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INTRODUCTION

THE Mustorical development of our knowledge of the thyroid gland has
already been admurably described by Sir Charles Harington 1n hus mono
graph” The Thyrod Gland, tts Chemustry and Physiology®”, 1n Ius book
partrcular attention was pad to the authenticity of the early records and
for thus reason the surt ey was confined to the works of European physicrans
and other sctentists  Spear and McGay ach!#® have also surveyed the early
hustory of gostre, particularly from a medical standpoint  Sir Humphrey
Rolleston!3"s has quoted reports on the treatment of goitre many centuries
ago by the Chinese but we have farled to obtain any evidence which would
establish the validity of such reports e feel that an abnidged version of
this fascinating story would not benefit the reader and we propose to lay
particular emphasis on the developments that have taken place since these
books were wrtten It 1s however impossible to describe these develop
ments without brief reference to some of the historical landmarks
In 1813 Courtois** discovered the element 10dine formed n the manu
facture of saltpetre by the decomposition of calcium mitrate wath burnt
seaveed Seven years later Comndet*$ believing that the time honoured
remedy for goitre burnt sponge might also contain rodine was spurred
to treat goitrous patients with potassium 1odide or tincture of 1odne and
was rewarded with some immediate successes At the same time Fyfe3s:
demonstrated the presence of 10dine 1n the common sponge  Thus led to
a belief now almost universally held, that goitre might be assoctated with
1odine deficiency and in the middle of last century Chatin (see #°1) began
an extensive mnvestigation 1nto the 1odine content of air water soil and
dairy products especially 1n the regions of France Switzetland and Italy
associated with endermc gottre  Chatin s analytical procedures were unfor
tunately inadequate for the task and led to discrepancies as a result of
which the work was largely discredited  Howeser the studies of Marimne
and colleagues (see *°*) early this century re established the connection
between 1odine deficiency and gortre
During the last 30 years of the h century the of the
thyrord gland with varous disorders was gradually recognized Faggesss
m 1871 was probably the first to relate sporadic cretimsm 1n England
with atrophy of the thyraid Three years later Gull®53 described a con-
dition 1n middle aged women i which many of the symptoms of cre
tinism were present Ordi1?¢ described two cases of Gull s disease which
he named myxoedema and showed at autopsy that the thyroid gland of
x1
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one of them had undergone marhed atrophic char ges  Fagges and Ords
observations, though not conclusive 1ndicated an assoctation of a wasted
thyroid gland with cretimsm and myvoedema In 1883, Semon*4® in a
discussion of a case of myxoedema first suggested that cretmism and
myxoedema have a common cause A few years later, hocher®™ and the
brothers Reverdin® *8 published thetr results of a series of thyrotdectomtes
on gortrous patients 1 both publications the immediate effects of surgery
were reported to be good, but later the patients developed conditions
resembling cretimsm?®?® or myxoedemal29®
The results of thyroidectomy i experimental animals were at first com
plicated by the effect of stmultaneous removal of the parathyroid glands
1420 540 739 482 Byt Gley 52 and Hofmester?s? were later able to demon
strate the separate effects of thyroidectomy and parathyroidectomy
The suggestion made by Horsley?® 1n 1890 that thyroid grafang mught
allevate the symptoms of myxoedema was quickly examined by Besten
court and Serrano'®® a lobe of sheep’s thyroid was grafted in a woman
with myxoedema and resulted 1n rapid mmprovement mn the pattent, 1m
1891 Murray#! showed that an 1nyection of thysoid extract also brought
relief to a myxoed woman and later Fox®2¢ and
Mackenziet®? found that oral admunistration of thyroid was equally
effective  Replacement therapy 1n thyroid deficiency mn adults has since
then been widely used and probably represents ‘as perfect a form of
therapy as any known to medicine 08¢
The beneficial effects to goitrous patients of burnt sponge and of 1odine
on the one hand and of thyroid adminstration on the other led hocher
1n 1895 (see #%) to suggest that the thyroid gland mught itself contain
1odine  This was dramatically confirmed by Baumann®®! who found that
a purified product obtamed by acid hydrolysis of thyrotd contamed no
less than 29, of 1odine
The extensive work of Oswald (see Chapter 2) and that of Hutchison?®?
8 on the 10dine contatning protemn of the thyroid thyroglobulin led
eventually to the isolation of the active principle thyroxine by hendall®¢*
in 1915 The determunation of the structure of thyroxine by Harington
€82 %4 finally elucidated the nature of the principal thyroid hormone The
discovery of dirodotyrosine in the thyroid, which was foretold by Harington,
was later demonstrated by him and lus colleagues (see **) and Harington s
early surmse that thyroane was formed 1n the thyroid from duodotyrosine
has since recenved experimental support
Since these major discoveries two techniques have contrnibuted enor
mously to our knowledge of the thyroid gland namely chromatographic
analysts and the use of the radioactnv ¢ 1sotopes of 10dine of which the most
commonly used now 1s **I  The \; of labelling of 10d d
compounds in the body and their chr graph 7 has revealed
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many compounds which arc present 1n amounts too small to detect by less
sensitine methods By this means, dotyrosine and triodothy
(see Chapter 2) have been found in the thyrod gland, truodothyronine has
also been detected 1n the plasma of humans and other arumals this com
pound has moreover been shown to possess a high phystological potency
and has come to be regarded as one of the thyrord hormones These tech
mques have also enabled workers to study the distibution and metabolic
fate of thyroid hormones 'The climical uses of the 1sotopes of 1odine danng
from the worh of Hamilton and Soley®™ 72 have also been extenstvely
studied both 1n the eluad of thyrord dysfy and 1n thyrord
ablation 1n cases of thyrotovicosis and thyroid carcinoma thus work has
been reviened by Means10¢t Riggs'305 Wemer!"8, Chapman and Maloof
370 Rall 124 and others  In the present work only physiological and bio
chemucal studies will be considered in any detail

Other branches of thyroid physiology and pathology which have
advanced rapidly n the past few years relate to the effects of certan food
stuffs and drugs on thyroid function It has been known for a long time
that certain foods especially vegetables of the genus Brassica will produce
gottre tn man and expenimental animals  Concurrently with these studies
has been the dscovery of antithyrord drugs which fall 1nto two categories
those which block the uptake of 1odide by the thyroid gland such as thio-
cyanate’® and perchlorate!?s?, and those which mhibat organic binding of
sodide after 1t has entered the gland these include the sulphonamsdes and
dernatives of thiourea®®® 7% The anuthyrod drugs have had a far
reaching importance for two reasons they have been extensively used in
the treatment of hyperthyroidism?¢%® and they have by their mtnnsic
properties enabled workers 1n the thyroid field to study independently
different stages of thyroid hormone biosynthesis  For this last reason they
will be described 1n some detail later on

In spite of the enormous amount of work that has been done 1 con
nection with the thyroid gland and 1ts active principle, several questions
remain unanswered We do not know by what mechamsm the thyroid
concentrates 1odue from the blood we know practically nothing about
the enzymes involved 1n thyroid hormone biosynthesis the physical
chenustry of the thyroid hormones has recerved lutle attenton lastly
although the overall effects of the thyroid hormones on the whole ammal
are well recognized the mode of action of these hormanes has still to be
discovered  We have attempted 1 the following chapters to unfold the
story of the thyroid hormones and to discover which hypotheses concerming
their biosynthesis mode of action and the aetiology ot thyroid disorders
have recenved experimental support We have also tred to provide the
research workers 1n the fields of thyrord physiology and brochemustry with
as many references to the recent literature as possible







CHAPTER 1

CHEMISTRY OF THYROXINE

Is0LATION OF THYROXINE (KENDALL)

Ov Chnistmas Day 1914 Kendall first isolated the active sodine containing
prnciple of the thyroid gland and reported this work briefly in 1915
(Iendall*®?) he did not howerer describe hus expeniments 1n detail untid
five years later (hendall**) Kendall s origmal hydrolytic procedure con-
sisted in boiling desiceated thyroid with alcoholic alkalt later he substi-
tuted fresh thyroid glands for the dred matenal and performed the hydro
Iysis with aqueous sodrum hydroude Aadifi gave an 1nsolubl
product which, after various punfications, was obtamned as a white crystal
hne powder contamning 65% 1ochne  From other analytical data hendall
and Osterberg®* ascribed to the compound the empincal formula
CuH,OyNI; The compound gave the pine splinter test characterstic of
ndoles and 2 deep purple red colour on treating with mitrous acid 1n

lcohohc hydrochlonc acid followed by with The
positive pne splinter test suggested to Kendall that the compound was
an indole denvative and he named 1t thyroun (In England a terminal

¢ has been added to conform with the convention for naming basic
substances ) From these data, kendall proposed that thyroxine was a
trihydro trnedooxindole propronuc acid with the structural formula

1

IC@:CH. CH, COOH
I N0

H

In the light of Harington s subsequent work Kendall s 1solation must have
nvolved great losses he ultimately obtamed 33 g of pure thyroxne from
nearly 3 tons of pig thyroid

ImprOVED METHOD FOR THE ISOLATION OF THYROXINE (HARINGTON)
Although Oswald!t#1 1122 had falled to obtain etther duodotyrosine or
any active 1odine containing compound from thyroglobulin using strong
baryta hydrolysis nevertheless hns success 1n ssolating duodotyrosine from
other natural and artificial 10doproteins {Oswald?*#3-%) led Harington®*® to
1
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Preaipitate Precipatate

~N 7

Hydrol 40% baryta, 18 hr

Insol Basalts

Decomp { NaOIf + N2,50,
Ppt | H,S0,

Crude thyroune
Dissolve | 01xK,CO,

Potassium thyroxine

Dissolve | alkaline alcohol

Ppt acetic acid

‘Thyroune

CONSTITUTION OF DESIODOTHYROXINE
Harnngton s*8? attack on the problem of the of thy
was first directed tawards the pound d doth b d by
catalytic hydrogenation of thyroune this had the empirical formula
CH,ON Potash fusion of this compound at 250 C and 320 C led to
different products At the lower temperature the mamn product was a
monohydnc phenol Cy3H;;0; this was accompanied by some p hydrovy
benzoicacid At the hugher temperature potash fusion yielded p hydroxy-

benzoic acid quinol and some ammonia and oxahc acid
B
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re examune baryta as a possible hydrolytic agent for thyroid substance,
Ius preliminary experiments showed that an imitial short hydrolysis with
dilute baryta led to a considerable concentration of acid 1nsoluble 10dine,
furthermore the matersal had a hight colour m contrast with the dark
products obtained after hydrolysis with sodium hydroude The whole
procedure worked out by Harington was as follows Desiccated thyroid
was boiled under reflux for 5-6 hr with ten parts of 10% crystalline baryta
(Ba(OH), 8H,0) After standing for some hours the solution deposited
a heavy precipitate which was separated by filtration and set on one side
for further working up  The filtrate was acidified with hydrochloric-acid
to pH 34 which caused precipitation of material contaimng 25-30%, of
the total 10dine m the desiccated thyrord Thus precipitate was then
subjected to further hydrolysis by heating on a steam bath for 18 hr with
40%, baryta The 1nsoluble barium salt obtained on cooling was decom
posed with hot sodium hydrouide contmning sodium sulphate  Actdifi-
catson of the filtrate from the barium sulphate with sulphuric acid gave a
heavy granular precipitate of thyroxine Ths was punfied by dissolving
1n seventy five parts boiling 0 1 N sodium or potasstum carbonate from
which the thyroxne salt separated as a white crystalline powder This
was finally crystallized by dissolving 1n 80% alcohol centaining a httle
sodum hydroxide and acidifying the hot solution with acetic acid

The 1nsoluble bartum salts collected from several runs of the mild baryta
hydrolysis were then worked up they were decomposed with sodwm
hydrowde solution contarming sodm sulphate and the filtrate from the
barium sulphate was acaidified with hydrochloric aad  The precipitate

b d was then sub d to hydrolysis with 409 baryta and the

subsequent working up for thyrovne was the same as that described above
The punfied thyroxine melted with decomposition at 231~233°C It had
C,2414 H 174 N 187 and1 653% Cy,HONI, requires C 23 18
H 142 N 180 I 653% Asa consequence of the alkahne hydrolysts
the thyrowne was optically mactive  The ov erall yield of thyroxine was
about 0 12%, of the desiccated gland or twenty five times that obtamned
by hendall

A duagram of Hanngton s 1solation of thyroune from desiccated thyrord
1s gven below

Desiceated thyroid
Hydrol l 5-6r 10% baryta
Insoluble Ba salts + Tiltrate
Decomp | NaOH - Na,SO, Ppt j HCl
ppt § HCL

Precipitate Preaipitate
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From these three degradations st was therefore concluded that desiodo
thyroune 18 a dipheny! ether with a propionic acid side-chamn with the

constitution
HO@—O——@CH, CH(NH,) COOH

This was confirmed by the following synthesis
SYNTHESIS OF DESIoDOTHYROXINT. (HARINGTON'??)
p-Bromoanisole was condensed with phenol in the presence of potassium

hydrode and copper to give 4 methoxyphenoxybenzene this was con-
vertedto4 (4 -methoxyphenoxy)benzaldehyde by the Gattermann method

RoH
CH,O@Br + HO@
a0

KCN

CH,0O: O CH C—CO CH,0
oo g0 o o e
NH NH

N, 7
co TH fo
co NH

c
cx—x,o@-o@c"a

HI+ \ P HI+ /P
HO@—O—@CH, CH(NH,) cOOH
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CISHISOKN
Potash fusion

250 320°C
HO@C,H,O HO@OH + HO@COOH

+
HO@COOH + (COOH) + NH,

The fact that only one oxygen atom of the product of the milder fusion
was phenolic together with the formation of quinol under the more drastic
conditions suggested that the second oxygen atom probably united two
benzene ings HO C,H, O CH,CH, The formation of oxalic acid
and ammonta further suggested the possibility of an amino acd side chain
attached to one of the rings

Exhaustive methylation of desiodothyroxine 1n alkaline solution yielded
an unsaturated acid C,,H,,0, and trimethyl , alkaline per
owudation of the unsaturated acid gave an aldehyde, CyH,,0; and oxalic
acid

CyH; 0N
Exhaustive methylation

|

(CHa):N -+ CyH,,0; (aldehyde)
KMnO,
C,,H,,0, (stable acid)

If the tnmethylamine had come from the amino group of an « amino 2ctd
residue 1n the molecule then the reaction could be formulated thus

HO C,H, O CH, CH(NH, COOH
(CH,),80, j KOH
CH,0 C,H,0 CH CH COOH + N(CHj),
KMrO,
CH,0 CuH,0 CHO 4 (COOH),
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1 I
CH,O@— (o] —@COOH
I 1

Synthesis of Thyroxme

3 5 Duodo 4-(4 -methoxyphenoxy)benzonitrile was converted to the
aldehyde by a modification of Stephen s method The aldehyde was then
converted to an azlactone by condensation with huppuricacid  Hydrolysis
of the azlactone yielded « benzarmido 3 5 duodo-4 (4 methoxyphenoxy)-
cinnamee 2aid, this was reduced and demethylated with hydnedic acid
and acetic acid to « amino B [3 5 duodo-4 {4 hydro<yphenoxy)phenyl}
propromc acid which on 1odination 1n ammonia gave « amino B {3 5
duodo 4 (3 5 duodo 4 -hydroxyphenoxy)phenyl] propionic actd (thyro-
xme) ‘This compound was optically inactive as was that obtamned from
desiceated thyroid by baryta hydrolysis

1
0o
1 1
1
CH,OQOOCHO
1
|,
CH=0©—O Oca c—co
|
I N O
b3
Ne’ e,

I
HO@—O—@CH, CH(NH,) COOH

I

nE
HO@—O——@CH, CH(NH,) COOH

I 1
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Two reactions were then used for the synthesis of desiodothyroxine
(I) condensation of the aldehyde with glycine anhydnde, (II) conden
sation of the aldehyde with hydanton  Both condensation products on
boiling with hydriodic acid and red phosphorus gave desiodothyroxine
which was 1dentical with the product obtained by catalytic reduction of
thyrouine Hanngton named the compound thyronine

A new synthesis of thyromine m which greatly improved yields of
4 (4 methoxyphenoxy)benzaldehyde were obtamned was later described by
Harington and Pitt-Rivers®?®

ConsTITUTION OF THYROYINE (HARINGTON AND BARGER®®Y)

The synthesis of thyromne established the structure of thyrowune except
for the orientation of the 1odine atoms The fact that thyroune and
duodotyrosine both give a purple colour with nitrous acid and ammonta
a property of ortho duodophencls together with the likelihood suggested
by Hanington®s® that thyroxine was formed 1n the thyrod from two mole
cules of duedotyrosine indicated that thyroxine would have the following

formula
I 1
HOOOOCH, CH(NH,) COOH
I 1

This was proved to be correct by degradation and synthesis

Degradation
(1) Potash fusion of thyrowune led to products which could not be

punified The mixtures turned black on treating with alkal indicating
the formation of pyrogallo! like compounds

{2) Exhaustive methylation of thyroxine caused a breakdown similar to
that obtamned with thyronine, giving an unsaturated acid C,H,,0,1,
With alkaline permanganate this gave an aldehy de C,,H,0,1, which could
be further axrdized with permanganate to a stable acid C, \H,0,0;, The
constitution of this stable acsd was proved by the following synthests
Truod t was d d with quinol monomethy! ether to gne
3 5 duodo-4 (4 methoxyphenoxy)mtrobenzene Reduction of the nitro
compound to the amino ¢ d followed by d ton and treatment
with cuprous cyanide gave the utrile  Simultaneous demethylation and
hydrolysis with hydnodic and accuc’ acds gave 3 5 dnodo-4 4 hy droxy-
phenoxy)benzoie actd  Finally » n | solution pave
3 5ducdo4(3 5 -duodo-4 ~hydroxyphenovy )benzoic acid the methy|
ether of which was identical with the aad C,,H,O,I, obtained by degra-

dation of thyroxine
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-
H,N@—O—@CH, CH(NHCOC,H,) COOH
I

Catalync!r reduction

H,N@— o] —OCH, CH(NHCOCH,) COOH

Drazotization | bosling HCI

HO@—O—@C}X, CH(NH,) COOH

Since thyromne obtained by this synthess and by catalytic detodination
of . thyroune had the same optrcal rotation the configurative relattonship
between L thyroune and 1 tyrosine was proved

L Thyrovine from Aerobic Incubation of 1-Duodotyrosine Dervatites

Aerobic 1ncubation of L-duodotyrosine denvatives in muldly alkaline
solution leads to the formation of L thyroune derivatives this reaction
will be discussed fully elsewhere Pitt Rivers!®® showed that N acetyl
L thyrovine obtamned in this manner gave nse on aad hydrolysis to
L thyroune with an optical rotation considerably hugher than that obtaned
by resolution of the pL compound, her sample had [«]% —5 40° in alkaline
alcoholic solution

Synthesis of L Thyrovine and Allied Compounds from L. Tyronne

A senies of researches by Hems and his colleagues a few years ago led
1o an excellent synthess of L thyroxine from L tyrosine ‘The synthesis
under the best conditions worked out imvolved protection of the amino
group of the tyrosine by acetylation and of the carboxyl group by estert
fication and gave an overall yield of L thyroxine of 26%2%% The reactions
were as follows L tyrosine was mtrated with a mixture of mitric and
sulphuric acids to give 3 5 dinutrotyrosine, this was acetylated and ester
fied and treated with p toluenesulphonyl chlonde 1n pynidine grvng
3 5 dinitro-4 toluene p sulphoxy-N acetyl L tyrosine ethyl ester Con
densation with p methoxyphenol gave 3 5 dinitro 4 methoxyphenoxy N-
acetyl L. phenylalanine ethyl ester The mtro groups were then catalytic-
ally reduced to amino groups the product was diazotized 1n sulphuric and
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L-THYROYXINE

L-Thyroune was obtamned for the first time by resolution of the (~) a-
phenylethylamine salt of formyl pL-duodothyronme®®  Hydrolysis of
formyl 1. duodotyrosine followed by 1odmation gave L thyroune, when
dissolved 1n 66% alcohol contaiung 0 16N-NaQH 1t had [«]3},—3 2°
p-Thyroxine was simularly obtained and had [o] 3%, + 2 97°

L-Thyroune was also obtained from thyroid matersal by Hanington and
Salter™ by successive peptic and tryptic hydrolyses, their matersal, 1n
atkaline alcoholic solution had [e)ge—35  Later, Foster Palmer and
Leland®® obtatned L thyroxine by hydrolysing pig thyroids with pepsin
followed by a glycerol extract of pig intestinal mucosa, the product thus
obtained was subjected to a final hydrolysis with 2n sulphuric acid and
yielded L-thyroxine with [a]p—4 4° when dissolved tn alkaline alcohol
J The configurative relattonship between thyroxine and L tyrosine was

rated mn 1934 by C: i, Harngton and Randali®®  Since
duodotyrosine could not be used for the Ullmann dipheny! ether conden
sation, the problem was approached indirectly 'The first stage involved
the formation of L thyronine from L thyroune by catalytic deiodination
and gave L-thyronine with []5e+-122° The second stage involved the
synthesis of thyromne from L tyrosine, this was achieved as follows
N benzoyl-L tyrosine ethyl ester was condensed with 3 4 5 truodonutro-
benzene to give ethyl « benzamido § [4 (2 6 dnodo 4 mitrophenoxy)
phenyl]propionate  Hydrolysis of the ester followed by reduction of the
mtro group gave a-benzamudo-B [4 (2 6 duodo-4 aminophenoxy)
phenyl]propiomic acsd  The two 10dine atoms were removed by catalytic
reduction and the amino compound was diazotized and boiled with hydro
chlonicacid This led to thyronine which had [a]sye-+13 3 when dissolved
1n a mixture of alcohol and N HCL

I
0,N®I+HO©CH, CH(NHCOC,H;) COOC,H,
T

1
O,NQ_O_QCH, CH(NHCOCH,) COOG,H,

1
Hydrolysts lrcduciwn (ferrous sulphate baryta)
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H, l palladized charcoal
H\N
CH,O@—O—@CH, CH(NHCOCH,) COOC,H;
H,N

nitnte | sulphunc acid

I

CH,OQ_O—OCH, CH(NHCOCH,) COOC,H,

1
HI | acetic acid

1
Ho©_o \* )CH CH(NH,) COOH
Y
1

1odine | inaq ethylamine

1 I
HO@\O—<\ />CH, CH(NH,) COOH
i I
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acetic acids and treated with sodium 10dide, whence 3 5 duodo-4 p
methoxy-N-acetyl L phenylalanune ethyl ester was obtained This com-
pound, on boihng for 4 hr with hydriodic and acetic acids, gave 3 5
duodo L-thyromne, 1odination of the latter was performed n 339,
aqueous ethylamine and the L-thyroune thus obtained had []8 —57 1n
alkaline alcoholic solution A similar synthesis was achieved by protecting
the amino and carboxyl groups of tyrosine by formation of a hydantomn
nng  This work has led to the preparation of many denvatives and
analogues Df thyromn0187 386 304 428 121 120

HO@CH, CH(NH;) COOH

HNO, l H,80,
O,N
HO@CH, CH(NH,) COOH
o.N
o,N J
HO@CH, CH(NHCOCH,) COOH
o,N

oN
HO@CH, CH(NHCOCH,) COOC,H,
o,N

p-Toluenesulphonyl | p methoxyphenol
chlonide pynidine

oN
cH,oﬁ\—O—QCHa CH(MHCOCH,) €O0CH,
o

N
£
B, l palladized charcoal
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from the ymitial value of 8 3-8 6, when this eccurs the detodinase of the
thyrord will then exert its effcct We have found in this laboratory
that the amounts of 10dotyrosines obtamed by tryptic hydrolysis of rat
thyroid tend to fall, and the todide tends to nise if sufficient buffer 15 not
used to mantarn the pH above 8 The danger of detodinase action taking
place1s enhanced 1f hydrolysis 1s carnied out tn a buffer containing avolatile
base such as ammonum chlonde ammoma

