
whole chan of metabolie reactions leading to the necessary end products,
such as heparm or the sex hormones, and closely related substances, many
factors are myolved Any vitamin (acting as an integral part of one of the
enzymes ivolyed), any mineral (acting as catalyzer, or bemg a constituent
of the tissues), or any other “building stone” which 1s present m such small
amounts that one or more metabolic processes are mhibited, disrupts the
whole chamn of events, so that the relative lach of any one of a large number
of substances can grve the same or a sumilar end result The “weakest”
(most defictent) hnk m the cham of reactions hmit~ the “strength” or its

eld
)lThe only method for the prevention of these diseases should be, then,
the supply of those factors w Iich are generally lacking and the reduction
of the consumption of those generally supplied m excess Supplying orly
one or two of the deficient factors will be effective only when these were
the “hmting” factors in the rate of the metabolic process(es) involved for
the subject concerned Of course there will be individual vanations i the
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need of the various factors, and the habits of hfe, such as the amount of
physical activity, will mfluence the demand for certamn end products

Ths revien does not pretend to solve the problems under discussion It
15 mtended rather to point to the strihing similinties 1n the possible canses
and pathology of atheroscleross and toxerma of pregnancy A simultaneous
study on both these diseases together, and including a number of related
conditions, would be highly desirable To obtan information on all the
factors mvolved, qualitatively as well as quantitatively, extensive studies
concerning the meidence of the diseases m different areas, the true normal
relations the biochemical and anatomical pathology the mfluence of
dietary and other measures, are of the utmost importance
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I InTrRODUCTION

In mammals the physiology of reproduction may be considered as having
tno aspects (1) mechanisms concerned with the production of the germ
cells, and (2) proceswes for the «afeguarding of the mature germ cells and
the conceptus The proper conclusion of each of these aspects 18 brought
about by speeific hormonal regulation Thus the full maturation of the
Spermatozoa depends upon cireulating pitwitary gonadotropin and prob
ably also upon sterordal compounds produced withm the testes as the
result of gonadotropin stimulation Although the ova may develop to the
brimk of maturation independent, of pitwitary hormone secretion, the growth
and rupture of the folhcles 1n which they reside 1s gonadotropin dependent
Gnnadutropm 15 essential for adequate sterowd hormone production by
ovaries and testes, and the steroid sex hormones 1n turn are regulators of
the growth and actavity of the nccessory organs of the reproductive tract
In the female oy arian hormones determine the orderly progress of the
fertilized ova through the oviducts, the implantation of the conceptus, the
Mantenance of the fetus and 1ts ¢xpulsion at partunition Because of their
effects on ovaduct contra ctions, the ovanan hormones affect the nature of
SPerm transport in the female reproductive tract, and even the maturation
Ot “perm into fertihzing ngents appears to be 1 part conditioned by sex
harmone action upon the uterus (see below)

Th¢ mamtenance of normal fertilty 1 mammals 15 thus a complex of
Droceswes subject a4t almost every step to s balanced sequence, of hormonal
regulation Infe rtility may anse because of a fault in any single step in this
complex, but 1ts etwology may be complicated exther by the multiple effects
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of a smgle defect (e g hyperestrimsm 1n the female may affect ovum and
sperm transport, the nature of uterine endometnal development, the state
of the cervical mucus, the vagmal miliew) or by the diverse effects of altera
tions 1 the pituitary-gonad relationship The gonad hormones are regu
lators not only of the organs and tissues of the reproductive tract but
they also affect the secretion of their regulatory pituit iry hormones It 15
this effect of ovarian hormones upon pitwitary secretion that 1s primanly
responsible for cycheity mn the female and for the inhibition of such cychieity
dunng gestation

The foregowng considerations are commonplaces, these, however, are
essentinl to studies of natural or induced nfertihty And if one seeks to
induce nfertihty by hormonal agents, the repercussions as well as the im
mediate effects of such action must be realized The simulation of a normal
physiologieal mechamsm associated with temporary sterility would there
fore be a desideratum for such induced infertility, and 1t 15 for this reason
that we turned to a consideration of hormonal conditions mn the luteal
phase of the sex cycle and n early pregnancy Here the ascendancy of
progesterone secretion 18 associated with a lack of ovulation That such
ovulation inhibition mav be effected by exogenous progesterone had been
demonstrated for rabbits i 1937 by Makepeace ef al and for rats in 1939
by Astwood and Fevold Presaumably this ovulation mhibition by pro
gesterone accounts for the absence of superfetation in pregnancy, and a
suppression of the secretion of ovulation inducing amounts of pitwtary
gonadotropm occurs In rabbits prevented from ovulation by progesterone
admimstration, Pincus and Chang (1953) found that the admmstration
of prtwtary gonadotropin led to ovulation with a 10 hour latent period
following gonadotropin njection, which 1s exactly that observed following
endogenous gonadotropin release The mduction of a pseudopregnant state
by progesterone admimistered before expected ovulation seemed therefore
to offer a simple means of mducing temporary sterility Chat such a ste
rihty would be temporary seemed to be assured by the return to normal
ovulating capacity in progesterone treated rabbits (Pmcus and Chang,
1953) and mdeed 1n the ovulation seen following normal pseudopregnancy

II ProcrsTERONE IN HuMaN SUBJECTS

The nduction of an ovulation free pseudopregnancy in women was
attempted 1 a group of normally ovulating, cyclic subjects with the use of
progesterone taken orally (Pincus, 1956) Oral progesterone was used to
avoid the necessity of repeated injections The regime of admimstration
mvolved the duly taking of 300 mg of progesterone beginming on the fifth
day of the menstrual eyele and continuing until the twenty fifth day This
regime was used to attan two objectives (1) to have progesterone medica



PROGESTATIONAL AGI'NTS AND CONTROL OF FERTILITY 309

tion mstituted before ovulation (ovulatton 1n women ordinanly occurs at
rud cycle, but may oceur quite early m some cycles), and (2) to sustan
the uterine endometrium during medication so that a menstrual flow would
occur following cessation of medication In order to as.ess the effects of
the medication, three types of observation diagnostic of ovulation were
made on each subject wherever possible (1) daily recording of basal body
temperatures, (2) daily vagmal smews, and (3) an endometrial biopsy
taken during the tune of the normal luteal phase ordinanly on the twen
ticth to twenty thard day of the cycle Each subject was observed during
a control menstrual ¢ycle which preceded the medication cycles Treat
ment cycles varied from one to four, but 1 most cases were three The
observations made on these subjects are summarized m Table I They
ndicate an average shortening of menstrual cycle length (by 24 days)

TABLL 1
ErrEcTs oF OrAL PROGESTERONE oN THREF INDEXES OF OVULATION

Per cent positive for ovulation by
Mean cycle
Medication Number of length Basal T'ndo
cycles Vaginal
(days) temper metrial
smear
ature biopsy
None (control) 33 279 2 061 100 100 100
Progesterone 69 255 % 0 59 27 18 6

during medication, and a marked reduction 1n the frequency of ovulation
s judged by the three indexes Since progesterone 1s thermogenic and has
tharactersstic effects on the uterine endometrum and vagmnal epithelium,
the alterations 1n these 1ndeves may represent o direct action of proges
terone and may not be reflective of the hormonal consequences of ovula
ton inhibition and the ensuing lack of corpus luteum formation