A consideration of the distribution of 1odine 0 the thyroid gland was
made by Haringtons#t €99 after the successful 1solation of dunodotyrosine
He concluded, after taking 1nto account the amounts of thyroune and
duodotyrosine obtained and the amount of 1odine formed by destruction
duning hydrolysis that these two ammo aads were the only 1odine-
contanung compounds in the gland  For some years there was no reason
to doubt the vahdity of thts deduction

Mon0IODOTYROSINE

The discovery of chromatographtc analysis and the asailabihity of the
radioacttve 1sotope of 1edine, 311 have revolutionized thyroid biochemstry
1n recent years  ‘The first di that these tech might be
used together for the study of 10dine metabolism 1n the thyroid was made
by Fink et al 443, rats were mnjected with 3*1I jodide and killed 1-2 days
Iater their thyrouds were Temoy ed nnd hydrolysed with baryta thc
hydrolysates were then ch d 1n vanous solvents pr
collidine and phenol together withnon rad ethyroxne, duod;
and 1odide The radioactivity on the chromatograms was revealed by
exposure on % ray film Ninhydrin was used to develop the amno acid
carrters jodide was developed by spmymg with silver nitrate which gave
2 dark spos on exp tohght R y corresponding to the three
carners was found there were besides other radioactive spots on the
chromatograms but these were not 1dentified

Inthe following year, ka and Fink*®? demonstrated by similar methods
the p of 3 osthe 1 rat thyroid hydralysates this was
confirmed by Tishkoff et a/1*1% Since then many workers have shown
that after the admumstration of ¥ todide the thyroid glands of humans
and laboratory ammals contamn labelled monotodotyrosme but so far no
one has yet obi crystzlhnc doty from thyrord substance
Ludwig and von ) "9 oh d an 10dine com
pound from the mother liquors of baryta hydrolyses of 1odinated casein
after removal of thyroxine and duodotyrosine they characterized 1t as

by ek y analysis this was supported by 1ts

10dination to duudotyrosme and 1ts catalytic hydrogenation to tyrosine
Herriott72® has reported monotodotyrosine as the ch ef product 1solated
after baryta hydrolysss of 10dinated pepsin




CHAPTER 2

THE IODINATED COMPOUNDS OF THE
THYROID GLAND

DIIODOTYROSINE

It was not until 14 years after the discovery of thyroxine that Hanington
and Randall*®® demonstrated the presence of 3 5 duodotyrosine in thyroid
substance Their method entailed a step wise baryta hydrolysis followed
by 2 long fractionation 1nto acid soluble and 2c1d 1nsoluble compounds
During the procedure 1odide was formed, indicating constderable destruc
tion of the duodotyrosine The yields of thyroune and duodotyrosine
from 250 g desiccated thyroid were 300 mg and 225 mg respectively,
184 mg rodide (as Agl) were also obtamned  As a result of alkalne hydro
lysis the duodotyrosme was optically imactive Later Harington and
Randall?® 1solated 1 duodotyrosme from a crude preparation of thyro
globulin by peptic and tryptic digestion, 1t had [a]p + 2 75° 1 N HCI
solution

Many years before Oswald!*®! had tried to solate duodotyrosine from
thyroglobulin using concentrated baryta as the hydrolytic agent but had
faled he had also attempted to extract the active principle of the thyroid
by trypuc digestion  Nesther the active principle nor duodotyrosine was
obtamed by this means These fallures ment some comment The
destruction of duodotyrosme by baryta observed by Harington cannot
have been responsible for the absence of duodotyrosine in Oswald s hydro
lysate  Indeed Foster®!® obtaned a high yreld of duodotyrosine from
thyroglobulin using concentrated baryta It 1s more likely that the prea
pitant used by Oswald namely phosphotungstic acid did not bring down
the duodotyrosine from his dilute hydrolysate Foster used phosphotung
stic acid to remoye smpursties from his solution which was three times as
concentrated as Oswalds and remarked that only a little of hus acid
soluble sodine was precipitated at this stage he finally 1solated duodo
tyrosine as the lead salt  With trypsin Oswald s hydrolyses were accom
pamed by the formatian of excesstie amounts of rodide a clue to this may
be found 1n the discovery by Roche ef al 1342 that the thyroid possesses an
enzyme which can derodinate duodotyrosine when it 1s present as the frec
amino 2ad  but not when 1t 1s bound 1n peptide hinkage  The opumum

H for this reaction 13 about 6 During the course of a tryptic digestion
of thyroglobulin duodotyromne will be liberated and the pH may fall

12
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attempt to alter the other end of the moleculc, 1 ¢ the duodophenol group
The first compound prepared with thus end in view was 3 5 3 trodo
thyrorune obtaned by 1odinating 3 5 duodothyronme 1 ammontacal
solution with two atoms of 1odine only

1 1
m@—o-@m, CH(NH, )COOH
o

Two dimensional chromatography 1n butanol acetic actd and butanol
diovan ammonia showed that trodothyrontne and Unhnown 1 had
wdentical R values 1n these solvent systems®®! and 1t was therefore highly
probable that the two were 1dentical (see Itg 1) Tt thercfore became
essentral to 1solate truodothyromine from the thyroid gland to complete
the identification Thus was finally achiered 1n the following way  Fresh-
frozen ox thyrotd was partially defatted minced and hydrolysed tn 5 kg
batches 1n ammonum chloride ammonia urea buffer with powdered
trypsin at 37°C  The hydrolysate was then brought to pH 4 with hydro-
chlonc acid and chilled The preci which sep d was collected
and while wet was extracted repeatedly with chloroform to remove tarry
products and fat It was then dissolved i 28-NaOH and extracted twice
with # butanol ‘The butanol extracts were concentrated to dryness the
zestdue was dissolved 1n water and brought to pH 3—4 with hydrochloric
acd  The precip thus ob d was collected washed with chloro
form and petrol and dried Repeated ether extraction of the dried material
gave a powder which contaned much thyroune 1 order to remove most
of the latter the powder was extracted with boiling 2§ hydrochloric acid
and the filtrate from undissolved thyroune was neutralized with alkaly
The resull precip however stll d thyroune Final punft
cation was effected by separating thyroune from truodothyronme on a
kieselguhr column and eluting with chloroform butanal NaQH?®4: 613

The trnodothyronine fraction was d to dryness
dissolved 1 water and brought to pH 4 with a mixture of hydrachlone
and acetic acids A final purification was effected by dissolving the amino
acid 1n boiling 2% HCl  On slow cooling the hydrochlonde separated in
spear shaped needles which had a melting point of 201-203 C and also
decomposed at this point The mixed melting pomt with synthetc
L truodothyronine hydrochlornde was not depressed the natural hydro
chloride had T 5549 C,,H,;O,NI, HCl requires T 55 4%,

Crystallographic examimation of the free amino acid and of 1ts hydro
chloride®*? also showed that 1t was identical with synthetic 3 5 3 -
trnodo L thyronine

Whale this work was in progress Roche et al 1327 1338 stmultaneously
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Two syntheses of monotodotyrosine have been described The first, by
Harnington and Pitt Rivers®®’ consists of monomtration of tyrosme
followed by reduction to 3 ammotyrosne Thus 1s converted to 3 10do
tyrosine by diazotization and treatment wath potassium 1odide 1n acid
solution Unfortunately this method has not proved useful in the hands
of other workers owing to a faulty description of the 1solatton of monetodo
tyrosine the step involving neutraltzation with ammoma of an agueous
sulphuric acid solution of dotyrosine has been dentally omutted
from the description and without this addition the amino acid does not
separate even from the concentrated solution

A simple preparation of monorodotyrosine has also been described by
Pitt Rivers 5 This merely consists of the 1odination of tyrosine in
ammomacal solution the product 1s always contaminated with 2 hitle
duodotyrosine, but 13 ad for chre graphic 1dentification of
biological materials

TRIIODOTHYRONINE

The work of Leblond Gross and colleagues®®? €3¢ ¢33 was the starting
point for a systematic investigation of new 1odinated compounds mn the
thyroid These workers adminustered 3] to rats by subcutaneous injection
and killed the animals at various ttme intervals thereafter The thyroid
glands were removed, homogemzed and extracted with » butanol The
concentrated butanol etracts were analysed with carrier thyroxine duode
and mono 1odotyrosines and 10dide by two dimenstonal chromatography
Separation of the 1odine contaning compounds was effected first with
butanol saturated with 2N acetic acid and then with butanol dioxan 2N
ammona (4 1 5) All the carriers corresponded with radioactive spots
on the chromatograms revealed by autoradiography Bestdes the known
compounds three radioactive spots appeared which did not correspond
with any hnown compounds  One of these compounds named Unknown 1
had an Rp value identical with that of thyroxine in butanol acetic actd
and very simlar to 1t 1n butanol dioxan ammonia  Further Unknown 1
was the only todinated compound besides thyroune and todide to be found
1n the blood of these ammals  Gross and Pitt Rivers®# later showed that
Unknown 1 was present in the plasma of patients who had been treated
with therap doses of radroiodine and the 1d 1on of Unk 1
was therefore attempted  The similanty between the R values of thyrox
1ne and the unknown compound suggested that they were probably struc-
turally related and a number of dernatives of thyroxine synthesized by
Harnngton and co worhers®? 38 235 were used as carriers on chromato
grams contaning Unknown 1 None of these corresponded with the
unknown compound These thyroxine derivatives all possessed modified
side chans  Tadlure to 1dentify Unknown 1 with any of them led to an
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Fig ¢

Autorad ogram of two d mensonal chromatog:
of rat thyro d fissue 16 hir after injection of a traces dose of ™1 Solvent systeme s ertical
7 butanat saturated weth 2% acetic acid horizontsl a butanot diovan 2+ NI (415
O =orn SF — solventfront Ty = thyroune T, = truodathy ronine AT = mona-
todotyrosne. DIT = ¢ odotyrosme I = wdide ather spots unknown {from Gross and
Puz Revers unpublished)

zam of rad oactive products of hdrolysis
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reported the synthests of 3 5 3 truodothyronine from 3 5 duodothyro-
nine and 1ts chomatographic detection m rat thyroid hydrolysates after the
admunustration of 231 Since that tume the presence of truodothyronne m
rat thyrowds has been confirmed 9 #49, 3t has been found m the thyrods
of humans®%, a teleost (Periophthalmus koelreuten), Protopterus annectens
Owen#4¢ 947 and the d fow1457  Truedott has again been
demonstrated 1n human blood*® and 1n blaod from the thyraid ven of
the sheep horse and calfiss2

Some physical properties of thyroxine and related compounds are given
mn Appendix B

Orner IoDINATED THYRONINES

Two other 1odinated thyronines!3*® have been detected 1n rats’ thyroids
with the ad of radwacuve rodme and chromatography, namely 3 3 -
dnodothyronme and 3 3 5 trnodothyromine, the former but not the
latter has also been detected m the blood Roche et a7 have also
1dentified these compounds in pigs thyroid, and have characterized them
by a number of colour reactions Both these compounds appear to be
formed 1n very small and their s as yet firmed,

BiOLOGICAL SIGNIFICANCE OF THE JODOTHYRONINES

Before pr ding to a d of the brosynth of the thyrod
hormone 1t would be as well to pause to consider which products of the
thyroid extubit physsological activity  Soon after the discoveryof 3 5 3~
truodothy ronine 1t was found to possess even greater activity than thyro
xne 1n preventing throuracl induced goitre n rats and n sumulating
oxygen consumption 1n laboratory animals and in hypothyrord humans
Detailed references to the mass of work which has been done on the
potency of 3 5 3 truodothyromne 2 tizo wall be found in Chapter 5
It 15 only reported here to show that 3 5 3 -trnodothyronme by virtue
of 1ty activaty, should be included nith thyroxine as a thyrord hormone

If we now consider the tsomenic truodothyronme and 3 3 duodo-
thyronme, their inclusson among the thyrord hormones cannot at present
be jusufied 3 3 5 -Truodothyronune 1s virtually inactive?® in the
gottre prevention assay and i tadpole metamorphosis tests the activity
of 3 3 -duodathyronine 1s at present debatable  Roche and co workers!?#s
claum a relatrvely high potency for this compound of the order of 70-80%,
that of thyroxine Stasiil: et af 1% Brownstone and Pitt Ruvers (unpub-
lished) and Halmu (personal commumcation), on the other hand have
found httle or no antigoitrogenic activity by the goitre prevennon method
when the pound was given 1 100 times greater than a highly
acure dose of thyroune  The discrepancy here may be due to the fact
that the 3 3 -duodothyronine onginally used by Roche and co-workers

-
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was prepared m such 2 way that the presence of small amounts of the
hnghly active 3 5 3 -trnodothyromine could not be excluded, while the
matenal used by Brownstone and Pitt Rivers was synthestzed by 2 method®
1n which no possibility of 3 5 3 -truodothy formation eusted

Because of the above considerations the discussion on the biosynthests
of the thyroid hormones will be confined to thyroxineand 3 5 3 truodo~
thyronune

OTHIR Ionmnm Ammo Acms

AL dohstidine  was phscally fied by Roche
et al13¢0 10 331 labelled rat thyroxd hydroly but thc d |
were small Recently Block et al 182 have shown by similar methods that
duodohistidine 13 also present in the thyrotd  The physiologteal signsficance
of these compounds s not known

*3 3 Duod was d by Mdtzer lnd Stanaback (personal commun;
cation} 1n the following manner a by h y) etonamic
actd was reduced to the 3 amino compound dmzonzed -nd converted to the 3 10do-com

und and hydrol ledto 3 which on 10d; gave
3 3 duodothyronine Rochc et al 1330 have recently published a sinular synthesis of
3 iodothyronine
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(1) ForataTioN of THyROXINE FROV DIIODOTYROSINE 2 t1tro

The first experimental support for Harington s suggestion that thyroxne
was formed from diodotyrosine 1n the thyrowd gland came from the work
of Ludwig and von Mutzenbecher®®! 1n 1939, these authors showed that
when casein 1s todinated 1n a mildly alkaline buffer the resulting 1odo
protein yields on hydrolysis thyrowine together with mono and di 1odo
tyrosine  In the same year von Mutzenbecher!!®$ showed that when
duodoty rosine was incubated at 37°C at pH 10 small amounts of thyroune
were obtained  These unexpected findings were soon confirmed$?s 8¢ 9%
and have formed the basis of extensive studies on the production of artt
ficwal 10dopratemns with high biological activity!?80 1220 2282 1344 the
practical importance of these proteins 1s mentioned 1 Chapter 5

The mechamsm of the conversion of duodotyrosine to thyrowne was
first studied by Johnson and Tewkesbury®* in a brief report these
authors claimed that the stde chain which 1s sphit off during the reaction
appeared 1 the reaction medm as pyruvic acid but did not state the
method of identification used  Harington®®? presented a theoretteal model
for the oudatne conversion of duodotyrosine to thyroxine and later
showed with Pitt Rivers®?® that the reaction was indeed an oxidative one
and did not proceed 1n the absence of oxygen or in the presence of thio ¥
sufphate the rate of comversion was accelerated by the action of oxidizing
agents such as perovde and 10dine

Later Pitt Riverst® © showed that protectton of both the ammo and
carboxyl groups of duodotyrostne led to greatly increased yields of the
thyroune dernvative thus while duodotyrosine 1tself only gave 4% of
thyroune (caleulated on the amount of duodotyrosine lost dunng the
reaction) N acetylduodotyrosine gave a net yield of 259, of N acetyl
thyroune and N acetylduodotyrosylglutamic acid gave 35%, of N acetyl
thyroxylglutamic acid  In these studies an unsuccessful attempt
was made to determme the nature of the side chain lost during the
reaction

Sela and Sarid440 have studsed the formation of thyrovne during the
1odination of poly L tyrosine and have shown that serine 1s also formed
during the reaction no quantitative relationship between thyrowne (and
triodothyronine) on the one hand and serine on the other was established
Recently Pitt Rivers and James!??® have shown that duning the aerobic
mcubation of the acetylduodotyrosyl peptide o N acetyl € (I acetyl
dnodotyrosyl)lysie « N acetyl & (IV acetylthyroxyl)lysine ts formed m
yields as high as 509, net at the same time acetamide and ¢ hydroxy
pyruvoyl o IV acetyllysine (1solated as the p bromophenylhydrazone) are
formed 1n amounts molecularly equivalent to the amount of the thyrovine
denvative obtained

c
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CHAPTER 3

BIOSYNTHESIS OF THE THYROID HORMONES

It has been known for many years that the thyroid gland concentrates
sodide from the bloed and converts it to organically bound rodime  As
long ago 25 1914 Blum and Grutzner?®s showed that the thyrod of the
dog increased sts 1odine content after the admumstration of potassim
s0dide and retaned the stored 10dime for 2 considerable ime  Manne and
co worhers®® * 1 9 found that the thyroids of dogs concentrated sodide
when perfused with potasssum rodide both w2 vro and a1 witre hyper-
plastic glands concentrated morve 1odsde than normal glands  The uptake
of todide 2 vitro depended on the ussue being viable and was mhubited
by cyamde maamal uptahes were observed when the concentration of
sedide 1n the perfusate was low  These authors showed that most of the
10dine tahen up by the glands could not be removed by perfusion  Blum?**
sugpested that the thyraid contains an  todase  which converts wdide to
sodsne and thereby enables 1t to be incorporated n organic hnkage This
behef 15 stadl held today The bound rodsne first appears 1g the 10dotyrosines
and Iater m thyrovine and trodothy rontne

Hanngton? suggested that thyroune was demved 1 the thyrod by
the coupling of tho molecules of duodotyrosine and the loss of an alanine
side chain

X

1

I T
zxo@o@czr, CH(MNH,) COOH
I T

As we chall see this theory has since recen ed much support both from

expensments i citre and in tizo
18



PIOSYNTHESIS OF THE THYROID HORMONES 21l

contuning 14 mg of sodum 10dide ‘The results obtaned can therefore
have only a qualitatne sigmficance, and do not reflect the physiologieal
processes taking place When todine 1s taken up by the (h) roud gland

Perlman ef ol 11°* first d ated the profc between
the uptake of a tracer dose of radioactve Todide (*111) and the uptakes
of doses to which different amounts of stable wdide were added In rats
guen tracer doses 659% of the admunrstered dose was found in the thyroid
1-2 days after the mjection when 30 pg 11 was added to the 19, the
uptake was reduced to 7% of the administered dose and was reduced still
further {to 29%) when 500 pg 11 was gnen  Perlman of o/ 1 further
studied the yncorporation of tracer doses of 1] nta sheep and rat thyrowds
sn v1eo and 1dentified Iabelled thyroxine like and duodotyrosine like com-
pounds obtaned by butanol fractionation  In the thyroids of both spectes
the ¥ in the diodotyrosine fractuon exceeded that mn the thyroune
fraction at all ttmes but the thyroune fraction tnereased with time  Mann
et al '™ admmstered 3% to dogs 1n tracer doses and analysed the thyroids
at different nime intenals after the dose for total ** and #27{ and for 1L
and 170 10 the norgamc and thyroune like fractians their results were in
agreement with those of Perlman ¢f 2/ and they concluded that
duodotyrosime 15 the precursor of thyroune in the thyroid gland

Later Morton and Chashoffit*5 investigated the upake of 23 i rat
dog and sheep thyroud shices 1n 2 buffer containng small amounts of stable
rodide {01 pg/mi) and found that these shces incorporated 10dide 1nto
duodotyrosine and thyroune the shces from rat thyroids were the most
active

Since this early work the presence of monoiodotyrosine and triodo
thyrorune in the thyroid has alse been demonstrated (see Chapter 2) At
thus stage therefore we may propose a scheme whereby odine 15 meta-
bolized mn the thyrod gland

¥ (a) The thyroid gland concentrates sodide from the erculation

(b) Yodide 1s ouidized to 10dime and tneorporated into tyrosine molecules
first as monoodotyrosine

(€) Further sodation of monotodotyrosine yrelds duodotyrosine

(d} Coupling of two molecules of duodotyrasine leads to the formation
of thyroxme

(e) Truodothyronme can be synthesized by two pathways (1) by a
coupling similar to lhat involved 1n the formation of thyroxme
which one mol of dotyrosne and one molecule of

duodotyrosme tahe part (u) by a partal derodination of
thytoxine
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1 NH COCH,
e
2 Ho@cx{, CH NH COCH,
N 4
1 CONH(CH), CH
J{ COOH
1 1 /NH CO CH,
HO 0 — CH, CH NH COCH,
A\ N Y
I I CONH(CH,), CH
COOH
NH COCH,

/
+NH; COCH,+HOCH CO CO NH(CH), CH
COOH

It 15 not known whether erther serne or hydroxypyruvic acid are formed
duning the biosynthesis of thyroxine 1n the thyraid gland, but esther com-
pound would be a likely product of the 3 carbon side chain which 1s lost
duning thus reaction Tt 13 not intended to suggest that the mechamism of
formation of thyrovine i vitro necessanily represents a model for thyroune
formation mn the thyroid gland

(II) Brosy~THEsts OF Tuk Tuvrolp HORMONES m v110 STUDIED WITH
Raproactive IsoTorrs ofF Iobing

Early expenments on 10dine metabolism in the thyroids of experimental
animals with radioisotopes of todine were made with 128 which has a
half bfe of 25 mn™? 133 230 928 Anel of ol % ysed mixtures of 2%
and 12T (half bfe 125 hr) in their studies 1 rabbits  The 1sotope of
1odine 11 which has a half fe of 8 days was first used by Hamilton
and Soley to imvestigate 1odine metabolism 1n normal humans and m
patients with hypo and hyper thyroidism and vanous types of gontre In
all these studies quoted above large doses of stable 1odide (2271) were
given with the radwactine 1sotope thus Leblond et al ** gave 750 pg
stable 10dide to rats Hertz et al 1% gave 5 mg of stable 10dide to rabbuts
and Hamulton and Soley ™ 72 adminstered 3] to humans in solutions
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methods Dzierman®!® showed that extracts of the protease could be
obtained from rat and guinea pig thyroid glands by 60% glycerol water
extraction such extracts hydrolysed edestin at pH 4 and the proteolytic
actiity was enhanced by cysteme  hamner ef af *® found that dog
thyroids could liberate tyrosine from hacmoglobin 1n aqueous acetic acid
at pH 3 55, Weiss!?® showed that beef thyrod had a peptidase activity
atpH? 28 4 and a protease activty which was maximal at pH 4, pro
teolytic actvaty disappeared in the physiological pH range  Roche ef ol 233
showed that extracts of 1] labelled thyroid from the dog and pig hiberated
1] sodotyrosines and thyroxine when incubated at 37°C and pH3 5
Trikojus and co worhersi®s? 1981 have obtained the most highly punfied
preparations of thyroid protease and have shown that 1t possesses peptidase
activity 1n the same pH range as pepsin - Alpers and colleagues®® 37 have
also partially punfied the thyrod p by phosphate pr of
saline extracts of rat thyroid and have demonstrated its ability to hydrolysc
thyroglobulmn by ul nfugal analysis ' labelled thyroglobulin was
shm\n to yield non dialysable fractions as well as thyroune the 10do
tyrosines and 1odide  The enzyme preparation was active over a pH range
between 25 and 5 5 with maximum activity at pH4 9  Clements * has
demonstrated proteolytic activity in the thyroid of the dogfish (S¢3 horhinus
cameula) and has found that glands from female fish were more active than
those from male fish (sce Leloup®*s)

Under normal conditions thyroxne and triodothy ronine are the only
sodinated amino acids to be secreted into the blood neither monoiodo
tyrosine nor duodoty rosine escapes from the thyroid gland Roche Michel ™
and coll 1355 1342 ¢ d some years ago that thyroid slices
were able to detodinate free mono and duodotyrostne but had no action
on these amino acids when they were bound i thyroglobulin further
these workers were unable to demonstrate any action of the thyrord
detodinase on thyroxine or truodothyromne  For this reason they con-
cluded that tnsodothyronine could not anse 1n the thyroud gland by partial
detodmation of thyroune but must be formed by the coupling of one
molecule of monotodotyrosine with one molecule of duodetyrosine
Recently Tata (unpublished) has found that pig thyrord delodinase
derodinates thyroxine readily if 1t 1s free from blood proteins However
truodothyronine has not been detected The 10dotyrosines are not bound
to these proteins and are therefore Lable to attack by the detodinase the
todide thus liberated 1s presumably recycled 1n thyroid hormone synthests

In normal thyroid tissue the 1odide that enters the gland 1s almost
immedsately bound 1n orgamic hnkage although some sodide 15 always
present and indeed may return to the arculation without undergoing
organfication®*#! 731 The appearance of labelled 10dinated amino actds
1n thyroid tissue after mjection of 131 1s shown 1 Fig 2 Tt will be seen
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Both mech may lead 1 ly to the formation of truodo
thyronine in the gland  Fvidence for and agamst these two pathways will
be discussed later
Very httle 1s known about the enzymes responsible for these reactions
1t has been postulated that the comversion of 10dide to 10dine could be
mediated by a thyroid peroxidase and Dempsey?®4 has obtained hsto
chermical evidence of peroudase actinity 1n the thyrotd cells De Robertis
and Grasso®™ also described perovidase activaty 1n both cells and collord
of rat tissue  Gloch®®® was unable to 1solate peroxidase or demonstrate 1ts
presence 1n thyroid tissue however 1t has been pointed out by Astwood™
that the amount of perouidase required to oxidize amounts of 10dide 1
thyrotd tissue suitable for manometric estimations 1s so small that any-
quantitative assessment would be virtually impossible  Keston®s? showed
that 10dination of tyroste 1n casemn could be brought about with 1odide
after the addition of flavine oxidase Both Wess?704 and Fawcett and
Rarkwood*¢® claimed that cell free thyrod preparations to which copper
had been added could 1adinate free tyrosine from rodide but not tyrosine
bound n protein 1n both reports the amounts of copper used were very
large and the more recent work of Taurog and his colleagues!®s? 18%°
using a particulate fraction from sheep s thyroids consistng of mito
chondna and rmicrosomes has demonstrated that sodination tahes place on
bound tyrosine molecules in the absence of added copper further, the
addition of flavine co factors greatly enhanced this 1odinating system  The
pH optimum both 1n the presence and absence of flavine co factors was
between 9 and 10 1t was suggested?63* that thus might be due to increased
somzation of the phenolic group at the high pH or to the formation of
some active form of todine but the possibility was not excluded that this
pH was the optimum for 10dide oxidizing actvity of the enzyme
It 15 not yet known whether 10dination in the thyroid gland occurs when
tyrosine 1s free or when 1t 1s bound 1n the protein but 1t 1s likely from the
work of Taurog and co workers cited in the previous paragraph that
mono- and dnodotyrosine are formed from tyrosine bound 1n the thyro
globulin molecule  Neither 13 1t known whether the coupling reaction of
duodotyrosine to form thyroxine occurs with free or bound duodotyrosine
the coupling of duodotyrosme dernvatives 1 titrg'? ¢ 1 2% which oceurs
~ery readily suggests that thyrowne 15 formed from bound duodotyrosine
1n the gland
Most of the thyroidal 1odine 15 stored 1n thyroglobulin and the latter
must be hydrolysed before the hormone can be secreted into the airculation
(see Chapter 4) The eustence of a thyroid protease was first demon
J strated by histochemical methods by De Robertis®*** in the calloid from
e follicles of rat thyrosd  De Robertis and \owinskhi37 demonstrated
al and pathological human thyrowds by simylar

singl
protease actiaty 10 norm:
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other worhers Hogben?$? and Spaulto? showed that metamorphosis of
axolotls was precipitated by the admunstration of anterior pituitary extracts

Uhblenhuth and Schwartzbach!®®¢ made similar observations in other
spectes of salamanders and found that treatment with anterior pitwitary
extracts was followed by hyperplastic changes 1n the thyroid  Smuth1e3
clearly demonstrated atrophy 1n the thy roid of the ratafter hypophysectomy
and showed that this could be reversed by pituitary transplants  Aron®
admumstered pituitary extracts to guinea pgs and obsersed hypertrophy

of thyroid epithellum ncrease 1n thyroid weight and massive secretion of
colloid, this stimulation could be reversed by simultaneous administration
of thyroune’* *3 Eitel ¢t al 423 and Closs et al *** found that the thyroidal
strmulation by prtuttary extracts in guinea pigs was accompanied by a
decrease 1n 1ts 10dine content. Schockaert and Foster!4?* also reported
depletion of thyroidal rodine after admimistration of pinuitary extracts in
duchs

The compensatory hypertrophy of the rat thyroid observed by Logothe-
topoulos and Dontach®32 after partsal thyroidectomy probably results from
the d of thyrod lating hormone (thyrotrophun
TSH) which follows the temporary fall 1n circulating thyroid hormone
level Fontaine$?! has shown that after thyroidectomy 1n rats the plasma
Ievel of TSH nises and that of the pitwitary falls these changes are directly
proportional to the amount of the thyroid gland removed Fontane con
cludes that this has a bearing on compensatory hypertrophy of the thyroid
after parttal thyroidectomy

It 15 evident therefore that the thyroid and antertor pituttary glands
control each other by what has been describedas a  feedback mechanism
1n the healthy ammal this insures an adequate but not excessive amount of
thyroid hormone for the regulation of metabohc processesSts ¢ 1e8:

It has been suspected for a long time that the pitwitary must play some
partin Graves disease The symulatities seen 1n thyroid function i thyro-
tovicosis and n ammals treated with TSH are very stnking but neither
changes 1n the pituitary nor increased levels of crrculating TSH have been
demonstrated 1n hyperthyroid patients®®! 752 1064 1271 The role of the
pituttary in the aetiology of hyperthyroidism remains to be established
although the work of Sonenberg ez al 293 on the lubition of normal and
pathological thyroid function by partrally acetylated ToH suggests that ,
hyperactivity of the antertor pituitary may be a causal factor in Graves
disease

The effects of hypophysectomy on the thyrotd have also been recognized
for many years Paulesco (see Cushing®#t) showed that hypophysectomy
n dogs resulted 1n symptoms sumlar to those described by Kocher®?
after removal of the thyroids of goitrous patients Cushing3# observed
svolution of the thyroid m hypophy d dogs

e 1
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Distribution of *¥1I 1 the principal 1odinated amino acids of hydrolssed rat thyreid gland
1n function of time after the admimstration of *iI MIT = monoiodotyrostne DIT =
duodotyrosme T, = thyroune

that monotodotyrosine first appears, and that as 1t decltnes the amount of
dnodotyrosine increases simularly thyroune 1s formed at the expense of
duodotyrosine Hence monoiodoty rostne 1s the precursor of duodotyrosine

and duodotyrosine the precursor of thyroxine The precursor product
relationshup between duodotyrosine and thyroune foreseen by Harng

ton®®® was mdurectly demonstrated by Mann et af 11? and later by Taurog
o ql 1385

(IIT) Facrors THAT INFLUENCE ThyROID FUNCTION

(a) The Psturtary Thyrod Relationship
It 15 impossible to understand the work that has been done towards the
elucidation of the nature of thyroid hormone brosynthesis wathout first
ing the ] tup between the thyrod and pitwitary
glands Tn many of these studies the effects of hypophysectomy have been
examned 1n conjunction with the effects of antithyroid drugs and a brief
description of the mutual control of these two glands 1s therefore necessary
More than 100 years ago Niépce!17 observed that the antertor pituitary
glands of cretins and goitrous humans and arumals were markedly hyper-
trophied  Later Rogowitscht?” showed that thy rodectomy also resulted
1n anterior pituitary hypertrophy , this hypertrophy could however?® pe
reversed by adminmistration of thyrord substance The effects of antenior
pitustary extracts on the thyrod glands of animals has been studied by
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Brown Grant?3? has postulated an tothe feedback mechan
ssm whereby the hypothal ntral of TSH by the prtustary
by removing thyrotd hormene from the artenal blood supply to psturtary
He argues that pitwitary stalk section would destroy the portal blood
supply, which would result 1n a lugher thyroid hormone concentration i
the anterior prtuitary and a consequent decrease of thyrod activity on the
other hand l of the hypothal would be followed by
increased blood flow and withdrawal of thyroid hormone from the pituitary
which would result 1n increased TSH sccretion and thyroid activity

It 1s clear from the findings discussed above that the secretion of TSH
(and trophic hormones) from the antertor ptuttary 1s influenced by the
hypothal: the actual mech of this control 13 not conclusively
established

(8) Deetary Factors

(2) Todime—Before discussing the biosynthesis of the thyroid hormone
m 11zo 1t 1s necessary to consider the effects of certain nutnitional factors
that wnfluence the thyrod gland  As we have already seen (Introduction)
Chatin attempted more than 100 years 2go to associate endemic goitre 1n
certain parts of Lurope with the todine content of water and foodstuffs
doubts wete however cast on hus work and for many years the relationship
between 1odine deficiency and goitre was ignored

The extensive studies of Manne and hus colleagues on 1odine prophylaxis
and goitre in Ohuo reawakened interest in the subject and were followed by
sumilar 1nvestigations by Remington tn various parts of America by
Klinger and von Fellenberg 1n Switzerland and by Hercus in New Zealand
(see 15 1178 631) The relationship between 1odine deficiency and goitre 1s
described 1n Chapter 9 and will not be considered further at this pornt It
1s now generally accepted that the level of dietary 10dine 15 of paramount
smportance for the proper working of the thyroid gland At the present
time Greenwald®? €1 15 one of the few who contends that endemic goitre
and 1odine deficiency are unrelated

In ammals 1odine defictency also results mn thyroid hyperplasia
Remungton and co workers®>” *58 have related 10dine mtake to goitre 1n
rats and devised a low 1odine diet which 1s much used today for studzes m
1wdine deficiency m rats  Thus diet contains enly 15 pg of 1odine per kg
and affords a daily intake of 014 pg of 1odine per rat Remungton and
colleagues showed that a diet contaming 265 g of 10dine per kg prevented
the development of gostres 1n their anmals and caused the regression of
goitres already present It has been suggested that the Remington diet
contains an active goitrogen thus problem has recently been 1nvestigated
by Axelrad ez al ®  None of the constituents was found to be gostrogenic
except chloride when this was omutted from the diet a pronounced
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i tadpoles has been shown to prevent metamorphosis?#? 81 In ratsst
hypophysectomy results i a fall in the BMR (basal metabolic rate) a
shortening of the life span'**¢ and a loss of activity®®  In man, the absence
of pituttary function 1s followed by symptoms which include those of
hypothyrotdism14#5 482 952 1042 Ths syndrome does not concern us n
the present discussion and the effects of hypophysectomy will be con-
sidered 1n the following section 1n so far as they affect thyroid hormone
biosynthesis

Some mention must be made of the role of the hypothalamus 1n TSH
secretion by the pitwtary  Pitwtary stalk section has been repeatedly
shownles? 388 21 123 204-6 708 232 45 ypterfere with thyroid function
Greer®?! 62 624 has found that bilateral electrolytic lesions m the hypo
thalamus of the rat interfered wath the hyperplastic response of the thyrord
to the feeding of thiouracit but did not nterfere with the 10dide concen
trating mechanism  He therefore postulated the existence of two anterior! /
pituitary secretions one which stimulated the growth of thyroid follicular
cells and the other which stimulated 10dide concentration Halmi and
colleagues®®® 192 have also studied the effects of hypophysectomy and
bilateral hypothalamic lestons on thyrod function in rats but find no
necessity for postulating two thyroid stimulating hormones VanderLaan
and Caplan®®? support Halmu ez af %83 1n this contention rather than
Greert22

Early work on the effect of hypothalamic sttmulation on thyrord function
has been cntically reviewed by Harns?% and wiil not be discussed Pro
longed electrical stumul of the hypothal was shown by Colfer ¢
to produce hstological signs of increased thyroidal activity in rats and
rabbits but Green and Harris (see %) could not obtain any evidence of a
nse sn BMR 1n rabbits that had recewved such hypothalamic stimulation,
however they dered that the deter ton of BMR 1n rabbits might
not be a sensive enough index of thyroid actruty to warrant any con
clusions Harns and Woods™? have shown that electrical stimulatton of
the hypothalamus usually results 1n a depression of 3] release from the
thyrord glands of normal rabbits 1n adrenal d rabbits d
on cortisone stumulation of the hypothalamus (tuber cinereum) caused a
marked increase of thyrotdal secretion of 1311 the authors have explained
these results as follows 1n the normal rabbit stimulation of the tuber
cinereum  enkh the lib of ad phic  hormone
(ACTH) from the pituitary gland and thereby increases the concentration
of adrenal sterords 1n the blood these tend to inhibit the release of TSH
from the pituntary and thyroid fi 13 dep d In the adrenal
mized rabbit mamtamed on cortisone 1 of the hypothal
cannot result 1n an ncrease of circulating adrenal sterords but wall resule
1n an increase 1n TSH secretion wath a consequent rise 1n thyrotd actiaty




BIOSYNTHESIS OF THE THYROID HORMONES 29

The nature of the Brassica goitrogens has also been studied Mustard
oils or ssoth tc of the Brassica genus,
were first considered Marine et al 1928 tested several of them i rats but
found that none exhibited any goitrogenic properties  Organic cyamdes,
also important constituents of Brassicae, were however found to be goitro
genie though cumously enough thiocyanate was not  Rchter and
Clisby™®t discovered that phenylthiourea was goitrogentc 1n rats and
shortly afternards Kennedy #48 suggested that allylthiourea mught be a
natural goitrogen

In 1949, Astwood ef al 7% 1solated an antithyrord compound from the
yellow turnip (rutabaga) Astwood and hus colleagues showed that this was
the cyclized dervative of an ssothiocy L-5 viny! 2 thiooxazolid:

CH,—NH

| i
H,C CH CH CS8
N/

‘The vinyIthiooxazolidone does not exist as such 1n the yellow turmp 1t
eustsin a combined form from which st is liberated by enzymic action®® ¢ ©
If the turmp or other vegetabl g this compound are cooked therr
goitrogenic activity 1s destroyed  Greer®3 has recently isolated the pre
cursor (progoitrin) of L 5 vinyl 2 thiooxazolidone (goitrin) and has
shown it to be 2 glucoside related to L. 2 hydroxy 3 butenylisothracyanate
he has attnbuted to 1t the structure

080,

C § C,H,,0,
I!I CH, CH CH CH,
OH
However the work of Etthnger and Lundeen®s® on the structure of the

mustard ol glucosides sinigrin and sialbin proves that the structure of
progoitrnin must be

OH

|
CH, CH CH CH,
C § CgH,,0,

I
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decrease 1 thyroid weight was observed the goitrogemaity of large
amounts of chlonide 1n the rat has since been estabhished®!  Chapman??*
demonstrated marked hypertrophy 1n the thyroids of rats maintained on a
low 1odine diet for 55 days  Leblond and Mann® ? also found hyperplastic
changes 1n rats thyroids on a low 10dine diet for 70 days and these glands
showed a high 1311 uptake Maloof et al1%7 ohserved an increased 131
uptake and thyroid s1ze 1n rats that had only been on a Remington diet for
11 days Money et al %% found that enlargement of rat thyrords did not
appear for more than 3 months on a low 1odine diet although ncreased
31T uptake 1n these animals appeared very soon after the diet was started

Halmi%5? also was unable to detect morphological evidence of thyrotrophic
activation of the thyroids in rats after 19-20 days on a Remington diet but
found that the thyroid/serum todide rattos in these ammals were much
hugher than those 1n animals fed on 2 high 10dine diet

(1z) Gostrogens 1 food—Duets rich in protein fat and carbohydrate and
deficient 1n vitamins have all been held responsible for the development
of goitres these factors cannot however be shown to affect biochemical
and physiological function of the thyroid 1n a direct manner, and will not
be discussed here The reader 1s referred to the review by Greer®® for a
description of this work

The recognition that certain foodstuffs interfere with 10dine metabolism
1n the thyroid stems from the discovery by Chesney e af 3 that rabbits
fed exclusively on cabbage developed enormous goitres These findings
were soon confirmed 1n other laboratones and other foodstuffs were shown
to possess goitrogenic properties these mncluded a number of Brassicae ,
such as caulifower brussels sprouts and turnps102s 10 ¢ Hercus and
Purves?#$ found that the seeds of certatn Brassicae notably those of cab
bage rape and mustard were gortrogenic when fed to rats and they
reported goitres in sheep fed on large amounts of turmp Cabbage goitre
m rats was found to be r ble by the ad ration of 10didet?90 1081,
and soya bean goitre in rats was also reversed by iodide®* however,
McCarnison*®! and hennedy and Purves®*® could not entirely reverse
s0ya bean or Brassica goitre in rats with 1odide

The cabbage gostre of Chesney et al 2°* differs from the gortre that
follows the ingestion of Brassica seeds i that the former 1s reversible
by administration of 1odide while the latter 1s not 1t can only be reversed
by admmstration of thyroune or related compounds These natural
gotrogens have a simular action to that of the annthyroid drugs (see
Section C) and interfere with organic binding of rodine 1n the thyroud!s¢
A most significant finding on the mode of action of these gortrogens was

made when Gnesbach ef af 2 reported that hypophysectomy prevented
the desclopment of goitres 1n rats fed rape
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that the drugs nterfered in some way with thyroid hormone synthess

This work 1mmediately suggested the possible usefulness of the antt
thyroid drugs 1n the control of hyperthyrowdism s man and in the
following years an enormous amount of work was done to find antithyroid
agents with the maximum therapeutic effect and the minimum toweity
This work has led to the discovery of the activity of the subsututed
theourzails and other thiocarbamide dervatives (aminothiazoles and mer

captorrmdazoles)
SH SH NH, SH
| | | |
C. C. C. C.
VRN 7N\ VAR 7\
NH NH, HN N N S I\i’ IIIH
| [
0=C CH CH=CH HC=CH
N’
H
Thiourea 2 Thiouraail 2 Amino 2 Mercap-
(thiocarbarmide) thiazole toimdazole

For reviews on the antithyroid drugs the reader s referred to Astwood®? ¢
McGinty2%57, Trotterl®3 VanderLaan and Storre’®¢* Astwood and
Solomon?#

At first no clear differentiation was seen between the mode of action of
thiocyanate on the one hand the thiocarbamides on the other but the fact
that thiocyanate action could be reversed by administration of 1odide while
the action of the thiourea denivatives could only be reversed by thyroxine
demonstrated that the two types of drugs acted at different levels of thyroid
hormone biosynthests These properties of the antithyroid drugs have
been used to study independently the concentration of 1odde by the thyrord
and 1ts 1corp mto thyroglobulin (sectton V)  Nerther thiocyanate
nor perchlorate completely inhibits 10dide uptake by the thyrord but the
amount of todmne which gets into the gland probably represents that which
enters by simple diffusion organic binding 1s not inhubited and this small
amount of 1odide has recently been shown to be incorporated into the
1dotyrosines and thyrowne! 27 When the binding of 1odine 1s blacked
by propylthiouracil the thyroid serum 1odide ratio increases to many
tunes the normal value and all the 10dine 1n the gland 1s present as rodide
1088 1470 1384 Tiys effect 15 abolished by hypophysectomy!¢¢#

The 1ntubition of thyroid hormone synthesss 1n the thyrod results in a
decrease and finally a disappearance of circulating thyroid hormone as a
result of thus the brake on the prtuitary 1s removed and 1t secretes an
increased amount of thyrotrophin this 1n turn produces the hyperplastic
changes in the thyroild The degree of infubition of thiouracil induced




30 ROSALIND PITT-RIVERS JAMSHED R TATA

Clements and Wishart?®® have shown that m Tasmana and certam
parts of Australsa, the milk of cows fed the Brassica chou moellier contains
an active goitrogen  Goutres developed 1 schoolchildren donfung this
mitk and were not prevented by the weekly admmstration of 10mg
potasstum todide further calves fed on chou moeliter showed marked
thyrowdal hyperplasia and extracts of chou moeliter produced goitresin rats
and nterfered with 31T uptake by the thyroid  Wright1753 has recently
demanstrated that the milk of animals fed hale contams a thiocyanate type
of gotrogen  this milk was able to discharge ¥ from the thyroid glands
of rabbits pre treated with propylthiouracil further 1t contained 4 6 mg
thiocyanate per 100 mi compared with 0 8 mg per 100 ml 1n mulk from
cows fed on pasture

The goitrogeme activity of groundnut (peanut Arachis by pogaca)tsit 134
(see Mutr Ree 16 19 (1958)) and other foodstuffs®2® 27 has also been
studied  Although many of the foods tested by Greer and Astwood®®®
possessed only doubtful gostrogenic actimty there 1s no doubt that certaun
vegetables notably the Brassicae and groundnut do contan potent goitro
gens and Astwood s statement that some other factor besides 10dine
deficiency 1s contnbuting to gortrogenests  has been confirmed

(¢) The Autithvrord Drugs

The first observation of drug interference with thyroid function was
that of Barker'®® who found that goitres developed 1n two patients who
were given prolonged treatment with thiocyanate for hvpertension Barker
showed that these goitres could be reversed with thyroune but Astwood®s
later showed that they could be reversed by simultaneous admunstration
of 1odide thus meant that thiocyanate must inhubit thyroidal uptake of
1odine at the level of 1odide concentration Certain amons notably per
chlorate have also been shown to intubit 1odide concentration by the thy roid
of the 5at1?s7 1 3¢ and man!®?” and have been used to control hyper
thyrotdism in mans9 197

In 1941 Nachenzie e2 @l 1% reported briefly that sulphaguanidine was
gortrogenic 1n rats Two years later Mackenzie and Mackenz1e%? and
Astwood e al 78 sumultaneously described the effects of some sulphonamides
and thioureas on the thyroids of certan amimals hvperplastic changes
were <een in the thyroids of rats mice and dogs but chichs and guinea
pigs were not affected Turther the rat was shown to exhubit sy mptoms
of hypothyroidism such as a decreased food ntahe growth and oxqygen
consumption T he thyroid hyperplasia from these drugs was not reversed
by the ad ion of large of 10dide but was reversed by
thyroune and by hypophyvsectomy  Chaikoff and colleaguesste ¢
showed that thiouracil depressed the formation of thyrexine from dnodo-
the ot thyrod m cito and n turo 3t was concluded

tyrosine by
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The quantitative relationship between cold and thyroid sumulation was
clearly demonstrated by Dempsey and Astwood 1n 1943%%*  Rats were
guven thiouracil in therr drinking water and the dady amount of L thyroune
required to prevent thyroid hyperplasia at 25°C, 1°C and 35°C was deter-
mined at 25 C, this amount was found to be 5 yg  The requirement rose
0 9 5 ug 1n the animals hept at 1°C and fell to 1 7 pgy tn the amumals kept
at 35°C

It has been repeatedly shown that mod exposure of rats to cold
stimulates 11 uptake by the thyroid®?s 193 173 and increases 1 dis
charge from the gland??¥ #29 1732t has also been shown that short term
exposure to cold 15 more effective 1n stimulating the thyroid than pro
longed exposure (see references above also #%) It has been suggested
that moderate exposure to cold probably causes an increased sectetion of
'TSH by the antenior pitustary which results 1n thyroidal sumulation pro
longed exposure to cold however results in a stressful situation and 13
accompanied by an increase secretion of adrenocorticotrophic hormone
(ACTH)"*? whuch depresses thyroid function

As we have already seen®*® exposure of rats to an elevated temperature
teduces the requirement for thyroid hormone  Dempsey and Searles¥*®
have also demonstrated by histological methods a decrease of thyroidal
activyty 1n rats exposed to heat and Hurst and Turner??® have shown that
the rate of thyroxd hormone n mice d at an el d