On the bass of an analvsis of these indeves tahen together, we concluded
that ovulation mhibition oceurred m 85% of the first cycles of treatment
and m 95~100% of the second and third cycles, as though some delay
oceurred 1n the establishment of a complete antioyulatory effect (Pmeus,
1956) Laparotomies performed at the appropriate time on women during
a first treatment, cycle disclosed that 70% had failed to ovulate Istikawa
etal (1957) employing the same regime of progesterone admumistration also
observed suppression of ovulation n a proportion of the cases taken to
laparatomy Although sexual 1ntercourse was practiced freely by the sub
Jects of our experiments and those of Ishikawa ef al , no pregnancies oc
curred Simce ovulation presumably took place mn o propertion of eycles,
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the lack of any pregnancies may be due to chance, but Ishikawa ef al (1957)
have presented data indicating that 1 women recerving oral progesterone
the cervical mucus becomes impenetrable to sperm

The disadvantages of oral progesterone as an antifertility agent are (1)
the ligh dosage necessary to ensure a clear cut effect, and (2) the rather
high frequency of occurrence of premature menstruation—in 18% of the
medieation cycles bisted m Table I there was a breahthrough bleedmg
In a subsequent study we have attempted to reduce the frequency of
breakthrough bleedings by supplementing oral progesterone with an oral
estrogen (Pincus, 1957, 1959) Estrogen supplementation appears to m
hibit breakthrough for a few cycles, but eventually this 1s overcome and
a succession of short cycles ensues, averaging after mine eycles of medication
17 6 days, compared to a pretreatment length of 279 days A need for
more potent orally effective compounds with impraved cyclic regulatory
activity was mdicated

III NewER PROGESTATIONAL AGENTS

In studymng the effects in the rabbit of a large vanety of stermd com
pounds, we were struck by the finding that four of them which were quite
active by both oral and subcutaneous routes had quite similar structual
configurations Each of these compounds was classed as a 19 nor steroid
since 1t lacked the angular methyl group containing carbon-19 They were
17a ethynyl 19 nortestosterone (I), 17« ethynyl estra 5,10 eneolone (I1),
17a ethyl 19 nortestosterone (III), and 17« methyl 19 nortestosterone
(IV) With oral admimstration, compound I had been reported by Hertz
et al (1954) to be five times as active as 17« ethynyltestosterone in the
conventional Clauberg assay of progestational activity in the rabbit, and
later was found to be about four times as active 1n women (Hertz ¢f al ,
1956) In 1956 we reported on the comparative biological activity of pro
gesterone and compounds J to IV m six types of test (progestational po
tency by Clauberg assay, ovulation mhibiting iction and mplantation
sustainment 1 rabbits, deciduomagenic and antifertihty potency n rats,
and uterotroprc action m mice), and found that only compound I71 tended
consistently to parallel the action of progesterone (Pincus et al , 19562, b)
Compound II proved to be weakly estrogenic, and I and I7 were relatively
meffective 1n sustaimng implantation 1n the rabbit and deciduoma m the
rat We also reported on the effects of orally admimstered I, I7, and nr
on the normal menstrual cyele 1 women (Rock et al , 1956) Greenblatt
(1956) found compound I to be twice as active as ethynyltestosterone asan
nducer of withdrawal bleeding in women In the same year, Ov erbeeh and
de Visscr (1956) reported on the buologieal activities of IV, and Fern
(1956) found 1t to be fifty times as active as ethynyltestosterone as an
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oral progestm 1n ovariectomized women Also mn 1956 Heller found I and
11 to be singularly potent suppressors of premenstrual tension in women

Since 1956 the number of steroid compounds found to have sigmficant
oral progestational activity has inereased geometrically A list 1s presented
m Thble II of those which have been studied 1n some detail The conven
tional test for the progestational potency of these compounds s the response
of the endometrium of the immature, estrogen primed rabbit (Clauberg
assay) Smnce this test involves a subjective judgment of the degree of
pscudopregnant proliferation seen 1n an appropriately stamed microscope
section {Clauberg, 1930), we have sought 2 more objective method for the
quantitative evaluation of progestational activity and have compared
dosage response curves denved by plammetric measurement of the degree
of glandular dev clopment 1n uterine sections (Pincus and Werthessen, 1937)
and by measurement of uternne carbomie anhydrase concentrations in
Clauberg rabbits (Pincus ef al , 1957) This effect of progesterone on endo
metral carbonie anhydrase, ongmally described by Lutwak Mann (1955),
proved to be as accurate as the microscopic measurement, easily quantifi
able, and amenable to conventional dosage response analysis Accordingly,
we have used this method to determine the relative potency of a group of
the compounds listed i Table 1T (Miyake and Pincus, 1958) Taking the
oral potency of compound VIIZ as 10, we find the relative oral potencies
Iisted m Table ITY

U progestational potency as judged by this assay 1s an index of fertility
controling potency, we would <eem to have a formidable array of orally
active compounds The especially hugh potency of two of them (I'¥ and
XII) would seem to assure us of especially effective substances Further
more, 1n the rabbit the oral effectiyeness of these compounds as ovulation
mlhlbltors roughly parallels the progestational efficiency (Pincus and Mer
i}, 1959)

IV NrwER PROGESTATIONAL AGENTs IN THE NORMAL MENSTRUAL Cx( 1L

Using the regime of admimstration described for oral progesterone, we
have studied the effects of compounds I, II, and III upon the menstrual
cycles of regularly ovulating, normally cyche women (Pimcus, 1908, 1959
Rock and Garea, 1957, Rock et al , 1956, 1957) Since daily dosnges of 10
mg and above gave entirely sumilar results, we present m Iable IV the
mean data for cycle lengths, indexes of ovulation, and steroid excretion
obtamed with subjects studied 1 50 premedieation (control) eycles and
112 medication cycles Agaun on the basis of the ovulation indexes, 2 redue
fion of 88%-100% m ovulation occurred durning cyeles of lengths which
did not differ sigmficantly from those m the controls In contrast to an
insigmficant dechme 1 17 Letosteroid output, a very marked reduction



TABLE I1
ORAL PROGESTINS

Number Compound References
I 17x Ethynyl 19 nortestosterone 1,7,9,10 14, 15,19, 20,
22,93, 27, 30
II 17« Ethynyl estra 5(10)ene 178 ol 3 one 10,16,18 20,22 23 27 28
III 17« Ethyl 19 nortestosterone 7,10,20 22,23 27,29
IV 17a Methyl 19 nortestosterone 6,7,17 20,21,22 23
V  17a Prop;1 19 nortestosterone 20, 26
VI 17a (1 Methallyl) 19 nortestosterone 20, 27
VII 17« Allyl 19 nortestosterone 20
VIII 17« Hydroxyprogesterone 17 acetate 20, 29
IX 172 Hydroxy 6« methylprogesterone 17 ace 11,20, 24 29
tate
X  9a Bromo 11 ketoprogesterone 8,10 29,31
XI  6a 21 Dimethylethisterone 2,12
XII  17a (2 Methally1) 19 nortestosterone 5 25
XIII  9a Fluoro 118 hydroxyprogesterone 8
XIV 12« Bromo 118 hydroxyprogesterone 8
WV 19 Nor 3 (3 oxo 178 OH-4 androsten 17« y1) 13
propionic v lactone
XVI 17« Vinyl 19 nortestosterone 3 26
AVIL 17« Ethynyl 21 methyltestosterone 312
WVIII 17« Ethynyl 21 ethyltestosterone 3,12
AIX  17a Methylestra 5(10) eneolone 3 28
XX  17a Ethylestra 5(10) eneolone 328
X1 17a Propylestra 5(10) encolone 3 28
XXII 9a Bromo 118 hydroxyprogesterone 8
XXIII 9« Chloro 118 hydroxyprogesterone 8
\XIV 9« Fluoro 11 ketoprogesterone 8
AXV 9« Chloro 11 ketoprogesterone 8
XXVI 12a Chloro 118 hydroxyprogesterone 8
XXVII 21 Fluoro 1l acetoxyprogesterone 34
NAVIIT  6x Methyl 17« ethynyltestosterone 312
X3T%  6a Methyl 21 ethyl 17« ¢ thynyltestosterone 3,12