1s dep d Thisist bly due to a depression of TSH
secretion 1n these amimals Fonmme and Lachiver®?, Leloup®*® and others
have produced evidence to support this view Further hmgge and
Bierman®$? have found that 1n the hamster adminustration of the blocking
agent reserpine or Iesmns m the median eminence affect the response of
the thyroid to cold 1n hypop d animals plants of pitustary
to the cheek pouch restored thyro:dal 13 uptake and release but did not
restore the acceleration of release induced by cold The authors therefore
conclude that the central nervous system 1s responsible for triggering the
response of the thyroid to increased TSH secreted as a result of cold
sumulation The mediation of the pituitary in the effect of temperature on
the thyroid thus appears to be established 1n most species Trxier Vidal
howeyerf¥?2 has observed marked fustofogical signs of cold stimulation m
cluck embryo thyroids although the chick embryo pituttary does not
secrete TSH

(¢) Effect of the Adrenal Gland and Stress on Thyrord Function

(i) Adrenaline—Adrenaline has been shown to produce thyroid hyper
plasia and hypertrophy i rabbits and rats$e? 193 1802 byt not 1n hypo
physectomuzed rats'®88  131] yptake 15 decreased by adrenzline 1n intact
rats 0% 1994 and rabbitsz%¢ but increased in adrenalectomuzed smimals
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goitre by thyroxne has been shown by Dempsey and Astwood®®s to be
quantitatively related to the dose of thyroune This finding forms the
basts of one of the simplest methods of assay for thyroid Iike potency 2nd
1s extensively used today (see Appendix) Sellers and Schonbaum?4s
have observed an enhancement of the gotrogenic action of prapyl
thiouractl by small doses of thyroxine given over a long pertod The
mechamsm of this action 1s not known

‘The mode of action of the antithyroid drugs 1s not yet fully understood
It has been suggested!® that they act through the sulphydryl group by
heeping 10dine 1n the thyroid 1n the reduced state (10dide) thereby pre
venting 1odination of tyrosine ‘There are twe major objections to this
simple explanation (1) If thiouracil and related compounds merely act by
mantaimng todme 1n the reduced state their action should be overcome
by admumstration of sufficiently large amounts of sodde (1) This
mechanism does not account for the gostrogenic action of the sulphona
mudes or resoremol It 1s now generally considered that these drugs act by,
nfubiting the oxidizing enzymes involved 1n organic binding of 10dime 1t
the thyroid Evidence 1n support of this 1s found 1n the following reposts
Schachner et al191¢ showed the cytochrome oxidase inhubitors cyande
azide sulphide and carbon monoude all prevented the formation of
duodotyrosine and thyrone from '] in sheep thyroid slices Eeston®*
found that the orgamc binding of **'I by unpasteurized milk protens mn
the presence of xanthine was miubited by thiourea this finding was con
firmed by Rosenberg??® (see 7 74} Fraser and hus colleaguest®!® 52 have
shown that many antithyrord drugs miubst the actvity of a partially pun
fied xanthine owudase and thereby prevent rodination of casemn m witro
they suggested that pounds such as th 1 inhubit the enzyme
directly while resorcinol prevents rodinatton of the protein by removing
the free 1odine  Astwood™ has reviewed the mode of action of antithyrord
drugs and concludes that inhubition of perouidase activity 1n the thyroid /
13 the most likely mechamism  The goitrogenic action of large doses of
10dide 15 described 1n Chapter ¢

(d) Effect of Cold on Thyrord Function

The effect of temperature on thyro:d function has been recognized for
many years Setdell and Fengeri4?® found that the thy rord glands of sheep
oven and pigs 1n North America contained three times as much odine
duning June to Nevember as dunng December to May (see alvo 1508)
Riddle®®s showed that the pigeon s thyroid enlarged and became more
active dunng the winter months  Ring?*? found that cold stimulated the
thyroid 1n rats and caused a nise 1n the BMR  Histological evidence of
thyrordal stimulation has been observed after exposure of rats and other
animals to cold1sd 378 e
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thyroid functioni®®s but sts effect 1 feeble compared with that of cortt
Sone‘°1’

(10) Effects of other st Cond of stress produced by starvation
31537 1874 1311 1094 rﬂdlﬂt\onl." 1241 l, bums1‘0$’ !oUrn]quc! shockl!ﬂ
restramt?®, formalin injection’®®® and other surgical and emotional
stresses?874 237 1094 have been shown to depress thyrod function
anumals  Gerwing ¢f al 578 have d d species duff 1n the
response of the thyroid to njections of bactersal exotovns which pro
duced a depression of thyroid hormone secretion rate 1n the rat mouse
and rabbit and an increased secretion rate in the guinea pig and rhesus
monhey Gerwing??? has further shown that 1n the rat continued stress
will eventually result 1n hyperactivity of the thyroid Money** has dis

cussed the h of action of diffe stresses on thyroid function
and concludes that the effect 13 an indirect one resulting from adrenal
\ and a hanced renal secretion of odide

It 1s impossible 1n thus brief sunvey on the effect of vanous stresses on
thyroid function to mention mdnidually all the workers who have contr
buted to thus subject  For more detaled reviews the reader 1s referred to
articles by Money'?%* and Harnis™* 708

(IV) Tue IopipE ConeENTRATING MECHANISM OF THE THYROID

As we have already seen the first stage 1n thyroid hormone brosynthes:s
1s the concentration or trapping of 1odide by the thyrotd from the cireu
lation The study of this mecharusm has been facilitated 1n the past
18 years by the availability of radicactive 1sotopes of 1odine whereby 1t has
been possible to give tracer doses of 10dide and investigate its passage into
the thyroid under physiological conditions The work of Leblond and
Sue? ¢ demonstrated the stimulation by the pituitary of 1odide uptake by
thyroid the passage of **I into rats thyroids could be greatly enhanced
by adminustration of TSH and was in fact increased five fold after injection
of 100 Junkmann Schoeller umts  Stanley and Astwood?®s ° studied 1]
turnover in the thyroid glands of normal humans during stimulation with
thyrotrophin and found that 1t reached a peal 2448 hr after a single
injection  the 1![ uptahe did not return to normal levels for 4 or 5 days
Morton et al1® demonstrated increased thyrowne synthesis 1 the
thyroids of gumnea pigs after admintstration of TSH  Conversely hypo
physectomy has been shown to depress concentration of 1odide by the
thyrold Morton et al 118 shawed that the uptake of 192f by the thyroid
of rats fell to only a small fraction of 1ts normal value after hypophy-
sectomy

Since the discovery of the antithyroid dsugs of the throcarbamede type
whuch inhubit 10dine binding m the thyroid 1t has been possible to study

D
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1501 1094 Reiss et all *% found that adrenaline increased thyroidal 1]
uptake m normal humans but the response was absent 1n a patient with
panhypopituttanism  Soderberg?4®? showed that small doses (2 pg) of
adrenahine stimulated secretion of *3I from the rabbut s thyroid but 4 ug
was without effect The mechanism of the adrenaline effect has been dis
cussed by several authors (see references above also 574 1994) Tt has been
suggested (1) that adrenaline stimulates TSH secretion and so depresses
thyroid 11 uptake (2) that 1t increases the perspheral utilszation of thyro
xme (3) that 1t increases the level of blood ACTH 1n normal ammals
ACTH has no effect on thyroid function 1n hypophysectomized ammals
but will inhibit the effect of TSH when given concurrently, adrenaline
mght therefore act indirectly on the prtuttary via the adrenal cortex

(2t) Adrenocorticotrophte hormone—Admnistration of ACTH has been
found generally to depress thyroidal 131 uptahe 1n intact ratsi0ss 1%
1500 22 byt to have no effect on thyroid hormone secretion!20® 2 136
Brown Grant ® however has found that ACTH depresses thyroid hor
mone release 1n normal rats but not 1n adrenalectomized ammals In the
human ACTH has been found to depress thyroid function’? 1% and to
Tower the level of thyroid hormone 1n blood®7 Tt has been suggested'***
that the raised renal excretion of *#11 that follows admmstratron of ACTH
#63 886 may account for the depressed 121 uptahe

(122) Adrenocortical sterords—Cortisone has been stated to be without
effect on thyrordal 131 accurnulation 1n the intact hypophysectomized,
TSH and propylthiouracil treated rat®® on the thyrod serum 1odide
ratio i hypophysectomized or TSH treated rats™s or on thyrord weight
and histology 1n rats and dogs’*?*  Cortisone was found to have no effect
on the perpheral utilizatson or rate of metabohsm of exogenous thyroxne
1n treated cases of myxoedema?®® 3% or on the sttmulation by exogenous
‘TSH of thyroidal 1odine uptake or hormone secretion in cases of panhypo
pitwitansm or non toxic goitre treated with thyroid hormene?? Many
workers have however found that cortisone depressed 221 uptake 1n rat
and human thyroid glandsi®?s 737 1208 520 2 1513 155 1094 (350 see refer
ences relating to ACTH)  The inhubitory action of cortisone on thyroid
activity in mice was found to be greatly increased by ssmultaneous admim
stration of adrenaline®$? Cortisone also depressed thyrotd hormone secre
tion 1n the rat and rabbit*13s 238 238 32 Tt secems likely that the dis-
crepancies reported have resulted from the different doses of cortisone used

Cortisone ad; results 1n d renal of 1odide n
rats and man®*® 521 185 786 for thus reason Money %4 suggests that the
prmcxpal action of cortisone on the thyrotd 1s a reduction of the amount of

lxodmc available to the gland
Deoxycorticosterone acetate (DOCA) has also been shown to depress
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thyrotd function!®® but 1ts effect 15 fecble compared with that of corts
<onelt?s

(12) Effects of other stresses—Conditions of stress produced by starvation
1537 1874 1311 1094 fﬂdlﬂllon“’l 124¢ 3 bUm5|l|5 ‘ournlquc! shUCk“u
restramt!?®, formahn njection!®® and other surgical and emotional
stresses!$?¢ 237 1994 have been shown to depress thyraid function 1n
ammals  Gerwing e al ¥® have demonstrated spectes differences 1 the
response of the thyroid to myections of bactenal exotoxins which pro
duced a depression of thyroid hormone secretton rate 1n the rat mouse
and rabbit and an increased secretion rate in the guinea pig and rhesus
monhey Gerwing® 7 has further shown that 1n the rat continued stress
will eventually result mn hyperactrity of the thyroid DMoney??%4 has dis
cussed the mechanism of action of different stresses on thyroid function
and concludes that the effect 15 an ndirect one resulting from adrenal

\¢ and a q h d renal secretion of 10dide

It 1s impossible 1n this brief survey on the effect of various stresses on
thyrod function to mention individually all the workers who have contn-
buted to this subject  T'or more detarled revsews the reader 13 referred to
articles by Money'*®f and Harns 03 708

(IV) THE TopiDE CONCENTRATING MECHANISM OF THE THYROID

As we have already seen the first stage 1n thyrotd hormone biosynthesis
1s the concentration or trapping of todide by the thvrowd from the circu
lation The study of this h has been facil d 1n the past
18 years by the availability of radioactive 1sotopes of 1odine whereby 1t has
been possible to gave tracer doses of 10dide and investigate 1ts passage into
the thyroid under physiological conditions The work of Leblond and
Sue#2® demonstrated the stimulation by the pituitary of 10dide uptake by
thyroid the passage of 2% 1nto rats thyrowds could be greatly enhanced
by adminstration of TSH and was 1n fact increased five fold after myection
of 100 Junkmann Schoeller units  Stanley and Astwood!s ¢ studied 1]
turnover 1n the thyroid glands of normal humans during stimulation with
thyrotrophin and found that 1t reached a peak 24-48 hr after a single
mjection  the 311 uptake did not return to normal levels for 4 or 5 days
Morton et ol ¥'* demonstrated increased thyroxine synthesis in the
thyroids of guinea pigs after administration of TSH  Comversely hypo-
physectomy has been shown to depress concentration of odide by the
thyroid Morton ef al ¢ showed that the uptake of 3311 by the thyrord
of rats fell to only a small fraction of its normal value after hypophy
sectomy

Since the discovery of the antithyroid drugs of the thiocarbamude type

which inhubit 10dine binding 1n the thyroid 1t has been possible to study
D
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1301 1098 Reiss et al 2293 found that adrenaline ncreased thyroidal 18]
uptake m normal humans but the response was absent 1n 2 pauent with
panhypopituitarism  Soderberg!4'? showed that small doses (2 pg) of
adrenaline stimulated secretion of 13 from the rabbit s thyroid but 4 pg
was without effect The mechamsm of the adrenaline effect has been dis

cussed by several authors (see references above, also 37¢ 19%4) Tt has been
suggested (1} that adrenaline stimulates TSH secretion and so depresses
thyrord 1411 uptahe (2) that it increases the peripheral utilization of thyre

xne (3) that 1t increases the level of blood ACTH 1 normal ammals

ACTH has no effect on thyroid function in hypophysectomized animals

but will mhibit the effect of TSH when guen concurrently adrenaline
mught therefore act indirectly on the prtuitary via the adrenal cortex

(1) Adrenocorticotrophic hormone—Admimstrauon of ACTH has been
found generally to depress thyraidal 1310 yptake in Intact ratsio?s 1027
1500 22 hut to have no effect on thyroid hormone secretiont?e® 27 33
Brown Grant®® however has found that ACTH depresses thyrod hor
mone release 1n normal rats but not 1n adrenalectomized ammals In the
human ACTH has been found to depres- thyroid function?®? 1313 and to
lower the level of thyraid hormone 1n blood®s? Tt has been suggested!®®*
that the rused renal excretion of 131 that follows adminstration of ACTH /
63 388 may account for the depressed 21 uptahe

(u3) Adrenocortical sterords—Cortisone has been stated to be without
effect on thyrordal 31 accumulation 1n the intact hypophysectomized,
TSH and propylthiouraci treated rat®®! on the thyrord serum 1odide
ratio 1 hypophysectomized or TSH treated rats?st or on thyrod weight
and histelogy 1n rats and dogs®*?¢  Cortisone was found to have no effect
on the penpheral util or rate of bolism of thyroxine
1n treated cases of myxoedema?® 438 or on the sumulation by exogenous
TSH of thyroidal 10dine uptahe or hormone secretion 1n cases of panhypo
pitwitansm or non toxic goitre treated wath thyrord hormone?#?  Many
workers have however found that cortisone depressed 13! uptake 1n rat
and human thyroid glands109% 737 1208 529 22 1313 155 1094 (359 see refer
ences relating to ACTH) The mhabitory action of cortisone on thyroid
activity In mice was found to be greatly increased by simultaneous admint
stration of adrenalme??  Cortisone also depressed thyroid hormone secre
ton 1n the rat and rabbiti1? 238 228 232 Tt seems likely that the dis
crepancies reported have resulted from the different doses of cortisone used

Cortisone ad results in d renal of 10dide 1n
rats and man?®t 522 163 788 for thus reason Money™®* suggests that the
pnnmpal action of cortisone on the thyroid 1s a reduction of the amount of

odine avarlable to the gland
jt Deoxy corticosterone acetate (DOCA) has also been shown to depress
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the view whach 1s shared by VanderLaan?¢e, that the collection of 10dide
1s the rate hmting factor mn thyroid hormone synthesis  Ingbar and
Tresnhel?™® have described a method for the separation of 10dide from
organic 10dine 1n rat thyroid by low temperature dialysis in human serum
and have shown that there are concentration gradents of todide 1n the
thyroid even when odine binding 1s uncheched they conclude that

gamfi of odine p ds at a finite rate and may be the rate hmiting
factor 1n hormone synthests

Halmu®®® st has re evaluated the evidence relating to the control of the
1odide concentrating mechamsm by the thyroid hormone and finds that at
present there 15 insufficient evidence to support the hypothesis that the
thyroid gland 1s a target organ of 1ts own hormone

Attempts have been made to learn something of this mechanism from
expenments 1 titro  Wyngaarden ef al 17%* studied 10dide accurulation
1n homogemzed thyroid tissue from rats given thiouracil 1n the drninking
wwater or propylthiouracil in the diet  The homogenates were consistently
shown to bind sodsde (*) across a Cellophane membrane but binding
could be inhibited by thiocyanate and by propylthuouracil The bound
1odide could not, however be discharged from the h by thio
cyanate 1t appears that the thiouracil or propylthiouracil present mn the
glands before the expeniment became so diluted in the dialysis bags that
some organic binding occurred  Slingerland!*s? has also studied factors
that influence 10dide accumulation by the thyroid  Sheep thyrotd shices
were 1ncubated with 131 under duffe d m the p of
propylthiouracil 1t was shown that todide concentration was depressed in
the absence of oxygen (cf 1°27) and 1n the presence of sulfhydryl inhibitors
Nesther these studies nor those described above have revealed the nature
of the 1odide concentrating mechanism of the thyroid gland

Other elements of the periodic group VII are also concentrated by the
thyroid gland  Perlman et al? °4 showed that 1n rats and guinea pigs given
the radioisotope of bromine #2Br the thyroid gland concentrated bromine
more than did other tissues (liver hidney brain prtuitary and adrenals)
the uptake was sumulated 1n guinea pigs by TSH  Yagi et a/1758 have
also studied the uptake of 82Br by rat thyroud glands and have confirmed
the finding of Perlman et @l °* The thyrordal uptake of ® Br was consider
ably less than the uptale of **1I and no organic binding of bromine was
demonstrable Manganese tellunum and rhenium are among the elements
of thus group that are concentrated by the thyrord!32 1153 The radioactive
element 85 astaune (*11At) 1s also selectively concentrated by the thyrord
gland but there 1s no evidence of 1ts incorporation 1nto organic com
pounds®®e 670 1839 968 Tt appears that the 1odide concentrating mecha
nism of the thyrotd 1s not specific for todine but that the oxidizing enzymes
will only permit organification of this element
;
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the 10dide concentrating mechantsm independently of hormone synthests
Astwood and Bissell™ showed that prolonged admimistratton of thiouracil
to rats resulted 1n a fall 1n thyrordal 10dine content to low levels Astwoods?
found however that thiouracil treated rats could still concentrate 10dine
when 1njected with potassum 1odide  VanderLaan and Bissellttss and
VanderLaan and VanderLaan?$% have shown that under the mfluence of
propylthwuracil the thyroid gland of the rat 1s able to concentrate large
amounts of todide so that the thyrord serum 1odide ratio may rise to a
value of 250 1 Thus concentration of 10dide 1s inhibited by thiocyanate
and thiocyanate will cause the discharge of 1odide already accumulated in
the gland This work clearly demonstrates that the two types of anti
thyroid drugs act on different stages of 10dine metabolism

The response of the thyroid gland to the throuracils depends as we have
already noted on the integnty of the pitwtary gland  Astwood and
Bissell™ found that in hypophysectomized rats the thyrord gland could
not reaccumulate 1odide under the sttmulus of thiouracil treatment
Greer®®® VanderLaan and Greer's®s and Randall and Albert!* also
found that the thyroid glands of rats were dependent on the pstuttary for
the concentration of 10dide from blood Halmi and co workers have
shown®®? that hypophysectomy depresses the thyroid serum odide
concentration (T'/S) to about one quarter of its normal value m rats
prolonged administration of TSH 1n these ammals restored the T/S ratio
to normal or somewhat elevated levels Simultaneous admmustration of
TSH and propylthiouracil caused a very great increase 1n the T/S values
Halm1 and Spirtos®®? showed that propylthiouracil administration to hypo
physectomized rats failed to cause an increase 1n thyroid cell height TSH
admmstration caused a sigmficant increase m cell height and the effect of
TSH was enhanced by simultaneous admimstration of propylthiouracil
‘The authors concluded that their evidence lends support to the hypothests
put forward by Rawson and Money! ™ namely that propylthiouracil
produces the characteristic hyperplastic changes 1n the thyroid by stunu
lating TSH secretion from the prtwtary and by an augmentation of 1ts
actton on the thyroid

Wollman and Scow??5? have studied the effects of hypophysectomy on
thyroidal 10dide trapping 1n the mouse  After mjection of a single dose of
pmpylthlouracxl the T/S ratio was 250 1n normal muce and fell to a value
of about 70 after hypophysectomy Hypophysectomy depressed thy rordal
131] yptahe 11 the eel®!? Lipner ez al *¢¢ have shown that transplants of
thyroid lobes of mice to subcutaneous sites still possess the abdity to
concentrate 10dide and show hyperplastic changes after propylthiouracil
administration

Berson and Yalow 187 have studied the 1odide concentrating mechamsm
of the thyroid 1n clincally euthyroid and hyperthyroid patients  they hold
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hormone biosynthesis further hypophysectomy whibits directly the con

version of monorodotyrosine to diodotyrosne as well as other processes
of thyroid hormone metaboltsm  These effects of hypophysectomy on
thyrord function are shownin g 3
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Fig 3

Distribution of M1 1 10dimated armuno acids present m hydrolysates of thyroid glands
from normal and hypophy sectormzed rats i function of tine after the admimistration of
1 Hypx = hypophysectomized (From Tausog Tong and Charkoff15%0)

(VI) TopiNe METABOLISM IN THE DEVELOPING THYROID GLAND

Although a few studies on the function and mcorporation of stable
rodine 1nto the embryome thyroid have been reported?s 743 1533 gy was
not until 1911 became available that thyroid hormone synthes:s 1n prenatal
Iife could be easily investigated Gorbman and Evans®® showed that
mcorporation of 111 occurs 1n the thyrowds of tadpoles of the frog Hyla
regrlla very soon after the formation of follicles The ability of the foetal
thyroid to store 10dine begins between the eighteenth and nineteenth day
of gestation 1n the 1at®?® on the fifty second day in sheep™® and between
the twelfth and fourteenth week 1n the human?®?® 1509 385 Chajkoff and
co workers!?4% 87¢ have found that i the foetal calf there 1s 2 gradual
development of the thyreid accompamed by a steady increase in orgamc
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{V} OrGaNiC BINDING OF 10DINE 1N THE THYROID AS INFLUENCED BY THE
ANTERIOR PrTuiTary

The antenor pitwitary secretion of TSH has been shown to have 2
profound effect on the thyroid gland 1 1:¢r0  The first attempt to demon
strate a direct action of antemor pitustary extracts on solated thyroid
tissue®? faded butin 1933 Lated ef af 422 found that typieal morphological
changes occurred m thyroid shices when they were incubated with TSH
Paali#s, Anderson and Alt* and Canzanelli and Rapport 5 have alf
seported increases m the oxygen consumption of thyroid shces n the
presence of TSH Morton and Schwartz!1* have found that TSH en
hances the incorporation of 32P into the phospholipids of thyrad shices

Bakhe and Lawrence®® and Roche ef al 13¢% have shown that the presence
of anterior pituitary extract marhedly stimulates 1odine uptake and bio-
synthesss of the iwdotyrosines and todothyvronsnes in slhices and tissue
cultures of rat thyroid  Lacy et al 7 and Oppenheimer et al 117 however,
have been unable to demonstrate any effect of TSH on orgamc binding
of 1911 by thyrowd tissue 1 vitro Botkmn et af v% showed a depression of
131] yptake 10 whole rat thy rosds incubated with T SH 1solated rat thytoids
from anmals pretreated with TSH also showed decreased ability to cot
centrate and bind 131 compared with glands from untreated antmals®®

The effects of hypophysectomy on 3] metabohism 1n the thyroid have
also been studied  Morton ef ol 1136 showed thar the uptake of 12 1n the
thyroids of hypophysectomized rats was markedly depressed further,
thyroxine syntheas appeared to be mbubited to a greater extent than
duodoty rosine synthesss  Albert and Lorenz!® did not observe preferential
inhihtson of thyroxine synthesis after hnpophssectomy  Roche et al 13
showed that hypophvsectomy resulted 1n a ugh ratio of labelled monotodo
tyrosine to duodotyrosine in the rat thyroid and relatively less thyroune
than 1n the glands of the control anumals they conciuded that thyrotrophun
has no specific action on thyroune biosynthesis  Cetim et al 2% were
unable to detect any thyroxine 24 and 48 hr after 1¥1 injection in the
thyrords of rats that had been hypophysectormzed for 17 davs