Tey to references

1 Baquero (1957) 17 Jsotsalo (1957}

? Davidetol (1857} 18 Kupperman and Epstein (1957}
3 Drill (1959) 19 McGinty and Djerass: (19 8)
4 Elton (In preparation) {1950) 20 Miyske and Pincus (1058)

5 Elton and Edgren (1958) 21 Overbeek and de Visser (1956)
6§ Yerin (1958)  Pcus (19508)

7 Fenm (1957 23 Pineus ef ol (1958}

8 Fned etal (1958) 24 Bala (1958)

9 Greenblatt (1956) 25 Saunders (1958)
10 Greenblatt (1958) 8 Saunders el (1957a)

11 Greenblatt and Barfield (195%) 27 Saunders and Drill (1958)
12 Hartley et al (1957) 98 Saunders et al (1957D)
13 Heortz and Tullner (1958) ¢ Btuck (1958)

14 Hertz etal (1054 30 Tullner and Hertz (1957)

15 Hertz etal (1056) 31 Wied and Davis (1957

Kistner (1958}

3
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pregnanediol exerction took place, mdieating the reduction of progesterone
secretion to preovulitory levels (Pmcus ¢t al , 1958a) Actually, m a series
of laparotomtes conducted with patients recerving compound I, no newly

TABLE III
PROCESTATIONAL ACTiviTY BY ENDOMETRIAL CARBONIC ANHYDRASE
AssSAY OF A GRrOUP OF PROGESTINS

Compound Relative potency by oral
number administration

I

I
Tix
11%
v
VI
VI
VIIL
I~
NI

e -

Moo WWLNMNWO

-

Ses Table It
b U published data

TABLE IV

Trrecrs oF Turee 19 Nor Steromps vron Levrans of Cyices INDEXEs oF
OvuLATION AND STEROID LcRFTION 1n NORMALLY Ovurative Woumen

Steroid output
Ovulntion tndexes (mg /dy)
< © 7
> ) o £ &
Com .g'? < o é . —%
~ I 11 I
pound) o = & ] E 17 Leto
g 3 t E‘ g = Pregnanediol
g 5 g~ E 1215 ~]| sterod
12| 22 |=i|Eif|Ed
ELEY &2 23|22

_ = o | &

Control] — 40 | 272 2051 88 97 100 [52 2047 34027
I |i040] 62 |285068 5 | 4 0 |48 040|034 0066
I |10-20 34 {267 048 6 7| 12452047030 x 0014

Controll — | 10 |257 £ 0901| 90 100 | 100 {67 £ 086 31 =023
M 1050 16 253 2 22 0 9187 2249031 4038

formed corpora lutea were found (Rock et al, 1957) DMatsumoto (1929)
similarly has seen no evidence of ovulation 1 laparotomies of women re
ceving eychesl treatment with 17
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We were unable to detect any differences 1 potency of I and I7 1n these
studies, although their oral potency as progestins i the rabbit 1884y 1y
different (see Table III) Compound IIT proved a hittle unusual 1n these
studies since 1ts use even at the highest dosages employed was marked
from time to time by breakthrough bleeding, whereas 1n those mnstances
where low dosages of T or IT were marked by breakthrough bleeding, m

TABLE V
ErrecTs oF 17« HYDROXY Ba METHYLPROGFSTERONE 17 ACETATE ALONE ON
NormarLy Crcuic Wougne

Ovulation 1ndex? 3. |2 E

B (B [&
Dose | Rz Cycle 23 j8.la) &8
T | (mg) | number Basal E"td°l £ 1= 3 s H
= temperature x:e na FE |s2|2| @
- 1opsy & [} [« =1
CR | 1-5t021) 1 25 -~ 03=—) 39 | 7]8p

2-22 to 25

Js 1 1,2 19 12 10, 13 26=+4] 29 | 6] —
32=+4+1} 25 { 6| —
I8 4 3 15 15 15=4] 2T |6} —
ED 45t0l7| 1 - nd nd 16 f(nr|BT
MC 8 1,2,3 | - - ~ 9814 f12=4 22 |4|BT
' ! 08=+| 21 [4|BT
12=+| 2 | 5] —
GS 10 123 |+ +? nd | nd 02=~} 27 |nr| -
24=+] 28 |3 —
48=+4+| 2¢ |nr| —

= Abbreviations nd = not dome §p = spottng during medication BT = breskthrough bleediog
- = positive — = pegativé NI = DO recor
% Figures = days of ovulation

creasing the dose led to complete absence of breakthrough (Pineus ef al,
1958a, Rock and Gareia, 1957) Furthermore, we found that the supple
mentation of 7, I1, or III with estrogen served to reduce markedly the
madence of breakthrough, and that of three estrogen supplements studied,
diethylstilbestrol, allenolic acid methyl ether, and ethynylestradiof 3
methyl ether, the latter was most effective in reducing breakthrough to
very low levels A careful study of endometnal biopsies taken at varous
times during medication Jed to the conclusion that each of the 19 nor
steroids very rapidly stimulates the endometrium to progestational re
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<ponse but that after 7-9 days of medication the response of the endometrial
glands fails, whereas the stromal cells continue to be stimulated so that
by the last day of medication o predecidual state 1s ordinanly attained
(Pmcus, 1907, Pincus et al , 19584, Rock et al , 1957, Southam, 1957)

TABLE VI
Errects oF 17a HYDROXY 6 METHYLPROGESTERONE 17 ACETATE IN COMBINATION
wiTH ESTROGEY on Normarry Croric WomeNn

Ovulation imndex® | 5 |3 B
Dose Estrogen |2 & é g Eﬂ < el
- BR | S 8| Basal |Endo | EZ |23 §
g | (mg) (mg ) 2g g o 5 2
2 O 5| temper metmal| &g [F el ¥
& o8 ature fbiopsy [ £ (7| & &
CR 1 ES 005 [23 |— — - = |01e—|30 |5 -

01=~|24|6
ED [45t0 15(ES 002 2 o d nd nd 17 [nr (BT

6-16 to 17
GG 2 (EEME o051 2 (10 11?7 (13 nd|06=u|25]|4| +
nd 35 | 4 |Sp
§8 2 |CEME oo05t 23117 — —[nd 05=cz|25|5] —
01=w]27]5] -
03=—|2 |4 -
Ep 2 [EEME 005 — 12 04=—{23(6 (BT
EP |25 to 6 [EEME 0052 — nd 03=-|20[6{BT
47 to 21

Lr 6 |EEME 0053 — - 02=—|2¢{nr| -
Ga 10 [EEME o053 1 - 02=—| 24 {nr| -

Abbreviations nd = not done Sp = spott ng during medication BT = breakthro gh bleedmg

f-S =d=thyny1 stradicl EEME = ethynylestrad ol 3 methylether + = positive — = negat ve 1r = no
recor

* Figures == days of ovulat on

We have recently conducted similar studies with compounds VI, I'X,
and XI7 To our surprise none of these compounds gave mdication of
ovulation ihibition or progestational effects on the endometrium over a
considerable dosage range (Rock et al, 1959) When, however estrogen
Supplementation was undertaken the effects observed with compounds I,
11, and 11T becume apparent Illustrative examples are given v Tables
Vand VI, where no sigmficant effects except on occurrence of breakthrough
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bleeding are seen when IX 1s admimistered alone, whereas when 1t 15 given
1 adequate dose 1n combination with ethynylestradiol methyl ether, breal
through 15 mnhibited and pregnanediol output 18 reduced to nonovulatory
levels Experiments conducted with the estrogen indicate that 1t alone can
inhubit ovulation (Table VII) On the other hand, 1t has the effect, of indue
mg prolonged periods of menstrual flow and 1t does not exert progesta

TABLE VII
Lrrecrs or Tne 3 MeTHYL ETHER oF ETHYNYLESTRADIOL oN
Normarry Cycric WoMEN

Ovulation 1ndex? é
Pregnane E"A Days
Patient E::e) I:;lg%g: Basal Endo diol f 2l of }:le::
temper | metnal |(mg/day)| 5 g flow
ature biopsy 5}

FM 0 250 123~ —,—|nd 0l=~1 33 8 +
01 =~/ 35 7 +
02=~] 35 8 -

LM 0125 123 (~10 —-[1,122 —j04=~} 30 ? -
00=~] 23 8 -
01 =~ 26 8 -

RP (0125 {1,238 |- -, —{— = —{02=~{3 (5 [~
02 =~4 37 6 -
05=+| 24 6 -

Es (o125 (1,23 -8 —|—,na |o2=~[3 |7 |-
06=x; 23 6 +
01 = -] 37 4 +

JB 005 23 17, 39 - 01=—] 32 6
01 — 1 85 ] ?

3 Abbreviations nd = not done - = pomtive — = negative
3 ¥igures = days of ovulation

tional effects on the endometrium When 1t 1s used 1 combination with &
progestin the periods of flow are of much shorter length (Table VI), and
charactenistic endometrial progestational effects are observed

We are thus confronted with an iteresting endocrine puzzle Certamn
compounds which are extremely potent progestins by ammal test (eg
IX and XIT) appear to be relatively meffective m women unless supple
mented by estrogen On the other hand, compounds of much lower potency
by animal test (e g I and II) are quite actrve There 15 some evidence that
the latter may be converted to estrogens i vwo (Paulsen ef al, 1958), and
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II does have a hmuted intrinsic estrogenic action The inference appears
wescapable that the synthetic progestins (and perhaps also progesterone
ieelf) can exert progestational effects on the endometrium only in the
presence of adequate estrogen

When 1t comes to a consideration of ovulation inhibation, a simmlar
situation appears to obtain In the rabbit the more potent synthetic pro
gestins give every indication of parallel ovulation inbiting potency, but
they are certawnly ineffective mn women over the expected dosage range
Ther potency may be increased by estrogen supplementation, but since
the estrogen studied thus far 1s itself ovulation inhibiting, the role of the
progestins 18 not calculable

V ConrracePTIVE TRIALS

It became apparent from the foregoing clmical studies that contracep
tion would be achieved using the standard regime through the simple act of
ovulation mhibition To have this accompanied by menstrual cycles of
normal length, supplementation with a imited amount of estrogen appeared
requisite Accordingly, 10 mg tablets of compound II were prepared which
ordinanly contamned from 015 to 023 mg of ethynylestradiol methyl
ether, and m Apnil, 1956, contraceptive trials were imtiated 1 San Juan,
Puerto Rico The imtieton of these trials and the methods employed
have been described by Rice Wray (1957) The norethynodrel estrogen
combination ealled Lnovid was distributed 1n vials contaiming twenty of
the 10 mg tablets Tach subject was visited once o month at about the
time of the expected menstruation and given a new supply of tablets At
the time of the visit various details were obtamed concernmg the time of
onset of menstruation, the nature of the menstrual flow, the occurrence of
any reactions that might be attributable to the medication, the number
of days of tablet taking that were missed, and (after some months of study)
the frequency of sexunl mntercourse Each subject was told that if any
unusual events occurred during the course of medication, commumeation
to the physteran n charge was to be made at once

Accounts of the progress of the San Juan trals have been published at
ntervals (Pincus 1957, 1908, 1959, Pincus et al, 19581, b, Rice Wray,
1957) In April, 1947, a second project was established by Dr Clarence
Gamble m a slum area outside of Humacao (R), Puerto Rico A third
Project was mstituted among the matermty clime patients at the Ryder
Memornal Hospital 1n Humacao (P), and i December, 1957, = fourth
Project was instituted by an ad hoc committee of physicians i Port au
Prmce, Hut1 An account of the data of all four projects summanzed to
November 1958, was presented to the Srxth International Planned Parent-
hood Conference m New Delht 1n February, 1959 (Pmeus et al , 1959)



18 GREGORY PINCUS

In Table VIII are presented the data on
on the fertilty of the subjects The contmcepttl:feegfe:ct: ;fog::ul:: dIlzmn
t1on of the data indicated that the occurrence of pregnancy wasa funclt)f:
of the number of days of tablet-taking that were missed m any cycle Thxr;
15 clear from the data of Table IX. The concluston 1s that fathful dal
tablet-taling according to the prescribed regume gives a 99 8% chauceo);
protection agamst conception

TABLE VIII

Tie Fermiuirr or Woxes Taxine Esovip 1w Four ProJECTS
1 Tae WesT InDIES

Number of subjects to Nov 1928 830
Number of active cases 519
\umber of c3cles of medication 8133
MNumber of womsan years 63>
“\fean pregnancy rate before medication 612
\fean pregnancy rate during medication 27
Percentage reduction in pregnancies 9%

& Per 100 woman years

TABLE Ix
PREGNANCIES ACCORDING TO NusseR oF TaBLers Missep
Number of tablets Number Rate per
mussed pregnant 100 woman jears
0 17 02
1-5 5 77
619 n 433

_e® 0 F

The complicating e ents attendant upon the contraceptive use of Enovid
on, (2) amenorrhea

L
were (1) menstruation during the pertod of medica
following cessation of medication, and (3) reactions attributed to the mcd;
cation, such as headache, gastralga, naused, dizzmess, vormting (¢

T ler and Olson, 1959)
)The menstrua’txon durng medicabion oceurred chiefly because of mls*;d
tablet-tahing This 18 evident from the data of ’lab}ie X, b':mb‘;l:gmgné
&
1 8% of short ¢y cles m the 6931 ¢y cles 1n which allege iy no tal It e
then, breakthmugh

was missed, m contrast to the much higher frequencies n cyc

- was omutted Assuming cortect reporting, :

g;‘e;‘t‘:itx;;k;:funed once 1 every 55 eycles of medxczn?n where l:fltzg
rt requency’

ablet-tahmg was practxsed Analyss of the reporte q e

mature menstruation disclosed that the first cycle of med:
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ghest medence ocourred, varyng from $8% to 119% from project
to project and descending to a frequency of about 1 1n GO by the fourth
medieation cy cle, with a rather constant frequency thereafter