Taurog et al * have extended the studies of Morton ef ol ¢ and
have found that 1n the absence of the psturtary the accumnulation of 1odide
the formation of the 10dotyrosines and thyroxine and the rate of secretion
of thyrozine wnto the blood ate all depressed Recently these authors
1550 139 Jiay ¢ shown that the total 28] uptake and the ratio of duodotyrosine
191 1o monoiodotyrosine 13 15 markedly depre sed n hy pophysectomized
yats gected with 181 the thyroune 391 was also depressed  Single or
repeated dases of TSH reversed the effects of hypophysectomy The
authors present evidence that TSH acts independently on the 10dide con-

| centrating mechamsm of the thyroid and on the different stages of thyroip
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development of the foetal thyroid and the appearance of 1odine, duodo-
tyrostne and thyrovne at different embryonic ages the stage at which 1t
responds to thyrotropluc hormone 1n various specics 18 also reviened
Jost22¢ has studied the action of propylthiouracil on foetal thyrmd func
tion 1 the rat 1n the normal foetus ad) ration of pr 1 to
the mother produces marhed hypcmoph) of the foctal Lhyrmd this does
not occur 1n the d d {hyp d) foetus It appears that
i the rat the foetal thyrmd 1 not controlled by the foetal prtwitary gland

(VII) RatE oF SECRETION OF THE TH1R0ID HORMONE INTO THE
CIRCULATION

Lattle direct evidence for the sequence of events occurring during
thyroid hormone biosynthesis has been descibed it has rather been
nferred from the effects of hypophysectomy on intrathyroidal iodine
metabolism Early estimates of the rate of thyroid hormone secretion from
the human thyroid were calculated from the amount of thyroune required
to restore the myvoedematous subject to a chmcally cuthyroid smte”“
199 160t [t was found that the daly of my
patients was 0 3-035 mg oL thyroxine Meanstoss estimated the daly
requirement of USP thyroid 1n hypothyrord humans and found 1t
to be about 100 mg Greer*®! finds a somewhat higher requirement
Tubtana!®*s has found the daily turnover of thyroxine todine 1n man to
be 250 ug Hamolsky et al 87° gave thus figure as 119 pg 1n euthyrord
subyects

Wolff1742 has shown that the rate of secretion of thyroid hormone 1n
rats 1s markedly influenced by the pituitary The rate of secretion was
measured by external counting of the thyroid after the admtmstration of
1] with and without propylthuouracil treatment  He found that the
brological half ife of the 3 labelled hormone m the th)mlds of the
control amimals was 33 days hyp or
pL thyroxme (15 pg) increased the half hfc to 24 and 26 days Injecmm
of thyratrophin stimulated the release of hormone from the gland and
the brological half Iife fell to 8-10hr  Goldsmuth ef af 59% have used the
mezsurement of the biological decay rate of hormonal 131 to study secre
tion in thyrotowic patients 2 pto 1 methyhmdazole (meth
was found to increase the rate of secretion 1n three of the six subjects
studied and the simultaneous admimstration of TSH caused a further
increase 1n the rate of secretion 1n all six subjects

Solomon?54 has studied factors that influence thyrord hormone secretion
1n euthyroid and hyperthyroid subjects During methimazole treatment
the secretton rate was faster i hyperthyroid than 1 euthyroid patients
(7025% per day compared with 1911%, per day) Admumstration of
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1odine content thyroxne appears between the fifty third and seventieth
day of gestation  Gorbman ez al %% injected 121 into pregnant cows that
were near term and killed the ammals 24 hr later the foetal thyroids
contained more than twice as much 811 as the maternal thyrotds and also
had a much higher thyroxine 1# content The authors concluded that
the dispanty mn the TSH content of the maternal and foetal circulations
was responstble  Sumilar studies have been made 1n sheept®
The foetal rabbit thyroid begins to concentrate 1311 between the 15th
and 16th days of gestation and to bind sodine about 2 days later?®*? at no
stage of 1odine binding were the precursors of thyroune found without
any thyroxine tself  Gelosa®#! ad ed 131 to preg rats and
found labeHed 1odotyrosines and 10dothyronines in the foetal thyroids after
22 days of gestation  Jost et al # 5 and Geloso®¢2 have hypophysectomuzed
rabbit foetuses by decapitation 2 utero and have shown that this inhibits
the uptake and release of 1] by the foetal thyroid nesther hypophysectomy
nor thyrordectomy however affected the growth of the foetus  Geloso (see
also #2%) finds that 3 hr after injection of 131] nto the pregnant rat on the
21st day of pregnancy the foetal thyroid contains more thyroxine and
tritodothyromine than the maternal thyroid
Hansborough and khan®®® have shown that 131 1s incorporated mto
the chick embryo on the 11th day at the same time as discrete thyroid
follicles first appear Wollman and Zwilling!?5! found that *3! was con
centrated by the chick embryo on the 9th day and most of 1t was protem
bound Trunnell and Brayer!#43 have found that admimstration of TSH
ancreases the amount of 131 collected 1n the chick embryo thyrotd but does
not alter the time at which 1t begins to collect 10dine  Meymel et al ™
have demonstrated the presence of thyroune 1n the body of the chick
embryo from the 10th day of embryonic development Trunnell and
‘Wade?$44 have demonstrated that 1odide concentration and binding occur
at successive tume ntervals 1n the chick embryo thyroid At day 7 5, only
sodide could be detected after injection of 1311 at day 8 5 monotodotyresine
appeared followed by duodotyrosme on day 9 25 and thyrowne on day
975 Tt appears that these thyroid glands elaborate the mechanisms for
concentrating 10dide and for synthesizing the rodotyrosines and thyrotune
1n definite stages and 1t 1s of particular interest that there 1s a pertod when
monoiodotyrosine but not duodotyrosine can be formed — Pitt Rivers
¢t al1? 7 suggest that the formation of monorodotyrosme 1s a primitive
process which can occur 1n thyroid } 1588 and 1n the y
gland?3* 1t1s also the principal 1odmated constituent of thyrord protein m
certain pathological conditions?$77 1228 302 The formation of duode
tyrosime and the thyrord hormones require spectal enzymes which are
formed later 1n foetal development and which are destroyed or absent
j disrupted and pathological thyrord tissue  VWilkier!™*® has discussed the
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etal "% These authors found that the thyroidectomized rat required 12 pg
1 thyroune daily to restore the BMR to normal values

Riggst™s ders that of thyrotd 1n man based on
replacement therapy grves values which are too hugh, while estimates based
on uptahe of 23] and excretion of stable 10dine are too low He proposes
that the normal secretion rate 1n man 1s about 70 pg of thyroxine 1odine
Hurst and Turner?”” have also discussed the relative ments of the goitre
prevention technique and measurement of *¥1 labelled hormone for the
estimation of thyroid secretion rates
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1odide depressed the rate of release mn a patient with Graves® disease (see
also ¢ ¢ 39%)  Admunmistration of TSH to euthyroid subjects increased the
rate of hormone release

Berson and Yalow!$® have calculated the rate of thyroid hormone secre
tion from the hetics of radioactive organic 10dine between the thyrotdal
and extrathyroidal pools reincorporation of **!I was blocked by methi
mazole admistration  The secretion rates in euthyroid subjects ranged
from 77 to 125 pg per day, but rose to 450-925 pg per day in untreated
cases of thyrotoxicosis (see also *)  Nodine ez al 1142 have found that the
normal human thyrotd contains a store of 5 26 mg of 1odine and secretes
56 pg of 10dne daily

Randall et al1%67 have shown that hypophysectomy depresses thyroid
hormone secretion to 13% of the normal secretion rate in rats for several
days after the operation  Perry??? Albert and Tenney?! and Reincke
and Smgh12¢% have also found suppression of thyroid hormone release by
exogenous thyroune the latter authors calculated that the secretion rate
of thyroid hormone 1n rats was 2 56 ug per 100 g body weight per day
1n amimals given thiouracil the secretion rate was 109, hugher

Thyroid secretion rates have been measured 1n sheep??® pigst®e
rabbits?3? and in several strains of hybnd mice** in these mice the
secretion rates were signtficantly higher 1n some strains than mn others
while the rates 1n the hybrids were intermediate between those of the
parent strans  The authors concluded that this aspect of thyrotd function
1s under genetic control

In 1943 Dempsey and Astwood33 devised a new method for calculatng
the daily secretion rate of the thyroid hormone in the rat  The ammals
were mamtained on thiouracil and the dose of L thyroxmne required to
prevent the development of goitres was determined at normal low and
elevated temperatures At 25 C the daily secretion rate was found to be
52 ug thyroxmne this rose to 95 ug when the rats were hept at 1 C and
fell to 17 pg when the temperature was raised to 35 C This method for
determining the daily rate of thyroid hormone secretion has often been
employed By this means Biellier and Turner?®® and Hoffmann?4® have
found that the duck secretes 18 pg thyrowune per day during the first week
of gortrogen admunistration The daily secretion rate mn terms of pL
thyroune has also been determmed m white leghorn chicks!'¢¢ and m
growmng turkey poults’®?  Magsood!® ® used this method for estimating
thyroid hormone secretion 1n the rabbit and found that it decreased with
advancing age when calculated per 100 g body eight  The secretion rate
for young rats was hugher than that for old rats®*

"The observation of Meyer and Wertz1" that thyrordectomized rats are
more sensitive to the thyroid hormone than are mtact animals forms the

basis for the method of determiming thyroid secretion rate of Barker
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\/gome“" 1280 The presence of lodoproteins or peptides of thyrodal
ongin 1n the blood 1n a wide variety of pathological conditions has recently
been described, thyroglobulin has been detected m the blood of patients
““h'; ll d, ’gﬂltre or }' Ty sd‘5caselll7 1374 1737 387 03 818
m ammals with chrome thyroiditis'?? and after surgical or radiation
thyroidectomy1321 16 8 1314 1315 Another circulating 1odoprotein that has

been well characterized 1s Compound % which 1s found 1n patrents |

with carcinoma of the thyrord 1t has 2 molecular weight about one tenth
that of thyroglobulin after hydrolysts the only jodinated compound found
1n this proten 1s monotodotyrosing3t4 1577 1375 Seyeral reviews relating
to normal and abnormal 1odinated compounds 1n the blood have recently
appeared107 1228 1573

(IT) THE BiNDING OF TryrotD HORMONES TO SERUM PROTEINS
THYROXINE BINDING PROTEIN

Tresorrow!®3? gbserved that thyrowne in the blood was not dialysable
and could be coprecipitated with plasma protemns 1t was later shown that
all the thyroune which was thus precipitated was easily extractable by
n butanol*#? It 1s apparent from these facts that the circulating thyrord
hormone 1s bound 1n some way to one or more of the plasma protesns so
firmly that the Iink cannot be broken by dialysis or by reagents such as
tnichloroacetic acid and zinc hydroude 1t can however be broken by
extraction with large amounts of ethanol or butanol®*# 172 solvents 1
which thyrone 1s readily soluble These properties of thyroxne have
found widespread clinical appl n the deter of protemn
bound 1odine (PBI) serum protein todide (H5PI)and butanol extract
able 1odine (BEI) these levels represent a balance between thyroidal
hormone secretion rate and its peripheral disappearance rate!!%

Early attempts to discover the nature of the binding of thyroxine and
other 1odinated substances to serum protemns by salting out procedures
showed that iodine was present in most protemn fractions the largest
amount was found in the alt and « globulin fi 1406 Taurog
and Chaikoff182 also reported that the largest amount of blood 10dine
was present in albumin but the highest ton wasinthea globul
Somewhat similar cbservations were made n experiments with moving-
boundary electrophoretic separation of serum proteins?®? Later Gordon
et al ¢ used zone electrophoresis on paper to 1nvestigate the behaviour
of 13 labelled thyrord hormene at physiological levels mn blood they
found that the endogenous labelled hormone 1n the plasma of hyper
thyrotd patients treated with 131 or trace amounts of synthetic labelled
thyrouine added to normal plasma behaved identically and mugrated on
clectropherograms at pH 8 6 to the « globulin zone a small amount of

d y panied the alb; fractton  These results are 1llus




CHAPTER 4
TRANSPORT OF THE THYROID HORMONE

(I) Tur Crreurating THYROID HORMONE

THE nature of circulating thyroid hormone was debated for many years
after the discovery of thyroxine in the thyrord gland At first it was
thought that the hormone secreted 1nto the blood mght be a peptide or
polypeptide containing both thyroune and duodotyrosine®® 105 1407
This beltef arose mamnly from the facts (1) that the thyroid hormone 12
plasma was precipitated by protemn precipitants (2) that thyrovine was
not found to have as high a potency as whole thyroid substance with the
same thyroxine content (this can now be explamned by the presence of the
more potent trnodothyronne 1n thyrotd tissue)  Further, early work had
indicated that blood 10dme was not entirely extractable with alcohol
753 992 884 The first expersmental evidence 1n favour of thyroune stself
being the circulating hormone came with the publication of Trevorrow
19391¢2  who showed that thyroid hormone tn the blood behaved 1n the
same way towards protein precipitants dialysts and ethanol extraction 23
did added thyroxine Shortly afterwards Lerman®s0 showed by rmmuno
logical methods that thyroglobulin 1s notnormally presentin the circulation
By 1944 Harington®®® 1n a reconsideration of the nature of circulating
thyroid hormone concluded that 1t was indeed thyrowine 1t was not untit
four years later that Taurog and Chathoff15® demonstrated unequivocally
that the circulating hormone labelled with 131 and added labelled thyro
xine showed 1dentical behaviour towards protein preciprtants and organic
solvents this was confirmed by Leblond and Gross?? and additional
evidence 1n favour of thyroune as the circulating hormone was presented
m the chromatographic studies of Laidlaws®®  Since then it has been
repeatedly shown that the principal thyrord hormone 1 the blood of most
ammals 1s thyrovine 115 as we have already seen usually accompanted
by small amounts of truodothyronine (see Chapter 2) Many workers have
however faled to detect truodothyronine 1n plasma and from quantitative
constderations thyroxine represents the major thyroid secretion m the
circulation

Other 1odinated compounds synthesized by the thyroid (see Chapter 2)
have also been described 1n the blood the presence of 3 3 duodothyro
nne and 3 3 5 ~truodothyronine??s? 1356 1n rat blood has yet to be con
firmed The secretion of 10dotyrosines into the blood 1s only found
abnormal circumstances and perhaps i certain subjects with congenstal

44
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\/gontre“" 1230 The pi of 10dop or peptides of thyrordal
origtn 1n the blood 1n a wide variety of pathologrcal conditions has recently
been deseribed, thyroglobulin has been detected 1n the blood of patients
“'l[h‘_, ‘L d, d gmtre or H: h SdlSCﬂSC"" 1374 1737 387 €03 818
mn ammals with chrome thyroditis!?™? and after surgical or raduation
thyroidectomy3 1 1828 1314 1318 Apother csrculating 1odoprotetn that has
been well charactenized 15 Compound X which 1s found in patients
wth carcinoma of the thyrord 1t has a molecular weight sbout one tenth
that of thyroglobulin after hydrolysts the only sodinated compound found
1 this protein 15 monoiodoty rosinel3zs 1877 1878 Geyeral reviews relating
to normal and sbnormal 1odimated compounds 1n the blood have recently
appeared10o? 1226 1575

{I1) Tue BINDING OF THYROID HORMONES TO SERUM PROTEINS
THYROXINF BINDING PROTEIN

T'revorrow!43? observed that thyroune in the blood was not dialysable
and could be coprecipitated with plasma protems 1t was later shown that
all the thyroune which was thus precipitated was easily extractable by
# butanoli®®® It 15 apparent from these facts that the circulating thyrord
hormone 1s bound 1n some way to one or more of the plasma proteins so
firmly that the link cannot be broken by dralysis or by reagents such as
tnchloroacetic acid and zine hydroude, it can however be broken by
extraction with large amounts of ethanol or butanol®* 17% solvents in
which thyrone 1s readily soluble These properties of thyroune have
found widespread clinical application 1n the determunation of protemn
bound 1odine (PBI) serum protewn 1odide (SPI)and butanol extract
able 10dime (BEI) these levels represent a balance between thyroidal
hormone secretion rate and its perpheral disappearance ratet?13

Early attempts to discover the nature of the binding of thyrouine and
other 1odinated substances to serum protetns by salting out procedures
showed that 1odine was present 1n most protemn fractions the largest
amount was found 1 the albumn and « globulin fractions'®©¢ Taurog
and Chatkoff'*8? also reported that the largest amount of blood 1odine
was present 1n albumtn but the hughest wasinthea globul
Somewhat simlar observations were made 1n expersments with moving
boundary electrophoretic separation of serum proteins'®®® Later Gordon
et al ! used zone electrophoresis on paper to mvestigate the behaviour
of 311 Jabelled thyroid hormone at physiological levels 1 blood they
found that the endogenous labelled hormone m the plasma of hyper-
thyroid patients treated with 3 or trace amounts of synthetic labelled
thyroune added to normal plasma behaved 1dentically and mugrated on
electropherograms at pH 8§ 6 to the « globulin zone a small amount of
radioactivity accompanied the albumin fraction  These results are tllus
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trated in g 4 These findings were soon confirmed, but 1t was found
that thyroune binding oceurred on a protemn fraction that mugrates
between u,- and «, globulingt?l? 1222 910 762 Thyg o globulin fraction
15 now commonly referred to as thyroune binding protesn or TRP
Ths 1 15 one of consentence since thyroune 15 pot the only
sodinated compound that this protein will bind, nor has it been shown to
consist of a single component

It must be emphasized that the binding  of thyrovine to serum pro
temns 1 no way resembles the peptide hinkage by whieh thyroune s bound
1 thyroglobulin

(@) Attempts to Irolate and Characterize Thyrovine binding Protem
Purification of TBP 1s essentral 1 order to determine sts physical and
chemcal properties and to mterpret ats phystological tmportance  In
the earher work based on the t of sodine ratios of
protein fractions ob d by precp by ethanol3497 and by metal
tons {Cohn method *5) the major sodine contamung fractions were found
to be the Fracttons IV {nich 1 « glebulins) and V (albumin) no method
was however lable for labelling the specific THP at that tume and st
was impossible to say whether these fractions represented a concentration
of the binding protem or an artificial concentration of sodine brought
about by Cohn s procedures Later when the thyrowine binding protem
was studied 1 serum g endag ly or exog 1y 191] Jabelled
thyro:d hormone Robbins and colleagues!2® 1218 ywere able to show that
m s electrophoretic propertses 1 buffers of pH 3 6 or 4 5 and sedimen
tation 1n the ultracentrifuge TBP as represented by the maor radiozctne
fraction resembled the «, glycoproteins of Schmid!4#3 1424 or the muco
protens (M 2 glyceprotemns) of Mehl ef af3%¢¢  (For TBP, movng
boundary electrophoresss gives a value for the mobihty of poe —47X
10-%em volt tsec-lat pH 86 andp o ~1 7x 10-Scm?volt-1 sec-? at pH
45 the sedimentation constant 8,,,, = 3 3 corresponding to a molecular
werght of shout 50 000) Schmd*42* used the determination of sodine
nitrogen ratso to identify TBP and concluded that the magor part of serum
sodine was present in the mivture of « globulins 1 Fraction VI obtamed
by Cohn s method No 6 However when the thyroune binding affimity
of different Cohn fractions were studied by the addition of Iabelled thyro
xine Fresnkel ef al 5% obtaned different results, they found that the
Cohn subfractions IV 6 and 1V-9 derned from IV 4 exlubated the ughest
TBP content This lacahzation of thyroune binding activity has enabled
Ingbar and his colleagues to use Fraction IV 6 as the starting material for
purtfication of TBP™** These workers have been successful in ennching
TBP by the use of Dowex 1 ion exchange resin but st has not yet
peen shown that TBP 1 a single protern The disadvantages of procedures
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D of 1 labelled th from thyroxine binding protein (2,7, globulin

fraction) to serum afbumm by the addition of 1ncreasing amounts of thyroune to human

serum  The curves represent the distrtbution of thyroxine radioactivsty 1n different serum

protem fractions as shown by the accompanying strrp sho ving the electrophoretic migra

tion of serum protemns The figures represent the final concentration of thyroxmne added
to the serum  (From Robbins and Rall *'v)
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wolving ethanol fr. 10n 1n the p of bivalent cattons such as
zinc and the use of 10n exchange resin are that the endogenous hormone
present 1n the serum 1s dissoctated from the protein to which 1t 1s bound
and {in the case of ton exchange resin) the binding potency ts modified
Thus we may conclude that "TBP 1s represented by one or more of the
@ globulins present 1n serum in small amounts 1t has a molecular weight
of about 50,000 and an 1soelectric pont below pH 4 5, 1t 1s likely thatat s
aglycoprotetn It has been suggested that the carbohydrate in TBF 1s the
part of protein responsible for binding there 15 at present no firm theo-
retrcal basts for such an assumption nor 1 there any supporting expert
mental evidence

(8) Binding Properties of Thyrowne binding Proten

Even though TBP has not been 1solated it has been possible to gain
some mformatron abaut 1ts properties because of the ease with which 1t
can be labelled esther in whole serum or 1n mixtures of proteins of unhnown
composition by the add of minute of rad thyroxine
and related compounds

Of all the dervatives of thyroxine studied T BP has the highest bincing
affimty for thyroune stself This finding results from studies 1n which
increasing amounts of a thyroune analogue are added to serum containing
a trace amount of labelled thvrouine The refatne binding capacity of
TBP for the analogue can be estimated from the concentration of the
analogue needed to produce a given amount of displacement of the labelled
thyroune from the TBP zone 1n paper electrophorests  Some of the results
so obtaned by Robbins and Rall'¥* and Larson and Albright®* are
presented 1n Table I An examination of this table leads us to the con
cluston that all the major groups of the thyroune molecule 1e the four
10dine atoms in the 3 5 3 5 positions the phenolic hydroxy! the,
alantne side chamn and the dipheny! ether linhage contribute towards the s
maxumal binding of this hormone Larson and Albright®® have found
that p thyroxne 1< less firmty bound to TBP than 1s L thyroune Robbins
and Rall'®® however find little difference between TBP binding of L- and
D thyroune It 1s impossible to say exactly how the 1odothyronine mole
cule 15 attached to the protein until purified TBP 15 available although
various possibil have been di9¢ 13 0 The tech used so
far have certain disadvantages and require confirmation by other methods
For example 1f an analogue 15 bound to other serum proteins the resultant
displacement of thyroxine will not represent the affinity of TBP for this
particular substance 1 this connection 3 3 -duodo pL thyromne has
been shown to be almost entirely bound to serum albumin while TBP has
only a slight affimty for 1t*® ©

The capactty of TBP to bind thyroxine has been measured by raising
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Relatn ¢ affituty of thyroune binding protein (T'BP) for 1 thyrouine
and its analogues

Relative

Compound affimty
L Thyroxme 100

p Thyroune 28 80
Qrtho  thyroune 5
Mleta  thyroxine 3
o Methylthyroxie 6
5 3 5 'Tetraiodothyropropionic actd 3
Thyroxamine 7
3 5 Dnode 3 § dinitro DL thyronne 47
3 5 3 5 Tetranutro DL thetorune 1
3 5Dunodo 3 5 dimethyl pL thyromne 2
3 5 3 Tmodo L thyrontne 33
3 5 Duodothyronine 0

3 5 Duodotyrosine Neghgible*

* The binding of labelled 3 5 duodotyrosine was measured directly

the level of endagenous hormone by increasing additions of synthetic
thyroxne by this means the amount of end hormone displaced
from TBP can be estmated Good agreement has been obtained by many
worhers?t 1318 331 992 on the saturation of TBP with extraneous thyro
xine 1 serum from hypothyroid euthyroid and hyperthyroid subjects In
general TBP 1n euthyroid serum (which has a thyroxine concentration
of about 10- M) 1s about one third saturated with respect to thyroune
When the concentration of thyroune 1s raised above 3 x 10-7M 1t 15 bound
1mn increasing amounts to serum albumin  The converse has also been shown
to take place Dingledine et al *7° have shown that thyroxine bound to
1solated albumin wall be transferred to TBP of serum 1s added Although
serum albumin has a lower binding affinity than TBP 1ts higher concen
tration 1n serum taakes 1t a secondary binding site which 1s more difficult
to saturate T hus at a concentration of about 10-% i serum thyrovine
1s almost entirely bound to albummn  Thes effect of spilling over of
thyroane from TBP to albumin 1s shown in Fig 5