Amenorrhea following cessation of medication oceurred 1n ahout 07%
of the cycles Regular menstrustion could usually be re established by o
20 day course of medication Now we routinely request resmtiition of
medicition by the tenth day after the last tablet taking 1f withdrawal flow
fails to occur Lxcept in cases of true pregnancy, eyche periodicsty 18 quickly
re established

Reactions were reported m 102% of the medicatton cycles Here apuin
the highest frcquency of occurrence was in the first cycle of medieation,
rangmg 1n the various projects from 17 % to 38% with a dercent to ouch
lover levels {10% to 97%) by the sixth medication eycle and a chars
fenstic constant frequency thereafter In a donble blind study mvolving

TABIL X
Frequescy or Cycrys 1vss Tiasw 21 DAys 14 Jvyorn
Nuraber of tablets Number Yer cont of Perecnt of
ms ed of eycles total eyelss short cyelen
0 331 82 18
1-5 &1 7 25
6-19 2”1 41 27

placebo admunt tration ver<us true medicatinn, 1o egnificant difference n
the frequency of oceurrence of alleged seaction v as found, nd s g group
of women to whom no admomtinn conecrning o thle reartion ocourrcnc
was given, the frequency was extremely low On the bass of the dsts of
the<e expeniments, 1t 1= dedurble that at least 73% of the reported 5e 10~
tions are psvchogeme This 1« confirmed by the findin,, 1 double Bhind
expenmeent i which ubjects complammng of reactions sere gyen citbee
an antacd or a placcho, that 907 of tho ¢ tabimy thy ntassd dd 5%
of thow takang the placeba reparted rlief of v, mptarss (Pineux, 1975)
Since a proportion of tho-e reporting «de efiects v o ze protrably exbabating
a phy ological reaction to the medication, and soes repart has been gaede
of tranzient jound.ee m enme patnts tabing large deoses of compounds
IIT and [V (Dupming, 1958, %<1 1 1998), 1701t srfunctiom test7 (thyrant
turbidits aod eephahin foeculatt s 1) were condurted stk 138 of the 919
active cae~ m Octobrer 1938 One en s gaoe value out vl the none §
ranze m the cephalin ferlatum e, bt the frequene v about that to
e expeeted in Lnmed rnted woroen i tb e e b e
No erderes of medisntion 1nd 1oed patholors i the seprodnens e f
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In Pable VIII are presented the data on the effects of the medication
on the fertility of the subjects The contraceptive effect 1s obvious Inspec-
tion of the data indicated that the oceurrence of pregnancy was a funetion
of the number of days of tablet takmg that were missed 1n any cycle This
18 clear from the data of Table IX The conclusion 1s that faithful daly
tablet taling according to the preseribed regime gives a 99 8% chance of
protection against conception

TABLD vIII

Tue Fertiniry oF WoMeN Taking Exovip iv Four Proiscrs
I¥ THE WPst INDIES

Number of subjects to Nav , 1958 830
Number of active cases 518
Number of cycles of medication 8133
Number of woman years 635
Mean pregnancy rate before medication 61 26
Mean pregnancy rate during medication 27
Percent duction mn 96

# Per 100 woman years

TABLE Iy
PREGNANCIES ACCORDING TO NumBER oF TaBLETS M1sSED
Number of tablets Number Rate per
mssed pregnant 100 woman years
1] 17 02
1-5 5 77
6-19 1u 43 3

The compheating events attendant upon the contraceptive use of Enovid
were (1) menstruation during the period of medication, (2) amenorrhea
following cessation of medication, and (3) reactions attributed to the med:
cation, such as headache, gastralga, nausea, dizziness, vomiing (cf
I'yler and Olson, 1959)

The menstruation during medication oceurred chiefly because of mussed
tablet taking This 15 evident from the data of Table X, showmg only
1 8% of short cycles i the 6931 cycles i which allegedly no tablet taking
was missed, 1 contrast to the much higher frequencies i cycles where
tablet taking was omuitted Assuming correct reporting, then, breakthrougl;
pleedmg occurred once i every 55 cycles of medication where faithfal
tablet taking was practised Analysis of the reported frequency of pl;:
nature menstruation disclosed that m the first cycle of medication the
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lghest ncidence occurred, varymng from 48% to 119% from project
to project and descending to a frequency of about 1 1m 60 by the fourth
medication cyele, with a rather constant frequency thereafter

Amenorrhea following cessation of medication oecurred m about 07 %
of the cycles Regular menstruation could usually be re established by a
20 day course of medication Now we routinely request reimfiation of
medication by the tenth dwy after the last tablet taking »f withdrawal flow
fails to occur Except in cases of true pregnancy, cyche pertodieity 1s quickly
re established

Reactions were reported in 10 2% of the medication cycles Here agam
the highest frequency of occurrence was in the first cycle of medication,
ranging n the various projects from 17 % to 38 % with a descent to much
lower levels (10% to 97%) by the sixth medication cycle and a charac-
teristic constant frequency thereafter In a double blind study mvolving

TABLE X
Frequency oF Gyetes Less Toax 24 Days v T ENGTR
Number of tablets Number Per cent of Per cent of
mssed of cycles total ¢ycles short cycles
o 6931 852 1
1-5 871 107 285
6-19 331 41 257

placebo adminstration versus true medication, no sigmficant difference m
the frequency of occurrence of alleged reaction was found, and 1 a group
of women to whom no admonition concerning possible reaction occurrence
was given the frequency was extremely low On the basis of the data of
these expertments, 1t 1s deducible that at least 75% of the reported reac
tions are psychogeme This 1s confirmed by the finding 1n a double blind
experiment 1n which subjects complamning of reactions were given erther
an antaeid or a placebo that 90% of those taking the antacid and 65%
of those taking the placebo reported relief of symptoms (Pincus 1959)

Since 4 proportion of those reporting side effects were probably exhibiting
« physiologieal reaction to the medication and since report has been made
of transient jaundice 1 some patients taking large doses of compounds
{1 and IV (Dunning 1958 Seelen, 1958), two liver function tests (thymol
turbidity and cepbalin flocculation) were conducted with 148 of the 519
active cases m October 1958 One case gave values outside the normal
range m the cephahn flocculation test, but this frequency 1s about that to
be expected in unmedicated women 1n the commumity

No evidence of medication mnduced pathology 1n the reproductive tract
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was found on pelvic examination, 1n endometnal biopsies, or i vaginal
smears taken from time to time durmg the course of medication over a
30 month period

An analysis of the subsequent reproductive history of eighty six women
withdrawing from the San Juan project demonstrated a prompt return of
fertihity to normal levels m those not using other forms of contraception

In field tnals conducted m Los Angeles, Tyler and Olson (1959) have
found a sigmficant contraceptive effect of I and I, and have observed
the various menstrual cycle phenomena seen 1n the experiments mn our
West Indies projects

A safe method of contraception 15 indicated by the foregomg determmna
trons This 15 not too surprising since essentially phystological dosages of
progestin and estrogen are administered 1n cychieal fashion, and the devia
tion from normal menstrual pattern nvolves (1) a type of early uterme
pseudopregnancy such as imght occur 1n women ovulating on day 5 of the
cycle, and (2) a failure to ovulate Tests of pitwitary gonadotropic function
mdicate partial suppression of gonadotropm production (Pincus, 1957,
Heller, 1957)

VI ConcLupinG REMARRS

The account presented here has been concerned rather narrowly with
recentstudies of oral progestational agents and their significance for fertiity
control Many, if not all, of the compounds recently studied have rather
diverse biological and ehnical effects Thus 177 and IV are weak androgens
and potent protemn anabolie agents (Dnll, 1959, Dnll and Riegel, 1958),
X 15 a weak glucocorticord (Fried et al, 1958) Antiestrogeme and anti
androgemc activities have been obtamed with several progestins (Drill,
1959) Among those subjected to adequate chinical trial, notable control of
amenorrhea, oligomenorrhex, polymenorrhea, and dysmenorrhea has been
reported (Rakoff, 1059, Southam, 1958, Wemberg, 1957) A rcmarkable
control of endometrioss 1n women has been obtamed, especially with I7
(Kistner, 1958), and the use of progestational agents n the treatment of
threatened and habitual abortion has been the subject of numerous studies
(eg Abramson, 1958, Rakoff, 1959, Rerfenstemn, 1958) An addrtional
number of chnical effects haye been claimed, rangmg from the mduction of
fertthty m anovulatory and other stenile women following the withdrawal
of use (Rakoff, 1959, Roland, 1957) to the therapeutic treatment of osteo
porosis (Nowahowski and Parada, 1958) and postsurgieal conyalescence
(Peden ef al , 1957)

The clinieal effects are doubtless reflections of the relative predommance
of certamm bological activities n the special molecular configurations of
ndrs1dual substances We are far from an understanding of the r¢ lation
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ship ot structure to funetion in these yvamous steroids Certamn smple
findings have been made, e g the lengthening of the o alkyl side chamn at
carbon 17 eventuilly leads to Joss of activity, whereas the reduction of
ring A saturation very nearly ibolishes actrvity (Drill, 1959), but why,
for example, the 17« methyl 19 nortestosterone should retain a degree of
androgenic activity and the 17« propyl dernvative lose 1t, with progesta
tional activity increassmng with the longer side chain, 1s not explained
Turthermore the relationship of the metabolic fate of these compounds
to their biological activity has not been evamined Undoubtedly, direct
studies of biochemical activity at target organs with thig remarkable array
of structuraily diverse substances should be most mformative It 1s already
known, for example that local progestational action on the utermne endo
metrium 18 not exerersed by I and 17, but 1s powerfully exhibited by 11T
and VI (Saunders and Dnill, 1908), suggesting that mn parenteral admims
tration activity 13 by metabolites of I and I7 These metabolites may be
considered smply as additional progestins probably not yet identified
But what structural eonfigurations are demanded? And why 1s VI forty
times as active as JIT 1 the intrauterine assay?

If these and other biological questions that may be raised remamn un
answered, we are certanly 1n default of explanations for the climeal effects
Why, for example, do we see continued potent action on the human endo
metrial stroma accompanted by a regression in the glands? What chemieal
changes are induced in cervieal mucus? What indeed 15 the mechanism of
the ovulation inhubition?

Fmally, considering the contraceptive effect so clearly established, what
are the impleations for the future? We already know that a remarkably
rapid recovery of activity oceurs 1n long time mnhibited ovares as attested
by the demonstration of ovulation following cessation of medication after
twenty or more months Indeed during medication the basic ovogenetic
processes appeat to continue unhindered (Rock and Gareia, 1909), only
the formation of large follicles and corpora lutea 1s inlubited This also
occurs with long term admmstration of Enovid to the rat (Pmcus and
Merrill, 1959) After nearly three years of field study we have seen no
adverse effects of this state of ovaran quiescence

Long term admmstration of Enovid has had no detectable effect on
extrareproductive systems, e g blood (Pincus 1959, Pincus ef af , 1958b)
‘We have conducted urine exammations of most of the West Indies subjects
and have observed no mdications of pathology Some symptoms of gastric
distress mny be due to direct effects of medication (presumably the estrogen
used) on stomach and gut contractiity, but as we have shown these
tend to dimmish to a low level of inctdence and do nat appear to be asso
aiated with detectable abnormahties An improvement 1o general well being



322 GREGORY PINCUS

and a clear weight mcrease with time have, mdeed, been observed m our
West Indies subjects (Pincus et al , 1959)

A very consistent uterne response to the oral contraceptive has been
seen m cycle after cycle (Pieus, 1957, Pincus ef al , 1958b) This appears
to be no different 1 earlv- or late treatment cycles With faithful use of
the medication, a succession of cycles of normal length occurs to such
an extent that an average tendency for more frequent than normal regu
lanty 1s seen (Pincus, 1957, Pincus ef al , 1959) Nonetheless, & more de
tailed study of reproductive tract processes mn long term treatment would
be indubitably desirable With modern analytic micromethods, aspects of
endometrial and cervical mucus biochemistry could be profitably pursued
Thus we have hopes of studying the effects of progestin on the carbome
anhydrase content of human endometnal biopstes Possibihities for studies
of changes m carbohydrate concentrations, the fate of various enzymatic
constituents, etc, exist And these are also studies basic to reproductiie
tract physiology i general The newer progestins offer us further yvariants
brought to bear on the basic processes

Finally, a word concerming future possibilities of fertihty control These
have been ably analyzed by Nelson (1956) It suffices here to say that
several alternative methods should be available There 15 no single method
that will satisfy all men or women, however irrelevant their reasoming and
reactions Any method involving female reproductive tract phenomena
should allow for regular normal menstrual cycles And naturally the physt
ologyeal cost should be mmimal
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and a clear weight increase with time have, indeed, been observed n our
West Indies subjects (Pncus et al , 1959)

A very consistent uterme response to the oral contraceptive has been
seen 1n cycle after cycle (Pmneus, 1957, Pincus et al , 1958b) This appears
to be no different 1n early- or late treatment cycles With fathful use of
the medication, o succession of cycles of normal length occurs to such
an extent that an averige tendency for more frequent than normal regu
larity 15 seen (Pincus, 1957, Pincus et al , 1959) Nonetheless, a more de
tmled study of reproductive tract processes n long term treatment would
be indubitably desirable With modern analytic micromethods, aspects of
endometrial and cervical mucus blochemistry could be profitably pursued
Thus we have hopes of studyng the effects of progestin on the carbonie
anhydrase content of human endometrial biopsies Posstbilities for studies
of changes 1n earbohydrate concentrations, the fate of varous enzymatic
constituents, etc, exist And these are also studies baste to reproductive
tract physiology in general The newer progestins offer us further varnants
brought to bear an the basic processes