TBP has also been shown to bind truodothyronme w witro this
binding 1s weak and TBP can be more easily saturated with respect to
trnodothyronine than thyroxine 492 ¢ Even albumin easily gets saturated
with mcreasing concentrations of truodothyronine and the  spuling over
continues on to other globuln fractions Thus relatrvely weaker binding
of trnodothyronne 1s also demonstrated by the ready displacement of
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bound truodothyronine by added thyroune and by the difficulty of dis-
placing thyroune by truodothyronine
These studies not only gne nformation on the binding capacity of
‘TBP but demonstrate the existence of 2 simple equilibrium between free
thyroxune and thyrowne beund to TBP or other binding protemns The
time required to attam this equilibrium has not been caleulated but 1t
appears to be extremely short Lemn??? 98¢ using the techmque of equili-
brium dialysis has found that although bovine serum albumin has two
types of binding sites for thyroune (four and erght binding sites per
protein molecule) only one type (eight binding sites per molecule) 13
effectnne at concentrations of thyrotne below 05X 10 v Equationl
derived for a single binding constant were said to fit the expenmentas
data Unfortunately Leins work has so far been mailable to us only 1n
abstract form and 1t 1s difficult to judge the accuracy of hus values Also
the pH of 9 75 which he used 1n his expeniments mught be the cause of
error R 1y Tata{unpublished) has found that an increase sn
pH will open up or actnvate many protein groups that increase the
binding of thyroxine and may even cause a normally non binding protein to
developbinding capacity thusy globulin which has no sigmficant binding
activity at pH 74 extubits a marked binding affinity for thyroune at pH
above 105 Robbins and Rall*32 have however derived values for the
association constant for TBP and thyroune present 11 human serum
they measured the displacement or binding capacity at different concen
trattons of thyroune by paper electrophoretic analysis  Since most of the
serum thyrowne 1s bound to TBP and albumin Robbins and Rall®s?? have
also used for human serum alb the b d by
Lein for bovine serum albumin It 1s not yet certain whether human and
bovine serum alburmin have similar binding propertes for thyroxine They
have further assumed that both human TBP and serum albumin have a
single type of binding site and that protemn protewn and thyroxine thyroune
interactions are neghgible In this way they arrived at a value of 79 x 107
for the assaciation constant of human TBP  Such a hugh figure 15 remark-
able (but not surpnising constdenng the low concentrations at which both
TBP and thyroune are present 1n blood) and indicates the very low
amounts of free thyroune that must be present in the blood It 1s impos-
stble to measure directly the level of free thyroune in serum but nts value
can be deduced from the and level of total serum
thyroune Thus Robbins and Rall have arnved at a figure 0f 3-9 X 10 M'aras
the concentration of free thyroxine in normal human serum  this represents
an average of about 0 06%, of the total serum thyroxine However the
accuracy of these figures can only be confirmed after the above assumptions
have been proved correct from results ok d with diffe h
and studies carried out wath pure TBP ’
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(¢) Comparatire Aspects of Thyrovine bindmg 1 Sertum
So far only the thyroxine binding properties of human serum have
been descnibed 1 detail results of sumilar studies i other ammals are
beginming to appear  Robbins and s collaborators (Apter Robbins and
Rall cited 1n 12 %) have described briefly the electrophoretse distribution
of radiactvity after the addition of 1] labelled thyrowumne to the serum
of eight mammals and two reptiles more detailed accounts are also avail
able for rat?3% and sheep?? serum  Serum from the calf, sheep, pig goat
mule and horse all extubut thyrowine binding comparable to that mn
human serum 1n that most of the thyroune 15 bound to protetns 1n the
« globulin zone with a small amount of binding on the albumm fraction
Inthe rat the specific thyroxine binding protein 1s difficult to distingwmsh
electrophorencally from albymin!® © but Myant!*# has been able to
demonstrate the existence of a TBP by varations of the buffers and pH
of electrophoresss Dog serum shows three zones of thyroxne binding
1k « globulin and # globulin the largest fraction of added thyroxne
(001 pg/ml) being bound to albumin  Both the alhgator and crocodile
have two binding protemns (one beng albumin) in the serum, but the
presence of TBP 15 not clear in the crocodile
The binding of thyroxtne and trinodothvromne to serum protemns m
two species of birds has been recently studied 1n greater detml and the
following observations have been made (Tata and Shellabarger, unpub
lished) the serum of both the fowl and duch 1s deficient 1n a thyroxine
binding protein i the « globulin zone and binding occurs only 1n the
albumin zone This has been substantiated by studying the binding by
protens after ethanol fractionation  Further thyroxine binding by whole
fowl serum 1s similar to that by 1solated fowl albumin and 1s feeble,
d with that of han serum  a small amount of human serum
or purified human TBP (Cohn fraction IV 6) added to a sample of fow!
or duck serum contaming 3 labelled thyroune very easily causes a
transfer of thyroune from fowl serum albumin to human serum TBP
"These studies have been made with the aid of electrophoresis and a new
method desenbed on page 58 The binding affimity and capacity of fowl
serum atbumm  unlike that of human TBP does not vary significantly for
thyrosine and truodothyronine  the sigmificance of these findings wall
be discussed later

(d) Condutions that Modify Thyroxine bindung tn Serum

In most thyroid disorders in man litile variation has been found erther
in qualitative or quantitative aspects of binding of thyroxine by whole
serum or TBP It might be mferred that TBP in the serum of a hypo
thyroud subject 15 less saturated and 1n a hyperthyroid subject more
saturated, than m the euthyroid subject  [hese were essentially the
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findings of Albright e af * and of Robbins and Rall**#* though the latter
authors believe that the concentration of TBP 1n serum 1s shightly elevated
1 hypothyroidism Tt has been suggested that there ewsts a qualtative
difference tn the thyrotd hormone plasma proten complex tn hyper
thyroidism  especually n subjects with diffuse towce goitre®®® 677 Itas
not known whether this reflects a difference 1n the properties of TBP since
the methods used in these studies (a comparison of the disappearance rates
10 the rat and dog of thyroxine and truodothyronine present in the plasma
obtained from subjects wath different thyroid disorders) can only give an
1dea of the extent of saturation of the binding proten

Interesting observations have been made on changes in thyroune
bnding 1n certan physiological or pathological states 1 ¢ pregnancy and
nephrosts  Heinemann ez al 7% noticed an increase 1 serum protein
bound iodine {7-13 pug/100 ml) at an early stage duning pregnancy and the
1ncreased rodine was later shown ta represent thyroxine®? 4% This high
level of circulating thyrotd hormone 13 not accompanied by an increase
w basal metabolism?43 It was suggested?4? 1018 that there might be an
alteration 1n the protein binding of thyroxine in pregnant women Ths
was later shown to be the case Dowling et af 323 394 demonstrated that
there was an increase 1n the thyroxine binding capacity of TBP 1n serum
of pregnant women and that 1t was due to an 1bsolute increase of TBP
They also showed that patients with a diagnosis of threatened abortion
falled to demonstrate 2 nise i TBP concentration similar findings have
been reported by Robbins and Nelson!®1*  Dowling et al 39 have also
shown that 1t 15 possible to raise the level of serum TBP tn normal men
and women by ad, of diethylstit ! this expl the
ncreased protern bound 1odine reported earlier 1n normal subjects treated
with oestrogent?” However Feldman®$® has not been able to show any
direct cffect of oestrogen on thyroid hormone secretion in the rat

In nephrotic patients 1t 15 quite to find symp of defl
thyroid function eg an elevated serum cholesterol a depressed BMR
and low protein bound todine but these patients do not react to thyroid
hormone therapy as do true hypothyroid subjects$*® %41 121 and also
extubit a shortened half Iife of thyroid hormonet?? 340 The report of
snereased loss of hormonal sodine 1n the unne of these patientsi® was
followed by reports of the abnormal binding of thyrouine to proteints 1 77
However Robbins et a/1323 have Jater shown that such an abnormal
binding was anly apparent owing to errors inherent tn the experimental
method, 2nd conclude that there 1s no qualitative difference 1 TBP of
normal or nephrotic subjects on the other hand they find that the thyro
xine binding capacity of TBP 1n sera of these pattents 1s considerably
lower than in normal subjects In fact Fremnkel et al 53¢ have detected

TBP 1n the urne of patients with nephrosis  These findmgs explan the
&
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low errculvting hormone levels and the large unnary losses of hormonal
1odine 1n nephrosis

(TII) THYROXINE BINDING By OTHER SERUM PROTEINS T XFRALASCULAR
FLups anD TisstE PROTENS

(a) Other Serum Protens

There have been few reports concerning binding of endogenously
labefied or added radiwactive thyroune or truodothyromne to protemns
other than the « globulin type TBP and albumin  However the fature
to detect binding on other proteins by the methods ayvailable so far {pnn
cipally electrophoresis) does not necessanly exclude the evistence of other
thyroune binding proteins It does in fact appear that the thyroxne
binding property 1s mamfested to a marked degree by a protemn fraction
with a greater electrophoretic mobihry than that of serum albumin thus
has been termed p X Vv p or more ly the

Pre albumin  of Esser and Hemzler®  Human cerebrospial flud
(CSF) has a relatively lugh concentration of this fast moving protein®
and 1t was in CST that thyroune binding to pre afburmn was first
observed?® 13 0 further pre albumin was found to be one of the princtpal
carniers of thyroine  Robbins and Rali!? © found that as much as 359 of
radioactivity of labelled thyrowne added 1n small amounts to concentrated
CSFmgrated withpre albumun Pre albumin hasbeenisolated from human
serum and punified and has been found to bind thyroxne more strongly
than ennched TBP or any other protemn fraction (Tata unpubhshed
Ingbar unpublished also ? *%) Only very httle pre albumin 1s neede
to displace thyroxine from TBP Tata (unpublished) has shown by two
methods that pre albumin prepared by Schult2e1432 had thirty nmes the
thyrowne binding affimty of albumin and stx times that of TBP 1 Cohn
fractton IV 6 At present pre albumin 1s the proten with the highest
known affinuty for thyroune The physiological sigmificance of the binding
of thyrowne to pre albuminis nothnown There1s some physicochermical
d betiveen alt and pre alt but the latter has an excep
tionally high trvptophan content?*3? Whether this 1s in anv way connected
with thyroune binding remains to be discovered

The 8 and v globulins have httle or no thyroxine binding capacity
However Robbins and Rall (personal communication) have found one
paent with thyrord carcinoma i whose serum most of the thyrgune
was bound o ¥ globulim even n the presence of TBP and alburmin but 1t
1 worth noung that normal y globulin and afso many other proterms, bind
thyroxine i T1{ro in sncreasing amounts as the pH of the medium 1s
increased 3t pH 86 the most ¢ ly employed for Vet of
thysoune binding 1n serum there s a slhight but significant binding by

¢ globulin
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() Extratascular T'huds

1 hyrosine binding has also been observed 1n many extravascular fluds
Alpers and Rall*# showed that endogenous and exogenous thyrouine were
protetn bound 1n human cerebrospinal fluid to a protein fraction simulr
to serum TBP 1n electrophoretic mobility at pH 86  Since then TBP
has been demonstrated to be the principal and albumin the secondary
thyrowine binding protemn tn the following fluds thoracic duct lymph
femoral lymph aseites flusd and joint flud®3¢ A companson of thyrotine
binding capacity of the TBP of hydrothorax chyle CSI and serum revealed
that n the pleural flud the concentration of TBP and thyrowine was
nearly the same as 1n serum whereas 1n the spinal fluid 1t was about
1/100th of the serum level although the thyrowune concentration 1s about
1/25th of serum?® ©  ‘TBP has also been detected 1n human and monkey
amniotic fluid {Tata unpublished) The detection of thyroxine binding
proteins 1n these extravascular flutds offers no clue to their physiological
significance it appears that serum TBP 1s distnbuted 1n extravascular
space like other plasma proteins and that extracellular thyroxine s 1n
the matn protein bound

() Thyroxine binding by Tissue Protens

As we shall see thyroxine exists i a reversible equilibrium between the
extracellular and intracellular binding compartments®** 78 Thus entails
the presence of thyroxine binding proteins 1n tissues comparable to TBP
in serum  Recently the presence of a specific thyroxine binding protetn
fraction 1n rat and rabbit skeletal muscle has been demonstrated!s * When
sheletal muscle extracts to Which were added very minute amounts of
radioactive thyroxine were analysed by paper el ph a large part
of the radioactivity migrated wath a protemn fraction which corresponded
to the fractions 1 and m of the globular protemns of Dubuisson and
Jacob®®  The electrophoretic mobility of thus cellular TBP 1s very
different from that of serum TBP (g 6) The binding capacity of cellular
TBP 15 lumted compared with that of serum TBP whether 1t 15 measured
by electrophoretic separation (compare Fig 6 B and C) dialysis or pre
apitation with trichloroacetic acsd  The relatnelv weaher binding has
also been observed 1n the ready displacement of thyroxine from cellular
TBP to serum TBP when serum or enriched TBP was added 1n increasing
amounts at a final serum dilution of 1 7 when the serum protein concen
tration 1s the same as muscle protein concentration 1n the cellular TBP
extract in the presence of tissue extract almost all the thyroxine was bound
to serum TBP It 1s for this reason that cellular TBP has been more
thificult to 1dentify 1n more vascular tissues such as hiver and kidney As
with serum TBP the homogeneity of cellular TBP rematns unestablished
Thyroglobulin 1tself 1s able to bind free thyroxine but the bond 15 weaker
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than that of serum TBP?9?  Whether this 1s related to the mechansm of
secretion of thyrotd hormone from the gland to blood TBP 1s not known
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Fig 6

Distrib of radioact: n el h of 18] Igbelled L thyroxne added to

rat skeletal muscle ettract and rat serum The honzontal strp at the top shows the

distibution of rat serum o, @, B and y globulns and albumin  The vertical arrows

indicate the points of apphcation of samples A = L thyrowne alone B = muscle

extract 4 L thyroxine (3 5X10°n) C = muscle extract + L thyroxme (7 0 X 10°)
D = rat serum + L thyroune (6 0x10~ M) (From Tatals?)

(IV) PHYsIOLOGICAL SIGNIFICANCE OF THYROXINE BINDING

The most obvious and easily acceptable role that can be assigned to
protein binding of the circulating thyroid hormones 1s that 1t provides a
vehucle of transport of the hormones from their site of productson to the
periphery at the same time 1t provides a ‘ buffer to regulate their entry
into tissue cells  It1s not known whether thyroxine and truodothyronine
enter 1nto cells while they are bound to serum TBP534 751 92 xt 15 much
more probable that only the very munute amount of free hormone
passes 1nto the cell since 1t 1s available to the binding sttes on the cellt
surface Thus the proportionality between the rate of hormonal todine
degradation or utilization and the square of serum PBI derived by
Riggs'®® can be expressed 1n terms of free thyrowune min the serum m
fact the expertmental data fit well with ths concept Robbns and Rall?s ©
have found 2 linear relationship when they plotted the rate of orgamc
1odine degradation against unbound serum thyroxine that was calculated

<
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from the values of PBE extrathyroidal degradation rate and BMR provided
by Berson and Yalow!%® On ths basts one can explam why the BMR
(which 18 proportional to the rate of utibization of thyroid hormones) 1s
increased 1 hyperthyroidism but not 1n pregnancy although n both
conditions the PBI 15 elesated In hyperthyrordism the level of TBP
remans unchanged from the euthyroid state and hence because of a
simple equilibrium phenomenon  there 18 more free hormone available for
entrv into tissue cells  On the other hand m pregnancy the level of free
hormone and therefore the rate of transfer into cells 1s matntained at the
pre pregnancy level by an increase in the level of TBP corresponding to |
the ncrease 1n lating hormone Regarding the cause of this effect of
pregnancy t has heen suggested!s ¢ that the prumary effect 1s a nse 1n
the level of plasma TBP cotncident with the rise 1n other & globulins?*® ‘
the increased PBI follows as a compensatory mechanism to mamtawn the
level of free thyroxine so that the normal tissue requirements can be met
Another facet of the phystological sigmfi of fating TBP 1s that
1t offers the most reasonable explanation for the relatively hugh biological
activity of truodothyronine 1n most ammals ‘This enhanced potency of
truodothyronine corresponds to tts more rapid rate of utthzation or 1ts
biological half ife (see Chapter 6) this in 1ts turn 1s directly related to the
greater ease of its entry into the tissues  We have already seen (Table I}
that truodothyromune 1s 1n fact much more loosely bound to TBP than 1s
thyroune The argument that a high brological patency may be expected
from a thyroune analogue which 1s loosely bound to serum FBP and
which 1s therefore more readily avadable to cellular TBP has received
some support  Shellabarger!*5? and Newcomer!1® made the mteresting
observatton that triodothyronine 1n the chick had only the same potency
as thyroune whatever the method of assay This prompted Tata and
Shellabarger (unpublished) to compare the transport and metabolism of
thyrord hormones in birds and mammals They found that the biologseal
half life of thyroxine and truodothyronine was the same 1n the chicken m
contrast to the much shorter half life for truodothyrontne 1 mammals
Electrophoretic studies of chichen and duch serum showed that there was
anabsence of any o globulin like TBP corresponding to that 1n 1
serum, both thyroxine and truodothyrontae were bound to serum albummn
and the binding affimty of albumin for both compounds was the same
this agam contrasts with binding of the two hormones to mammalian
TBP  These results support the hypothesis that biological potency of
truodothyromine 13 dependent among other factors on 1ts availability to
tissues as controlled by protein binding in the bloed  An alternative hypo
thesss that truodothyronune 1s more effectrve than thyrowne on enzyme
systemsresponsible for the regul of metabolism has never been proved
Why birds should utilize thyrowine as rapidly as truodothyrontne 1s not
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clear, they may have a greater need of thyroid hormones than mammals 1
order to maintan the Jugher body temperature and pulse rate per umt
body wetght (sce Chapters 5 and 6) The greater drffusibility of thyrod
hormones 1nto tissues from fow! blood 1s compatible with low PBI
values reported 1n this species'® ©

There 1s direct cvidence that TBP does 1n fact influence the rate of entry
of thyroxine into tissue cells by a simple binding equiibrium  Fremhel
et al %3 have recently studied the penctration or uptake ’ of radiwactive
thyroxine by surviving slices of hiver, heart and hidney cortex in the pre
sence of enriched human TBF and other secrum proten fractions they
have shown that the uptahe of thyrovine by tissue shces was depressed
by the addition of thyroxine binding proteins or serum to the medium
thts depression was proportional both to the affinity of the added protemn
for thyrouine and to the concentration of the binding protemn (Fig 7
further thyroxine already bound 1n the tissue could be discharged from 1t

soF
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Fig 7

Effect of the addition of whole human serum serum albumin Cohn fractions 1I-111

and IV-VI (thyroxine binding protemn) to the saline incubation medium on the uptahe

of 1311 labelled L thvroxine by calf heart slices The total amount of proten added
was the same 1n all cases  (['rom Trembel e ol 844}

by addition of TBP to the t d The r bility of this
phi d ates the of an equilibrium between cellular
and extracellular binding of thyroxine Stmular conclustons can be drawn
from the work of Beraud et a/1%7 on the mhibition by human serum of
the entry of thyroune into rat kidney slices It 1s also likely that sumilar
reversible equilibrium between cellular and extracellular binding sites 1s
mvolved 1n the uptake of thyroxine and truodothyronine by erythrocytes
and tsolated rat diaphragm 1n the presence of serum®7# 332 334 681 333 751

although thus has not been unequiy ocally demonstrated 'The extraction
of a cellular thyroune binding protern fraction from rat and rabbit skeletal
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muscle has made possible the obsersation of a direct competition betwcen
serum ‘TBP and imtracellular TBP for the binding of thyroid hormone!$?2
(see p 53) The phystological sigmficance of ussue I'BP can only be
snferred by analogy with that of serum T BP, and 1t almost certanly tahes
part 1n regulating the entry of the thyrord hormones nto cells 1t also
probably infl the rate of bolism of these hormones Ths last
suggestion has been supported by the observation of a progressive inhubi
tion of enzymic detodination of thyroxine by a muscle preparation to which
partially punfied muscle 1BP was added 1n increasing amount The
ihibition was proportional to the amount of thyroxine bound to cellular
TBP this means that only free thyrowune 15 susceptible to delodination
Myant!!?8 has demonstrated that in the sntact animal the hver removes
plasma thyroxine more easily when 1t 1s bound to scrum albumin (after
saturation of TBP) by weak bonds than when 1t 13 bound to TBP by
strong bonds 1hesc studies are of great interest since they show that
the conclustons relating to binding equilibrra 1 1stro are also valid for the
conditions that exist 1 t10

(V) Meriops Usep 1N THE STuDY OF BINDINC PROTEINS

‘The most commonly used method for the separation and 1dentification
of thyroxine binding proteins 1s that of electrophoresis on paper at pH S 6
at this pH the two major binding protemns tn human serum TBP and
albumin can be separated from each other without difficulty Both zone
and paper electrophoresis have also been carried out at pH 4 51318 s34 thyg
has shown that serum TBP 1s a more acidic protein than albumin since
TBP exhubits anodic mig whle alt 18 Y

Two methods are 1n general use for the determination of the binding
capactty of a protetn for thyrowine or dernvatives of thyrowune (1)increasing
amounts of thyrowne (or the derrvative) are added to serum containing a
trace of 131] labelled thy after electroph the displ of
radioactvity from the original binding protein can be measured:31? 151¢
(2) an 1solated serum or other protetn 1s added to a sample of serum 1n
which the level of thyroxine (**1 and carrier) 1s so hugh that the hormone
will be disttibuted between TBP and albumin a redistribution of thyroxine
will then take place depending on the relative affinties for thyrowne of
TBP, albumin and the test proteins® Robbins and Rall have described
difficulties 1n estimating the saturation of TBP by this method which
Robbins has partially overcome by reverse flow  electrophoresis

In human serum the separatton of TBP from albumin 1s relatively
simple this 15 not the case 1n rat serum where TBP appears to migrate
with albumin'¥® However Myant!?® has shown that these protetns can

be separated 1 rat serum by altering the pH at which electraphorests 1s
carried out
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One of the major disadvantages of paper electrophoresis in the deter
munation of the binding properties of proteins is that paper 1tself possesses
the property of binding thyroxine and thus competes with the protems
under investigation This phenomenon 1s particularly noticeable when
dilute protein solutions such as CSF and amniotic fluids are bemng tested
Another disadvantage of paper electrophorests 1s the himited resolution of
the proteins this 1s restricted to the major groups (albumin and the
globulins) hence any binding zone may contait a number of proten
fractions

Recently Rich and Bearn! 9% have used starch gel electrophoresis!é?® to
study thyroxme biding in human serum 1n contrast to the results
obtaned with paper electrophoresis they found that about 60% of thyre
xine was bound to the rapidly migrating pre albumm fraction  These
expertments have been of 2 qualitative nature but the method appears to
be promusing for the purification of TBP, and may have advantages over
methods based on fractional precipitation of proteins or electrophorests on
paper or cellulose columns

A new method for studying the binding of thyrowne by proteas has
recently been developed (Tata unpublished) This method 1s based on a
hitherto undescribed property of thyroune truodothyronme and other
1odophenols when thyrowne 1s transferred from an orgamic solvent to
an aq d the d of the phenolic group 1s accom
patued by a transient apparent derodination (as seen by loss of radioactve
thyroxine) which can be demonstrated by chromatographic analysts
This detodiation 1s eventually self reversible but the recombrmation
can be accelerated by the addition of certain protems to the aqueous
medium further the presence of these protemns in the aqueous phase
wmhibits  detodination  of thyrovine when 1t is transferred from the
organic solvent This inhubition of desodination 15 directly proportional
to the thyrowune binding affinity of the protein and to 1ts concentration
thus graphical analysts of the percentage inhtbitton of deiodination asa
function of protein concentration will give the relative binding affiity and
the mmmal concentrahon required for binding  This method 1 much
more sensttive than paper electrophoresis and can therefore be used for
the estumation of binding power 1n 2 dilute protein solution 1t can mote
over be used 1n a phystological pH range thereby avording the posstbility
of artsficral binding This method does not however entail the separation
of protemn fractions and can only be used for the determination of binding
affimity of previously punfied protemns or for the comparison of bmding
affimity 1n different sera or protein solutions