Fmally, a word concernig future possibilities of fertiity control These
have been ably analyzed by Nelson (1956) It suffices here to say that
several alte rnative methods should be avadable There 1s no single method
that will satisfy all men or women, however irrelevant their reasoning and
reactions Any method involving female reproductive tract phenomena
should allow for regular normal menstrual cycles And naturally the physi-
ological cost should be minimal
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urinary excretion as index of tetrahy
drofolie acid deficiency 11
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Formiminoglyeine,
punnes and 12
5 Formyl tetrshydrofolic amd denva
tives, 2
growth activity for Pediococcus cere
visiae 2 39
for Streptococcus faecalis 39
N* Formyl tetrahydrofohc
acid 1somerase 6-7
Fungi see also mdividual or;

hepatic fetal 08-09
mcrease 1 brologieal sigmificance
114-118
locahzation 125
punfication 93
role m regulation of carbohydrate
metabolism 91-132
stochemustry 101, 104
mhibtors of, 96
tabol hways of, 107-108

ergothioneine synthesizing 150 160
183-185 187-195

G

Gastrowmtestinal tract

serotomn 1 151
Genistein 208
Glucagon

effect on lwver glucose 6 phosphatase

activity 116

Glucose

blood factors regulating 104

glucose 6 phosphatase and 104-106

Glucose 1 phosphatase

m silkworm blood 93
Glucose 6 phosphatase

activity assay of 93-04

effect of adrenocortical hormones

on 109111, 122 324125
effect of pathol 1 y on,

n viro, 126
Michaelis constant of 114
physiolegy of, 104-108
spearficity 9495
stabihity, 94 96

Glucose 1 phosphate

hydrolysis, 93

Glutamyl peptides

bactenal capsular, 41

Gilutathione
ergothioneine and 166, 167-168, 199
Glycine
degrad folicamd dsand,
10
Glycogen

syntheas glycogen 6 phosphatase ac
tivity «nd, 106-107

Gly cogen storage disease (Von Gierhe's)

effect on liver glucose 6 phosphatase
activity, 120~121

Glycogenolysis
Y

120127
of seurvy on 129
of sham operstions on 124-125
of shock on 128
of X 1rrachation on 129
exprogsion of 97 98
glyconeogenesis and 129
pH optimum for 94
1n regenerating liver 124
regulation of 103-120
dietary 113 117-120
hormonal 108-117
transphosphor; lating 96
specifieity 94-95
biochemistry of 93-98
cytochemmstry of 95-104
distnbution 1n ammal tissues, 98-104
ntracellular 100-104

horylage activity and 92

Gl coneogenests

inerease of 1n diabetes, 115

Gonadotropin

pitwtary maturation of spermatozos
and 307

Growth hormone

effect on glucose 6 phosphatase activ
iy 111

B

5 HIAA, see 5 Hydroxymdoleacetic acid
Bepann

antagonists of 263

1n atherosclerosis 263-264

blood tovemts of pregnancy and 265—
266

cleanng factor and 263

effect of age on plasma levels 263

estrogens and, 264
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Hereymine, 161
ergothioneine and 161, 193, 195
accurrence, 161 194-195
Histamine binding by blood platelets
149

Hisidine
Joerad i, Lgl

acid and, 10-11
ergothioneine and 187-189, 106
purine biosynthess and 15
Hormones, see also individual com
pounds
activity enzymes and 210-211
mode of, 110
enzymes and 92
fibnnolvsis and 276-277
glucose G phosphatase and 108-117
relation of vitamins A E and 236-237
5 Hydroxyindole acetic acid
as metabolite of serotonin 143
urinary exeretion in malignant car
cinoid, 149-150
Hydroxylases see also individual com
pounds
aromatie, oceurrence in liver 136
17« Hydroxy-Ga methylprogesterone 17
acetate 312
effects 1n normally ovulating women
314

oral antifertility setivity 311
Hydroxymethyl tetrahydrofolic acid de
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Hypertension
atherosclerosts and 280
Hypophy sectomy
effect on glucose 6 phosphatase activ
ity 112

Indole compounds
paper chromatography, 134
Indoleamines see also mdividual com
pounds
brochemistry of 133-154
formation from tryptamine 134
Inseet hormones
ptenns as 33
Insulin
eflect on liver glucose 6 phosphatase
115-116
enzymatic degradation ergothioneine
and 198
Tons
effect on glucose 6 phosphatase activ
ity 96
Tsoeitric dehydrogenase
placental as site of estrogen action
215-218
yeast 217
Tsophytol
synthests of 66-69
of racemic vitarmn k., from 69-70

hydrogenase 6
17« Hydrovyprogesterone 17 acetate
312

oral antifertihty netivity 311
5 Hydroxy tryptamine see Serotomn
5 Hydroxytryptophan
formation of 136-137
inhibitors of, 138-139
secretion 1 malignant carcinord 150
serotonin and, 137 138 139-140
5 Hydroxy tryptophan decarboxylase
coenzyme of 138
dopa decarboxylase and 137-138
wetal requirement of 138
oceurrence 137
Properties 138-139
Hyperlipemia,
postabmentary old age and 263
HYPersensmvny
serotomn and 150

biosynthesis 30
X

Kidneys
effect of xanthopterin on 31
Tofler s quinone 58-59

L

Leucine biosynthesis 17
Leucoptenn 28
Leukemia
antifolic acid compounds and 3 8 35
Linoleme acid
requirements sex differences in 277
Lipds see also Serum lipids and mdivid
ual compounds
placental transfer 297
# Lipoprotein
blood levels 1n pregnancy 258
fibrinolysis and 250
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as msect hormones, 33
melanin and 30
of microorgamsms 34, 35
occurrence 28-30
ongm of 32
punnes and 31
unconjugated biologieal importance, 3
1n butterfly wings 32
as eye mgments of Drosophila mu
tants 3
as growth factor for Crithidia fascr
culate 33
occurrence 3
Purine(s)
biosynthesis antafolies and, 14
fohe acid and 13-14
histidine and, 15
vitamins B and, 14
formiminoglyeine and 12
ptenns and, 31
Pyridoxal phosphate
as coenzyme of 5 hydroxytryptophan
decarboxvlase 138
Pyndoxine see also Vitamin Bs
deficiency dental canes and, 240 291
hiver cirrhosis and 291
toxemia of pregnancy and 250
Pyrimethamne (Daraprim)
antimalanal activity resistance to 40
Pyruvate
phosphoroclastic sphtting 10
R
Reserpine
effect on serotonin of blood platelets
148-149 151
Riboflavin
biopterin and 35
biosynthesis folie acrd and 25-26
photosynthesis and 35
role 1n transglycosidation 35
TRibolumazines 25-26
Ribosidases
snhibition by nicotinamide, ergothio
nemne and 199
TRoyal jelly
bioptenn in 35
S
Seurvy
effect on hepatic glucose 6 phospha
tase 129
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Semen
metabolism  ergothioneine and, 197
Serotonin
activitv of, 133
1 bananas 147 150
binding by blood platelets, 147-149
biochemistry of 133-15¢
biosynthesis 134-136
pathway of 134
precursors of, 134
site of, 139
from tryptamine, 135
from tryptophan 135-136
and caranoid tumors 134 137 145
149-150
chmeal chemistry of 149-152
conversion to 5 hydroxyindole 3 acetie
acid 140-141

of and 1ts metabolit;

deter
134
1n gastromntestinal tract 151
5 hydroxytryptophan  decarboxylase
and, 139-140
hypersensitivity and 150
localization 1n ammal tissues 146-149
metabolism of 140~145
1 microorgamsms 145
monoamine oxidase and 143-145
pathways of 146
route of admmstration and 140
naetabolites of
mn unne and tissues of carcinod
patients 145 150
as substrate for moncamine oxidase
141
turnover 1n tissues 145-146
Serum
copper levels, in atherosclerosis and
toxema of pregnancy, 265-271
Serum lipids 251-260 see also sndiadual
compounds
atherosclerosis and 250253
blood clotting and, 260-262
toxemia of pregnancy and, 253-260 272
Serum proteins, see also induidual com
pounds
atherosclerosis and 267
1n normal and pathological pregnancy
266-267
Sodmm
tovceffects potassium mtake and, 248
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Boybean
sterols effect on plasma cholesterol,
276
Spermatozoa
! 1 1