CHAPTER 35

PHYSIOLOGICAL ACTIONS OF THYROID
HORMONLS

GuULL 582 report n 1874 On a cretinoid state supervenmng in adult hife
1n women ' 13 the first description of a condition which resembled cretimsm
but only came on 1n adult ife  Fagge!? had suggested that endemuc goitre
might be associated with changes mn the thyroid gland but 1t was not until
1883 that 1ts true assoctation with Gull s disease was really demonstrated
In that year hocher® ® of Bernt deseribed the changes occurning 1n patients
a fesv months after removal of their thyroids the symptoms observed loss
of energy mental dullness a hoarse voice a thick dry skin swelling of the
face and hands and loss of hair were the same as those described by Gull
In the same year the brothers Reverdin'#*® also noted these changes in
patients who had undergone thyroidectomy These discovenies were
followed by 1nvestigations into the effects of thyroidectomy in expen
mental ammals (see 891 which laid the foundaton for a more rational
approach to the study of the physiological actions of the thyroid gland
In 1895 Magnus Levy®®!! made the classical discovery that the resp:
ratory exchange was depressed in Gull s disease (named myxoedema by
Ord¥7¢ 1n 1878) and elevated 1n Graves disease Since then thousands
of reports have been published on the functions of the thyroid gland
Many of these describe effects obtained with very large doses of thyroid
substance or thyroxine It 1s only recently that workers in thus ficld have
d what minute of the thyroid hormones are secreted by
the gland and will produce responses when administered to humans and
experimental ammals  For thus reason emphasis will be laid on work
which deals with physiological rather than phar logical effects
The physiological actions of the thyroid hormones have been chiefly
studied from observations on metamorphosts 1n amphibia growth in mam
mals effects after removal of the thyroid gland effects on metabolic rate
or oxygen consumption 1n mammals and on the function of other glands
or organs Two salient facts which emerge from these studses are (1) the
differences of thyraid hormone activity 1n different species and (2) the
dependence of thyroid hormone action on the general status of the animal
that1s being studied  The interselationshup between the thyroid and other

c;\docrmc organs 1n particular the pituttary gland has been discussed
already

59
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(1) CaLogricENIC ACTION AND 1 JIERMORICULATION

The calongenic action or effect on cellular oxidation of the thyroid hor
mones 1> therr most fundamental action 1n adult mammals and 15 used 23
one of the indices of thyroid activity n man  The calongeme action 1s
generally represented in terms of the basal metabolic rate (BMR) this s
a measure of heat production in a fasting subject who (1deally} 1s mentally
and physically refaxed Since calorimetry 18 not usually feasible, oxygen
consumption 1s measured and heat production 1s then calculated The
BMR must be distinguished from total bolic activity since only the
former 1s influenced directly by the thyrord hormones In clinical practice
the BMR of patients 15 usually expressed as the percentage deviation from
the normal range The normal average standard most generally used 1s
that proposed by Aub and Dubois?™ 1n 1917  Skanse!$77 has enticized
this standard and a new lower one has been proposed for Britan!? * 3%
a lower standard for Japan has also been publishedte 12¢

Larly work on the calongenic action of the thyroid hormone the methods
for studying 1t and the clinieal use of BMR determinations have already
been reviewedl® ! 198 691 405 1403 140 1107 53 838 and il not be
considered here

Pulse rate 1 sometimes used as an index of metabolic activity but1s not
generally considered reliable  In small laboratory ansmals the survnal
time 1n a closed vessel has also been used for the assay of thyroid prepara
tions and thvrerd hormone analogues (see Appendix)

Magnus Levy 1 his first paper on the effect of thyroid feeding on
otygen consumption 1n humans'®! recorded that a basal rate of oxygen
consumption of 2 9% cmdfkg n a subject werghing 77 kg rose to a value of
3 5 cm?jkg when his wesght had fallen to 73 kg after fecding with a thyrowd
preparation  Later Plummert233 used thyroxne to shmulate metabolism
and estimated that about 1 mg of thyroxine daily was required to mamntan
the metabolic actwity of normal indrviduals 1t has since been found 240% 319
that Plummer s value 1s too great and that 500 pg of thyroxine suffices for
normal metabolic activity 1n man

Boothby and his associatest®s 198 19¢ fixat puy the relationshup hetwcen
thyroid hormone ad ation and resp ona 1ve basis when
they showed that for each milligtam of thyroxne injected ntravenousfy
wnto patients with myxotdema approximately 1008 calomes were pro
duced the effect was much greater than that obtained with adrenaline
which only gave tise to the production of 50 cal/mg injected ‘The strict
expenmental standards faid down by Boothby hate rarely been surpassed
and m of oxygen has since been established as a
sensitne techmgue for the standardization of substances related to the
thyrord hormones 1n man and other anumnls
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The BMR 1 hypothyrordism myxoed and 1n thyroid d
ammals 1s lower than that found 1n normal subjects Conversely i con
ditions where excessne of thyroud | are d as n

thyrotontcosis or after administration of thyrord hormones tn any form
the BMR 15 raised often to very hugh levels  In this connection the work
of Elmer and Scheps** and of Salter!* should be mentioned this con
cerns the relationship between blood 1odine levels and metabolie activity
In myxoedema metabolic activity and blood todine content are low 1
hyperthyroidism they are both raised

After the admumistration to animals of single doses of desiccated thyrotd
and thyroune there 1s an iitial period during which no metabolic response
15 observed (latent period) The BMR then gradually rises to a peah value
where 1t remains for seseral days and thereafter gradually falls to 1ts imitial
salue  Other hormones (insulin adrenaline etc) exert an immediate
effect when injected snto man and experimental asmals  The latent period
of action of thyroxine has for many years made workers 1n the thyrod
field speculate whether thyroune was indeed the compound which
exerted the gland s effect in the peripheral tissues and a search has been
made for dernatnes of thyroune which might produce an immediate
response At one time trnodoth was dered as a candidate for
the title of the penipheral hormone since 1n man 1ts latent period of action
13 uch shorter than that of thyroune  Thus 15 seen 1 Fig 8 taken from

Tre metabole act ty of L thyro ne ond
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Effect of L thyroxne and L tn d ly on the basal

metaboli tate of the same patent with mysoedema (From Asper et of €5)
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Asper et al % Tt will be seen that thyrovine produces a slow response
which 1s mamntamned for 2-3 weeks A molecularly equivalent dose of
triodothyronine produces its maumum effect in 2 days the effect dim

nished with equal rapidity and was almost gone 1-2 weeks after the
mjection It should be emphasized here that the potency of triodo

thyromne 1n eliciting a metabolic response 1n man 1s roughly the same as
that of thyrowne if considered 1n terms of the overall response (area under
the two curves) obtained The only starthing drfference 1s the very rapid
onset of action after truodothyromine injections  The difference between
the latent periods of action of thyroxine and triodothyrontne has not been
observed in thyroid d rats$4s The fi of the latent period
of action of the thyroid hormones will be discussed later 1n more detail

‘When assayed by other methods (see Appendix) trnodothyronine has been

found to possess about five times the potency of thyrowne®é! 844 1008 818
65 299 1053 72 1 75 $51 363 1387 1388 1458

The calorigenic actton of thyrotd hormones observed n the intact animal
1s also demonstrable 1n excised tissues obtained from ammals with expen
mentally induced hyperthyroidism  Rohrer!37* first demonstrated 2n
ncrease of oxygen consumption 1n Irver hidney and muscle 1solated from
mice which had been treated with destccated thyroid Conversely tissues
from thyroidectomized ammals showed a depressed respiration®®® * 4
1055 1332 575 1020 10 3 1010 1485 1268 5 103 114 116 [ the earlier work
d pant results were ob d ths 1s probably due to the fact that towic
effects rather than stimulatory ones result from the admimistration of large
doses of thyroid or thyroxines? 1638

Differences 1 the metabolic responses to thyrotd stimulation of these
1solated tissues have been observed, depending on the spectes studied and
the thyroid preparation used these differences are particularly marhed in
tissues such as bran spleen and the gonads103! 93 1385 1010 1510 602 1§
487 116 743 104 Tryodothy romne has only a higher potency than thyroxne
when the oxygen consumption of excised tissues 1s studied?™®

In contrast to the response of 1solated tissues to thyroid hormones when
they are administered to the intact animal 1s the lack of response of these
tissues when the hormones are added to the incubation medum after
excisionts6 1725 17 6 1735 1 03 108 533 1761 1702 1601  'Thys makes 1t diffi
cult to explain the thyroid hormone s calomgenic action on the basis
of a medification of enzyme systems 12 citro

Many factors modify the effect of thyroid hormones in the mtact animal
(see 1*%) The state of health of the ammal nutntional factors and effect
of other endocrine secrettons all play a part The mutually potentrating
calongenic actions of thyroxine and adrenaline for example have long

J1oz¢ 1354 the 1c actions of thyroid and cortico
Jioed 383 24

been recog
trophuc secretions have also been observe:
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Besides the hormonal interactions some endocrine secretions have an
independent calongenic action  vans ef al 4% have recently studied the
calongenic action of a number of hormones 1n thyroidectomized and
Typophysectomized 1ats and have confirmed the caslier sbeervations that
adrenocorticotrophic hormone has some calongenic action™ € ™ Sim
larly lactogenic and growth hormones have also been reported to have
calongenic actwvity*®! 77t 338 130t Hoyever these pututtary trophic
factors whether they act directly on penpheral sites or via their target
organs only exhibit a small fraction of the calongenic activity of thyroid
hormones ~ Many of the above expeniments could be cniticized on the
grounds that contamination of pitwitary trophic hormones with thyrotrophin
and compl of thyroidi were not dered

Among the several hundred non endocrine factors affecting basal meta
bolism that have been descnbed age sex cnvironmental temperature,
dose of thyroid preparations and activity of the central nervous system are
smportant  From a survey 1n Brtam of the basal energy output of 987
healthy males and 1323 females aged between 3 and 80 years Robertson
and Reid?*#? found that the BMR fell sharply with ncreasing age up to
40 years but after that age lttle change was observed (see also 7 1%%)
The high BMR values found mn young children reflect a raised activity of
the thyroid and are accompanied by increased thyroidal rodine uptahe and
hormone production!!*® 81 Robertson and Retd*?® have also evaluated
the sex difference n BMR at different ages 1n agreement with earlier
work they found that females have a lower oxygen consumption than
males Prolonged fluctuations m env 1 temp are reflected
1 the basal metabolic activity of small animals but seasonal vanations 1n
the human BMR have not been observed by all imnvestigators  Gessler
found that fus own metabolic activity showed seasonal vanations but early
surveys 1n Amencan populations demonstrated that the BMR 15 almost
constant throughout the year'* 1813 5 1 33 In Japan however several
mvestigators have noted a sigmficant seasonal fluctuation of BMR 1n
adults147¢ 785 117%  Fukuda®!® believes that this fluctuation reflects the
low standard of domestic heating 1n winter

Certain drugs are known to 1nterfere with the calonigenic action of
thyroid hormones among these the antithyroxine compound # butyl-
4 hydroxy 3 5 duodob (BHDB) dep the action of thyroxine
on oxygen consumption in small antmals172t 172 112 44 hag little effect in
hyperthyrotd humans® ¢ 'The adrenergic blocking agent Dibenzyline
[N (2 chloroethyl) N (1 methyl 2 phenoxyethyl) benzylamine hydro
chloride} has a similar effect to BHDB according to Holthamp and
Hemung?s4 Schwarz et al 1439 however have found that Dibenzyline poten
tiates the action of thyroune 1n rats this resembles the synergism between
thyroune and adrenaline Reserpine alwo antagomzes the achon of
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thyrovine and trnodothyromne on oxygen consumption in man and the
guinea pig possibly at 4 peripheral level®93 358 339 Roncke'®® hasinfact
treated hyperthyroid patients with reserpine and observed 2 marhed fall
1w BMR often to almost normal values Low ovygen tenston has been
reported to affect the BMR and NMilen e af 1995 observed a loweting in the
BMRs of hyperthyrod patients when they were taken to high altitudes

Comparatice Aspects

Studies on the calongenic effects of the thyrotd hormones have shosr
that the metabolic rate of any animl 1s refated to ats body waight and can
be expre sed as M = b1 or log M = logb + alog J§ where A 1s the
metabolic rate per umt tme 11’ 1s the bady weight and o and & are con
stants  The metthohc rate can also be expressed i terms of the pulse ate
which closely corresponds to 075 power of body weight?es 100 15 The
relationship between body weight heat production and the rate of utiht
zation of thyrosine s shown mn ag 9
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1he relationship betw een the rate of petipheral utihization of thyroxme and the allometric
dependence of pulse rate on body veight i some mammal  In general the pulse yate
s 1 to the basal b rate the all 15 modified from
Bertalanffy?** The talues of 18 hr 3 5 days etc arc the ayerace figures for the biofogical
half hives of thyroxine 1n the different spectes derrsed from hterature quoted in the text

The thyrotd hormones do not appear to exert any calongenic activity 1
Jower vertebrates although thyroane and truodothyromne have been iden
nfied 1n some species  Most investigators have faled to observe either

stmul of oxygen ) by thvraune or depression of oxvgen
consymption by antithyrosd drugs 1n frogs and fishes?2t 7¢3 40 1378 467
715 188 916 3038 though a few have obtained a posttsy e response to thyroid
fhormone and antithysoid compounds i fishesss? 1487 Smith and Brown
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mnvolved It appears therefore that hormonal (chemical) and neural
(physical) actions must be dered toactin with each other

The relationship between thyrord hormone secretion and thermo
regulation 1s of particular interest in the study of lubernating and migrating
animals but only scant information 1s available Work on the hamster
garden dormouse marmot and hedgehog shows that 1n contrast with
permanent homeotherms the thyrord exhibits Iittle evidence of hyper
activity when exposure to cold occurs during the antmal s period of actisity
1n summerSt 1761 837 352 L ayser and Aron®?? have explained this lack
of response by suggesting that the seasonal cycle of actvity of endocnne
glands 1n hibernating animals cannot be overcome with the sumulus of
cold In the garden dormouse (Eliomys quercinus L ) 1t has been shosn
that the thyroid gland continues to function durmg hibernation but that
1ts activity 1s accelerated 1n February and March®*® However, the thyroid
1tself does not appear to influence the hibernation cycle since Utberall!®
has shown that lubernation oceurs n thyrotdectomized hedgehogs

Little work has been done on thyroid function m migratory birds but
Oakeson and Lalley?®? have found that the thyroid gland of the Gambel s
sparrov 15 most active at the end of the spring and autuma migranons

(11} GrRowTH MATURATION AND DIFFERENTIATION

Some workers have interpreted the great varety of phystologtcal actions
of the thyroid hormones as a multiplicity of manifestations of a single
action on energy metabolism However a growing belief 1s shared by
many that the thyroid hormones have a spectfic action on growth processes
mdependent of ther function as bolic regul smee sut
such as 2 4 dinitrophenol and adrenaline which have calorigemic activity
have no effect on growth In warm blooded vertebrates 1t 15 not possible
to study devel ! and bolic f dependently but it has
been shown that 1n lower vertebrates the thyroid gland has a much greater
effect on growth and differentiation than on osygen consumption In
these processes one must constantly be reminded that the thyroid hot
mone acts n conjunction with the growth or somatotrophic hormene

(a) Grouth 1 Higher Vertebrates

1t has been known for nearly 70 years that full body growth to normal
adult dsmensions 1s not attzined 1n athyreotic ammals or in ammals which
are thvroidectormzed during the early period of development ‘The most
striking example of this 1s the dwarfism of the congenital hypothyroid
child or cretit  Early trials of replacement therapy in cretins showed that
growth can be restored to some extent The amount of thyrord hormone
administered has also been found to be of paramount importance and
excessive doses will inhubit growth as they inhibtt metabolism*94¢  Cameron
and Carmichael?s? 238 admumistered large doses of thyroune to rats and
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found that growth as a whole was retarded because of the stimulation of
catabolic processes on the other hand differentration was stimulated and
resulted 1n hypertrophy of several organs notably the heart lnver hidneys
and adrenal glands Cameron and Carmuchacl?®* used the decrease 1n
growth rate of rats as a method of assay of thyroid hormone this method
of bioassay 1s however of limited value since the relationship between
diminished growth rate and dose of hormone 1s only very roughly quant:-
tative®*  Certamn vitamins antibiotics hpids and liver extracts have been
shown to protect ammals agunst weight loss and death resulting from
extreme hyperthyroidism?43t 1555 43 1316 1068 £43 415 446 Stevens and
Henderson's!t have recently described a method for the assay of the
factor 1n liver based on 1ts protective action against weight loss in hyper-
thyroud rats

Stimulation of growth by small doses of thyroxne in thyroidectomized
rats has been demonstrated by Rowlands'3*® and by Simpson et al 147
the growth promoting action of truodothyronme has also been demon
strated®! as has its growth inhibiting activity when given 1n too high a
dose (Fig 10) This extremne sensttivity mn the response of body weight

BODY WEIGHT g
T

o 20 3 4 0 60 T

DAYS
Fig 10
Effect of thyroid horrnoncs on total body growth i young thyroide tomized rats
T‘{—lhyn)xme TRI = y thyrect = th controls sham
op = comml [} truodoths and 5 pg th:

i the reduced growth rate 1n thy roidectomized antmats o hile 20 g truodothyro-
rune/day reversed this effect (From Gross and Pitt Ry erst +)
r
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to overdosage with thyroid hormone probably explans the farlure of certam
workers to observe 1ts growth promoting action n certam instances
8331 1847 1208

It has now been established beyond doubt that the thyrond hormene i
essential for growth dunng ewsly Iife 1nman monkeys rumnants rodents
and blrd5073 1 BB 114 708 N¢32 1565 498 28y 1718 583 I 17 1474 rurﬂlcr
ifferences 1 growth rates of different strans of lambs and chicks hase
been correlated with thyrosd secretion rates the faster growing strams
have an inherently hugher thy rovine secretion rate than the slower growing
stragnslé?4 bas

Besides total body weight the growth of certai tissues 1s alsa marhedly
retarded 1n hypothyrordism  Alterations m shin and hair growth are
evident 1 myxoedemna and have been i oked 10 the dugnosis of hipe
thyrodism®®®*  In young sheep a poor condition of the fleece has been
found to sccompany stunted growth after thyrowdectomy 7 13203
Thyrewdectomy has recently been shown to prevent maturatian of second
ary wool follicles but the condition can be corrected by the adminstration
of thyrownet™ In chickens thyroudectomy results m retardation of
feather development swhile feeding small amounts of thyrotd substances
or 1odinated proteins stinulates feather growth 1n growing bards?™ ¢
788 3847 Large doses of thy roid hormone admimstered to mature bards
cause abrupt moulting of old feathers or barbul and deprg
of new feathers which appeart?ss 1787 133 16 ¢ ¢ Thyroune and related
compounds are capable of reversing the effects of thyraid deficiency o8
fonl plumagess? 35 3

The mechamsm of growth stimulation remans unknown whether the
action 1s secondary to a stmulation by growth hormone or s a result of
varted but direct actions has yet to be determined  The fact that thyroune
has a metogeric action on rat Liver and eprthehurn of the crypts of Lieber
Luhn m the duodenum s of mteresti?#® ¥ 2 However the finding of
Leblend and Carriere® * that thyrovine imcreases mitotsc rate in thyrodec
tormzed rats only an the presence of the pituitary or growth hormone
suggests a secondary (but vial) role for the thyrowd hormone 1 the process
of cell druston and differentsation and dicates that during des elopment
the combined effects of pitustary growth hormene and the thyroid hormone
are essential

(b) Effect on Bone and Tooth lormation
The thyrosd hormone has an important role 1 osseous development
1 cretimism or jutentle mytoedema there 15 marhed retardation of ossifi
Jo oby

f: 1stics of bone fot
cation and the body retans
encountered to the same degree 1n other types of dvarfism wath retarded

”
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bone age Thyroid treatment causes rapid acceleration of bone develop

ment 'The maturing skeleton in ctuldhood 13 more sensitis e than are other
systems to thyrord hormone defictency Zondek and lus colleagues have
recently described 2 case of thyrogenic 1nfantihism in which the patient
shows a marked retardation of bone age as also of somatic and sexual
development!??2 1722 These patients show no other climical signs of
hypothyroidism or myxoedema and respond dramatically to thyrod
therapy In thyroid deficiency 1n children the upper and lower skeletal
segments remain nfantile m relation to the patients age and there 1s
marhed d; of the of the epiphysts and apr of
bone nucler together with a lack of maturation of the naso orbutal con-
figuration 1116 1717 see also leading article Briz med § 1958 p 567

Wilkins!"5 has stated that the effect of thyroid hormone on cartilaginous
ossification 1s specific 1n thyroid def this leads to dep n
1slets (see Fig 11) Coryn¥° concluded that the actson of thyrord hormone

i

of epiphyseal devel t in the bone of normal and hypo

thyrod children The shaded areas represent the change which oceurs n the epiphysea]

cartilage cells preparatory to calcification The black areas represent calaification and
one formation  (From Vealkns?716)

on the skeleton 1s complex and influences all phases of endochondrial
osteogenesis  The correction of retarded bone formation with desiccated
thyroid!”® and with truodothyronine®s® has been demonstrated

In hyperthyroidism radiographic evidence has shown that osteaporosis
1s common and metabolic studies have related hyperthyroidism to an
increased uninary and faecal excretion of calcum and phosphorusses 153
13817 735 736 ¢ The relativelv normal values for serum calcium
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hospl 1lea] oant

phosphorus and phosy found in hyperthyrotdism suggest
that bone demmneralization can be attributed to  osteoporosis i these
patients  Experiments performed with radioactive calcium (#Ca) have
shown that in hyperthyroidism bone formatton and destruction were pro
ceeding at mncreased rates$??