307

Spirdloxanthin, biosynthesis 38
Sprue folic acid deficiency and 17-18 41
unnary excretion of 5 hydroxyindole
acetic acud i 151
Steronds
fertility controlling  see Progestins
oral and tnditidual compounds
folic acid compounds and 36
Stress
eflect on blood constituents 279-280
Sulfhydryl groups
role 1 hepatic glucose 6 phosphatase
activity 97
Sulfonylureas
eflect on hepatic enzymes 127-128

T

TPN, see Trphosphopyndie nucleo
tides
Testes
enzymes of, estrogens and, 215
Testosterone
effect on placcntal enzymes 216
Testosterone dehydrogenase placental

216
Tetrahydrofolic  aerd (5 67 8 Tetrn
hy dropteroylglutamc acid) 2
structure 3
Tetrahy drofolic acrd formylase 5
Thiol histidine 181 193
synthesis of ergothioneine from 162
163

Thymidine
biosynthesis role of vitamin Bys and
folic acid 1n 15 20
Thyrod gland
effect on liver glucose 6 phosphatase
activity 1lo
ergothioneine and 159 178 198
byroid hormone se¢ sl o Thyroune

effect 1n atherosclerosis 276
Thyrotine
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Tissues
antmal, distribution of glucose 6 phos
phatase in 98~104
ergothioneine levels 1, 173
5 hydroxytryptophan dcearboxylase in
137

) effect of h on
196
serotonin turnover in 145146
« Tocopherylquinone 58
Toxemia of pregnancy sce also Preg
naney
abnormal unnary excretionin 272
blood clotting and 261-262
blood cystine 1 243
plasma methionine 1n 243-244
changes 1 blood constituents oceurr
mgmn 250-270
chimeal symptoms 287
diet and 224 225 226~227
effect on development of offspring 289
of vitamuns A and T on 234-236
etology of 250 281
tole of mechameal factors 288
experimental choline deficiency and
8

incidence of 226-227

maem and 239

physical activity and 278 279
plasma methionine and 243 244

role of sodium and potassium 1n 246~

247
serum cholesterol levels in 234
similanties between atherosclerosis
and 223-308
1n climeal symptoms 280 289
therapeutic effect of estrogens in 275~
276 217 2719
vitarmn Bs and  240-242
wvitatmn D and, 238
Transhy drogenase systems
estrogen sensitive occurrence 220
as sites of estrogen action 217-220
structural speafieity 219
placental 217
estradiol dehvdrogenase and 217 ff
Triphosphopyridine, nucleotide
estrogens and 217
Tryptamine
to 135-136

effect on liver glucose 6 phosph
activity 116

of and 134
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occurrence, 133
unnary excretion as index of mono
amino oxidase in man 152
Tryptophan
conversien o serotonmn, 134-135
5 hydroxylation microbial, 136-137
metabohism 1n toxemiy of pregnancy
240
Tryptophan hydroxylase
action of, 136
oceurrence 136, 137
‘Tuberculosis
ergothioneine and 178
Tumors
carcinold, serotomn and 134 137 145,
149-150
glucase 6 phosphatase activity 1n tis
sues of 121-122
hydroxylases 1n, 136
Tyrosme
metabohsm folic acid and, 17
Tjrasine hydroxylase, 137

u

Ubiquinone (30) 74
svnthesis 7475
Uhiquinone(s), 58
Une acd
role 1n atherosclerosiy and pregnancy,
271
serum Jevels Dictmarol and 292
Urothione 28

Uterus
response to oral contraceptives 322
v
Vanadium

dental caries and, 201

effect on cholesterol synthesis, 201
Violacein formation 136
Vegetables

estrogenic activity, 276
Virus infections

folie acad compounds and, 44
Vitamin A

antiestrogeme ¢ ffect, 276

plasma levels pregnancy and 23%

unsaturated fatty acids and 231
Vitamun Bs  see also Pyndoune Pyn

doxal
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deficiency, atherosclerosis and, 240 242
effect on serotonin levels 1 chicks
139-140
pregnancy and, 240-242
Vitammn Bi: atherosclerosis and 291
ergothioneine and, 177
folic acid and 11, 12, 18-19
methonine and 19-20
structural eomponents of, 21~23
Vitamin By, compounds
brosynthesis, possible role of folie acid
compounds 1n, 20-23
Vitamin D
atherosclerosis and, 248 249
eclampsia and, 249
choline and 248
toxic effects of excessive doses 237, 289
deficiency of essential fatty acids
and 290
unsaturated fatty acids and, 231
Vitamin E
effect on blood chalesteral levels 236~
237

estrogen and, 276
unsaturated fatty acids and 231
Vitamin Ky
benzoquinones related to, 58-50
biological actavity side chain and, 78~
80

cytochrome ¢ reductase and 81, 84-83
Dicumarol and, 82
effect 1n vitamn K deficieney, 76
1solation and purnification 55-56
1soprenologs of 74-75
biologieal activity 77
synthesis of, 74
1abeled, preparation of 70 72
occurrence 55
photosynthesis and, 85
structure 54
syntheses 65-72 75
from phytol 65-66, 75
Vitamin Kooy , 58
biosynthesis, 81-52 86
Vitammn Kppn 55, 57
1solation 96-57
1soprenologs of, 73
synthesis of 73-74
structure 5¢
synthesis of 72-73, 86
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Vitamns see also indirtdual compounds
estrogens and 276
Vitarmns B see also induidual com
pounds
punne biosynthens and 14
Vitamins K see also indwidual com
pounds
absorption spectra, 5960, 61 62 6%
1 bacterta 55 57
bioassay of 75-76
biochemstry of 75-87
brological activity metabolie 82-85 86
chemistry of 53-75
configuration 75

359

Vitaming Ky
pounds
biological activity
of 1soprenclogs, 77 78
side chain and 75 78-80
homologs of 55
structure 59
synthests 54

see also wndundual com

w

Wheat germ o1l
effect on serum cholesterol levels 231

X
X Irrad

, effeet of d:
of vitamin Ky 1 76
Dicumsrol and 75 76-77 81 82
distnibution 1n ammal body §2-83
menadione and 55 58 76
nomenclature 545>
nuclear magnetic resonance 60-61 63
64
optical rotation 61 64
physicochemical properties 50-64
role mn respiratory chain phosphoryla
tion 83-85 86
\ ray diffraction pattern 61 63 64

m 76

effect on glucose 6 phosphatase, 129
Xanthine oxidase 31

rofe m pferin biosynthesis 30-33
\anthoptern 28

biosynthesis 20-31

effect on kidney 31

urinary excretion 30

Y

Yeast
ergosterol synthemizing system in 36
ergothioneine of 186-187
synthesis of ubiawminore from 74