The action of thyroid hormone on bone maturation 1n other ammal
species has also been studied In 1894 Hofmeister observed a retarded
bone growth and a swelling vacuolization of the cartilage m thyroidec
tomized rabbits which he described as ‘chondrodystrophia thyroprivia
Later detailed studies on shulls and sheletons of thyrotdectomized rabbits
and sheep indicated that anomalies in skull development could be partly
explained by the relatuely slower growth of shull and jaws compared with
that of the teeth the locus of damage to both growth and maturation
patterns of skeleton 1s in the diaphysio eptphyseal plane without any mod:
fication of bone texture and weight or prolongation of the growth period
to compensate for dummshed velocity'$?®  Similar effects have been
described in rats 1n one instance the bone of a 72 day old thyroidectormzed
rat had the same appearance as that of a normal ammal of 15-20 days
766 138 1161 137 1653 1654 114 Jp hypophysectomzed rats a virtually
normal picture of bone growth 1s restored by growth hormone admint
stration except that no closure of the epiphysis occurs but admrnsstration
of thyroxine leads to closure of the epiphysis®* Becks and hus colleagues®?
conclude that 1n bone, growth hormone stimulates growth only while the
thyroid gland controls both growth and differentiation  The balance of
control between growth and thyrotd hormones and the effect of vanous
hormonal and dietary influences on total bedy growth and on the growth
of bone and teeth have been recently described and reviewed 1n further
detail? 18 797 134 985 The evtreme sensitivty and dependence of bone
growth on thyroid hormones has been brought out by the work of Walker
169 e has shown that the measurement of skeletal age compared with the
chronological age of immature rats gnees an accurate indrcation of the
skeletogenic potency of any substance (Frg 12) By tlus method trnodo
thyronine was found to be nearly twice as potent as thyrovine but trodo
thyroacetic acid which 1s metabolically Jess active than thyrowne had 2
higher potency 1n the maturation test

TFrom the work of Fell and Mellanby 472 + 3 1t appears that the thyroid
hormones may possibly have a direct actron on bone growth Cultivation
of chich embryonic long bone rudiments 1n the presence of thyroxine and
trnodothyronine led to two types of effects (1) a sumulatory effect on the
maturation of cartilage more pr d 1n rud pl: d at the
blastematous stage (2) a towe effect causing retardation of growth and
cellular degeneration i the older rudiments and during later stages of
cultrvation  The lustological effects of truodothyronine were qualitatively
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Fig 12
Quantitatn ¢ relationship betw een the dose of thyroxine and truodoths romne and enhance
ment of skeletal maturation in new bornrats A =18 X 109V B =11 X 10-%
C=06X10°\ (From Watkert* )

stmilar to those of thyroxne but the inhibitory effect of the former com
pound was about four times that of thyroxine  The effects of thyroid hor
mones on embryonic skeletal rudiments are to some extent comparable
with the effects of hyperthyroidism on the post embryonic sheleton

The effect of thyrord hormone on teeth 1s comparable to that on bone
growth and 1n cretins tooth development 1s retarded The thyrord hormone
also controls the rate of eruption of teeth this has been particularly well
studied in the rat harnofsky and Cronhite?** demonstrated that thyroxine
markedly accelerates the eruption of teeth in new born rats the time of
eruption being dependent on the dose of thyroune on the other hand
thyroid y or th ! d the eruption rate of rat
incisors and retards dentine and root development117 734 132 533 Garren
and Greep®s® Shellabarger!5 and Walker®® hase shown that the mctsor
eruption rate 1n rats could be successfully used for the assay of thyroune
and similar compounds  The activity of the thyroid gland also appears to
be directly related to the incidence of dental caries 1n rats admumistration

of thyroid hormone cauateracts the mcreased mncidence of cares produced
by radiothyroidectomyt?t 1125

(€) Effect on Grouth and Differentiation 1n Lower V ertebrates Metamorphosis
By the end of the mneteenth century much information was available
concerning the sequence of events and the changes occurring in tissue
duning phosis m amphibta  There was however no

clue as to the agent which controls these changes until Gudernatsch®st
made the important discovery that feeding of horse thyroid gland to
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anuran frog tadpoles (Rana temporania R esculenta Bufo vulgarss) and
urodele larvae {Triton alpestris) led to a suppression of further growth and
produced an extremely precocious metamorphosis  Evadence m support
of the hypothesis that the transformation from the larval to the adult stage
ss effected by the ammals own thvroid was provded by Allen® and
Hoshins and Hoskins?®% who showed that thyroidectomuzed larvae faled
to metamorphose although they continued to grow  Thyroidectotnized
tadpoles or larvae may grow toa giganticsize these grant tadpoles undergo
metamorphosss 1f fed with thyroid substances® 143+ Since that time the
role of the thyroid gland 1 amphabian metamorphosis has been more
extensively myvestigated than any other aspect of thyrod function i cold
blooded vertebrates and evcellent resiews have been wnitten on work done
during the fast forty years®s 1 va 832 33 32 205 188 903 430

Later attempts were made to establish a relationship between the
activity of the thyrowd gland and metamorphic changes  In 1919 Allen®
reported a gradual inerease i thyrod size during the early stages of meta
morphosis 1n toad larvae followed by a dimnution m size when meta
morphosts was at its height Work 1 several species ivolsing cytologieal
studies of cell hesght collod content epithehal mass and ntraceltular
vacuoles has shown that the thy rosdal activity sncreases greatly and reaches
a maxunum near the tume when the tail 1s undergoing resorption after
this there 1s a decrease 1n the height of the eptthelium and sntracelfular
vacuolestd4? 1881 454 433 IU 345 WS 1418 800 There have been some &S
crepancies in the findings of different workers owing to the wide vanety
of speties imestigated  Shlower'®® and D Angelo and Charipper®®
ohserved that the thyrotd follicles collapse at the chunax of metamorphosis
while Etkin®®* found no distnct stage of follicular esacuation  Gorbman
and Evans®® have correlated histologieal differentiation with the begin
ning of thyroid function 1n 331 studies in Hy lla regrla but Money et al 1
were unable to detect any difference in ' turnov er dunng metarnorphosts
m Rana prprens However Saven et al 1413 studying Xenopus laerss hne
shown unequivocally that both thyrerdal and extrathyroidal rodine meta
bolism correspond with lustological changes  These authors have used
s different parameters for the quanutative measurement of thyrotd
funetion and s stunulation by the antersor pitustary gland  the results
are summarnized in Fig 13

Althongh 1t 1s likely that the decrease in thyrosdal 31 shownin Fig 13
represents an increased rate of release of thyroud hormones and that the
lowerng of body PB*1 15 related to mcreased thyroid hormone utihization
the hormones themselves have only been d d dunng pho
sery recently Shellabarger and Brown {unpublished) have shown that
thyroune and truitodathyromine are present 1n the thyrowd glands of tad
poles duning different stages of metamorphosss
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Schemat ¢ of and 1 changes g 0 the
Prustary and 1hy raud gland dunng the developroene vnd metamorphosis of Yemapus lacere
tadpoles  {I'rom Saxén ef al $4%}

In cantrast to the amount of snformation avatable on the physiological
function of the thyroid h wn amphtb phosts relatrvely
httle s known about thewr effects on growth and differentiation 1n ather
classes of lower vertebrates such as tumicates acramates and fishes or
msertebrates  Contradictory findings have been reported but it appears
that the effects of the thyroid on growth and differentiation 1s fess spee
tacelar than m amplubuans (see 4#* 993 for reviews)

None of the theorses put forward to explain the mechanism of action of
thyrard hosmones on metamorphous hos pmned wide acceptance  The
Suggestion has been made that the thyroid controls metamorphosis by sts
wfiuence on metabolism  However some myestigators faled 1o observe
a0y inerease an metabohe rate dunng metamorphoss nor could they
accelerate metamorphoss by certan agents that ncrease the metabohic
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rate  Yor these reasons this theory 1s unconvincing  Many investigators
who did observe an increase 1n metabolic rates of tadpoles durng meta
morphosis have expressed the belief that such a rise 1n metabolism 1s an
accompaniment rather than a cause of metamorphosts as first suggested
by Huxley™®  Among other early theones are those of Champy ™ and
Aleschin®®  Champy believed that the thyroid hormone causes an increase
i mitotic actrvity 1n those organs which are charactenstic of terrestrual
Iife 1e lungs limbs and intestine while 1t has regresswve effects on charac
teristics of aquatic existence, such as the tal gills and the horny beak
Aleschin considers that impregnatton of larval tissues with thyroid hor
mone leads to autolysis especially 1n the gills and intestine, autolysis would
lead to a general acidosts and this would promote further autolysis this
would occur even when the thyroid 1s 1n a resting state towards the end
of metamorphosis  The principal objection to this theory s that st only
for the disappearance of certain tissues but provides no explana
tion for the appearance of new ones (limb buds) Lynn and Wachowshi®*’
conclude that the charactersstic responses of different tissues to the hor
mone result from inherent properties of the tissues themselves 'This lead
us back to the basic problems 1n embryology of differentiation and
determination  and we conclude that the diverse changes which occur
during metamorphosts are predetermmed and are only trggered off by
the thyroid hormone

(I1T) ErrEcT ON WATER AND ELECTROLYTE METABOLISM

One of the earhier noted effects of thyroid hormone adminstration was
a marked dwretic acion  In myxoedema a considerable amount of salt
and water was found to have accumulated 1 the orgamsm and replace
ment therapy with thyroid caused the foss of extra fluid together with the
dissolved electrolytesi?®! 477 337 Tt yas also shown that the loss of water
nfluenced the volume and properties of the body fluds? & 102 The
diuretic activity of thyroune was even observed i diabetes mstpidus®®
On general grounds one mught expect that hyperthyroidism would be
accompanied by dehydration and myxoedema by 1ncreased water content
however the reverse effect of a considerable concentration of blood m
myxoedematous patients was noted by Thompson!®® further expen
mental hypothyroidism led to dehydration of blood, skeletal muscle and
bramn®™¢ Administration of thyroid extract or thyrovmne effected a transfer
of water from the tissues to the blood thus increasing the total blood
volume by 25-30%¢%* ¢ It therefore appears that the diwrests of
hyperthyrowdism 1s secondary to dilution of the blood

The studies of Byrom® on the metabolic balance of electrolytes and
proteins helped to clanfy the function of the thyroid hormone 1n water
metabolism Byrom found that admnstration of thyroxine to normal or

- V.
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mysoedernatous humans was followed by losses of sodium and potassium
10ns dunng the diuresis which followed  There was however a difference
10 the cffect 1n normal and hy pothyrord patients, tn the latter the loss of
sodwam was much greater than the loss of potassium whereas 1n normal
individuals 2 lugher net loss of potassium resulted  Thus indicated that
the flud lated by myxoed: patients was largely extracellular
but that 1n normal subjects, thyroxine caused a depletion of intracellular
water and salts Bockelman!®! beleves that the thyrod glind has an
important function 1n the regulation of body potasstum levels The pheno
mena noted by Byrom occurred only as a result of the large doses of
thyroxine admimstered Boothby and lus colleagues failed to observe any
consistent effect of small doses of thyroxine etther on sodium or on potas
sium excretion!?®  More recently careful metabolic balance studies 1
humans on the effects of small doses of thyroxine and truodothyrontne
also failed to demonstrate a consstent cffect on overall balance of sodum
and potassium 1n spite of a very profound diuresis'??* ¢ Rawson ¢t al 1172
also observed that an ncrease 1n the level of sodium and chlonide 1n the
serum accompamed the diuresis this suggested that enough water was
lost to cause a relative concentration of extracellular fluid  This work
failed to demonstrate any effect of thyroid hormones on chlonide excretion
although earlier studies described changes 1n chloride exeretron accom
panying changes 1n thyroid status®4® 1237 howusalo and Pekkarinen®?
showed that the chlonde concentration in the sweat decreased with
mereasing hyperthyroidism

Thyroid hormones also affect the metabolism of calcium and phosphorus
but how this 1s brought about 1s not clear  Many factors control the meta
bolism of these two elements 1¢ parathyroid hormone taleum intake
renal function and vitamin D Reports have appeared describing negatine
caleum and phosphorus balances in hyperthyroidism i man or during
thyroid admimstration 1n man and lower antmalsi# 77 40 136 1327 13 3
e 6143275 65 f sufficient calcum 1s ncluded in the diet a positive
balance can be established even though massive doses of thyroid hormone
are administered moreover the negative calctum balance occurmnng m
thyrotoicosss can be abolished by caleum feeding However both
Rawson!? Sand Asper® and their colleagues noted hutle change n calotum
excretion or in serum calcium levels after admimstr.tton of small doses of
th or tritodotk to myxoed patients although marked
phosphorus excretion was provoked  The dose of thyroid hormone
admimistered and the thyroid status of the subject are factors which will
affect calcium retention or excretion 1w hypothyroid children or cretins
small doses of thyrouine cause a retention of calcrum while larger doses
produce the opposite effect1o3? 215 The actton of thyrosd hormone on
calcium metabolism differs profoundly from that of parathyroid hormone
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with the latter both the serum calcium level and urinary calerum exeretion
are greatly elevated at the expense of bone calcium  When Rawson et al 2 #
calculated the phosphorus loss on the basts of mittogen or caleium loss
they found that more phosphorus was lost than would be expected from
the ratio of phosphorus to mitrogen 1n normal skeletal muscle or calerum
to phosphorus n bone A similar effect was produced with truodothyronme
and the acetic acrd analogues of thyrowine and truodothyronine? # There
was no change 1n the phosphorus level sn serum and the source of this
excess phosphorus 1s as yet undetermined The findings of Greenberg
et al > Lamberg and Ostling®®® and Basteme and Lrmans'?® sndicate
that admimstration of thyroid hormones causes a more rapid turnover of
phosphorus and an increase in the rate of transfer across cell membranes
Among the 10ns studied magnesium has attracted some attention Dine
and Lavietes?™® proposed that changes 1 thyrod actwaty could mduce
hanges 10 the of wthout aff 1ts total blood
concentration 1n myxoedema all the magnesium was believed to benan
tonized or ultrafiltrable state while a large part of 1t was bound 1n normal
subjects This hypothesis has not been confirmed®7? 31 Admunistration
of large doses of thyroxine has been shown to cause an increased require
ment of magnesium1#*¢ these authors attrsbute ths to an inhibition of the
action of magnesium 1ons 1n oxrdatrve phosphorylation caused by the
chelating action of thyroxine However the large doses of thyroxine and
magnestum administered in these experiments preclude their having muc
physiologrcal sigmificance

{IV) EFFecT ON NITROGEN AND LipIn METABOLISM

The profound effects of thyroid hormones on such fundamental pro
cesses as growth and maturation of ussues and on the release of energy
from foodstuffs are bound to marufest themselves 1n the metabolic equilt
brium of almost all cellular constituents The changes 1n metabohsm of
nitrogen fat and carbohydrates provoked by thyroid hormones are sum
manzed below and should be considered 1n the hight of these fundamental
actions rather than as 1solated effects

(a) Nitrogen Metabolism

Hadden®s¢ noticed that 1n myvoedema the excretion of urea was dumint
1shed below 1ts normal level  the converse effect appeared 1n early reports
on replacement therapy 1n hypothy rotd subjectst?7 1074 Dluller1128 recog
mzed the sncreased mitrogen excretion n Graves disease the effect of
thyrotd hormone on d protein bol was also d lmte
by Magnus Levy'®! who found that the increase in resy y g
s with Gulls disease treated with thyroid preparauons was

n p:mem
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accompanied by an ncreased unnary nitrogen excretion  When creatine
and creatimne excretion were studied 1t was shown that thetr metabolism
was disturbed both tn hypothyroidism and thy rotoxicosistt © 517 1488 Thys
discorery has been followed by many reports assocrating thyroid function
with mtrogen metabolism as reflected 1n changes in creatine and creatinine
excretionl$t 29 79% 718 1190 851 1061 1248 1611 30 S1 1813 1718 140z 1128
147 10 887 T general secretron or admumstration of excessive amounts
of thyrord hormones leads to creatinuna and an creased serum creatine
level concomutantly there 1s a decreased concentration of creatinine in
both urine and blood In hypothyrord children creatinuria which 1s a
normal process m childhood 13 absent but creatine excretion appears
rapudly dunng thyrord medication  In adult subjects with hypothy roidism
the deviation from normal creatine and creatinine metaboltsm 13 less
marked It should not be forgotten however that other pathologieal con
ditions such as diabetes Iiver diseases and muscular dysfunction also affect
creatine bolism and the r of plasma 1n renal faillure
15 well known
The creatinuna cbserved in thyratowcosis 1s related to thyrotouc
myopathy this was foreshadowed by Askanazy® who obsenied that
degeneratne changes in sheletal muscle 1 patients with Graves disease
resembled those 1n muscular dystrophy  Dubois#0* explained this meta
bolic defect of hyperthyroidism by postulating that in subjects with
increased oxygen consumption a gnen amount of muscular work required
twice the calonic expenditure required by the normal subject It has been
shown that a positive mitrogen balance in hyperthyroidism can be restored
of the calonc intake exceeds the basal energy requirementi®s 1497 This
effect of thyroid hormone 1n provoking a muscular wastage and mefficient
utilization of protein has been the object of many recent studtes n cases
of thyrotouc myopathy?812 1765 1253 1087 11 717 1681 Vestermark!®®! has
ph d that the diffe bet creatine bol 1n patients
with thy not p d by dystrophy and in thyro-
touc subjects with myopathy 1s related to the degree of hyperthyroidism
In experimental animals  the relationshup of the thyroud to creatine meta
boltsm 1s sumlar to that found 1n man  The creatine and phosphocreatine
content of the muscles of the rabbit and rat are increased after thyrodec
tomy and d d after the ad of thyreid sub 1633 1091
¢ ™ Wilkins and Fleisch 1118 found that ad ration of thyroxine
and thyrotrophic hormone to intact antmals caused a loss of stored creatine
but was not accompanied by any increase 1n the rate of creatine synthesis
they concluded that 1 hyperthyroidism there 1s defective transformation
of creatine to and ly that
conversion takes place tn hypothyroidism

Thyroid hormone prod a resp n bol which

d creatine

15
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proportional to the dose administered, this led Peters et af? 14 to adopt
the creatine tolerance test'®3 for climcal purposes More recently,
Kuhlback®#? has found that the plasma creatine creatinsne rato 15 a useful
diagnostic aid as an index of peripheral action of thyrotd hormones
thyrotoxic patients and 1s superior to BMR measurement 1n these patients

Lattle 1s known about the mechanssm of the defect 1n creatine metabolism
n thyrototicosis or experimental hyperthyroidism  Shorr et al ™! sug
gested one year beforc Lohmann?®®® discovered creatmephosphokinase
that the thyroid hormone interferes with the enzyme system cataly ing the
phosphocreatine = creatine reaction  Later Ashonas®? found that thyrox
ne had a strong mhibitory action m wvitro on punfied creatinephospho
kinase and suggested that tlus might represent the mechanism of thyrod
hormone action on nitrogen metabolism  An alternative mechantsm might
be put forward involving a modtfication of tissue permeability to creatine
In metabolrc studies with labelled creatine 1n cases of progresst e musculat
dystrophy Roche ef al 13 @ and Benedict et al 144 have shown that creatine,
once 1t 1s synthesized cannot enter muscle cells but 1s instead excreted
the urtne  In this disease there 13 a defect i creatine metabolism which
resembles that in thyrotowicosis  Recently Kuhlback and Wahlberg(see "}
have observed that creatine 1s not absorbed and metabolized by muscle 18
the normal way in thyrotowic patients the greater part of a dose of labelled
creatine was excreted within 24 hr this may explan the dimmshed
creatine tolerance 1n thyrotoxicosss

The catabolic action of thyrord hormones 1n protemn metabolism 15
indisputable these hormones also possess anabolic activity when they ar¢
admmstered to hypothyrord subjects these anabolic effects were found
to be particularly strihing when hypothyrordism was corrected by sub
stitution therapy 1n children®? & The apparent paradowcal action of
thyrotd hormones as protein catabolizers tn hyperthyrord adults and 2s
protein anabohzers 1n the growing animal may be due to the synergistic
action of thyroid hormones and other hormones such as growth hormone
or the androgens Whether the thyroid hormones provoke anabolism of
catabolism may also depend to a large extent on the dose admimistered
and on the metabolic state of the ammal In thyrotoxic adults the negatne
nutrogen batance 1s converted by admmstration of testosterone to a positie
balance without reduction of the high basal metabolic ratess® The
dependence of mitrogen balance on dose of thyroid hormone has been
demonstrated 1n a study of the rate of protein synthesis from [*5N]glycine
1n patients with primary myxoedema and normal volunteers before and
during admunstration of truodothyronine?® It was shown that i hypo
thyroud patients trusodothyronine restored the low rate of protem synthests
to a normal level whereas m healthy volunteers 1t depressed the protemn
synthesis rate Crispell and hus colleagues?*® have also shown that a large
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dose (100 pg) of trnodothyrontne daily produces negative nitrogen balance
1n myxoedema

In myxoedema the excess of protein in the extracellular flurd has been
termed  depostt protein'  Increased mitrogen cxcretion caused by
thyroid h d ration to myvoed patients has been
manly attributed to the catabohism of this  deposit protein 1#? 2492, which
appears to be 1n the globulin fractions?® 143¢  However there 1s consider
able disagreement concerming the level and distribution of plasma protemns
1 experimental hypothyroidism  For instance 1t has been obsened that
thyroidectomy causes 1n increase m total plasma proteins of rat blood
particularly 1n the « globulin fraction?®é3 #1% 231 the opposite cffect has
been reported for total plasma protein” Results which were difficult to
interpret were also obtained by Niher'*#? Agnoletto and Agnolettot* and
Cama et al #31 1n studics on the level and distribution of plasma proteins
1n hyperthyroud rats and rabbits  In humans findings are more consistent
n d the ratio of extr lar to intr far distribution of
'] labelled albumin 1s 1ncreased from the normal ratio of 60 40 to
73 2319 thyraid medication causes a decrease 1n extravascular albumin
1135 982 139 Rothschuld ez al 1391 have made the further interesting obser
vation that thyroid hormone enhances albumn production i the hver to

d alb 1

alevel which nearly P for the as
aresult no appreciable negative albumin balance takes place
(8) Liprd Metabolism

As1s welt known the concentration of cholesterol 1n the serum of man
the dog rat rabbit and fowl 1s elevated 1n hypothyroidism and after
thyrodectomy 1n hyperthyroidism and after thyrod admumnistration the
blood cholesterol level 1s however only shghtly below the normal value
€91 208 778 1425 580 490 1608 1 10 500 882 1083 1213 375 Amnng the llplds
cholesterol shows the greatest regulanty 1n response to the circulating
level of thyrowd hormone but other hipid components are affected similarly
Thus the levels of neutral fat phospholipid B lipoproteins some fatty
acds total free pherols and the electrop lly bile chylo-
micron fractions have all been shown to vary inversely with thyroid activty
or airculating harraone leyel?08 580 1210 500 1189 610 1241 499 1de

Peters and Man? 10 however have been unable to confirm the report
that neutral fat decreases more than does cholesterol 1n hyperthyroidism?9?
and find no correlation between the response to therapy and blood neutral
fat etther 1n myxoedema or thyrotoxicosis The vamation i serum
cholesterol levels tn any normal population 1s large and 1s accompanied by
a corresponding fluctuation 1n the levels of other lipad fractions  The
distribution of lipid components 1n uncomplicated hypothyroidism 13
normafi®ie 1212 113 byt 13 disturbed 1n other types of hyperhpaerma
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especially 1n those caused by Iiver diseases, fractionatton of serum hipids
would therefore provide more information 1n the diagnosis of hypo-
thyrotdism than measurement of total cholesterol alone

The level of fat 1n the diet plays 2 major role 1n the development of
bypercholesterolaerma in certarn species  Malnutrition or starvation causes
serum lipids to fall#3® #3% and 1t has been shown that partial starvationin
rats prevents the hypercholesterolaemia of hypothyrordism*® In both
the rat and rabbit high cholesterol and Iugh fat diets provoke hyper
Itpaemial®s! 16 and 1t has been shown that n rats a dict nch m fat of
large doses of cholesterol will protect animals agamst the lethal effects of
large doses of thyroune#®s 5 However 1n man and dog 1t 1s difficult
to alter the blood concentrations of hipid or the normal interrefationships
of iptd components by dtetary variations though the fat stores i the body
mﬂy be aﬁectedlssk 1535 1534 853

Since thyroid hormones cause a greater expenditure of energy, the 1oss
of fat stumulated by thyroid hormone administration may to some extent
be the result of a non specific wasting effect  However Abelin and
Kk + obtamned evid that thyrotd secretion has a durect actron o
fat metabohsm they showed that a large proportion of the body fat of
rats disappeared within 16 hr of adminsstration of large doses of thyrod
this was before any general metabolic effect of the hormone was detectable
Moreover the stimulatton of BMR by dinitrophenol without a concomitant
decrease 1n serum cholesterol3* provides further evidence in favour of a
direct action of thyrotd hormones on fat metabolism

The mechamsm of this action has been partially elucidated i recent
years 1t appears that the thyroid hormones influence lipid synthesis and
degradation rather than absorption and digestion of fats In rats thysoid
status mfluences neither intestinal absorption of cholesterol}?! nor the
rate of passive diffuston of cholesterol out of the plasmast® However
Chanda and hus colleagues have shown that thyroid substance enhances
both the rate of absorption and the digestion of carotene in cows and goats
thiouracil admimstration retarded both processes 7 27

The effects of thyrord hormones on fat metabolism n the hver have
recerved much attentzon  Thyrotd defictency produced by thyroidectomy
or thiouracil adminsstration results 1 a marked increase 1n cholesterol
content of the Irver but in only a slight mecrease in total fat while hypet
thyrordism dimimshes the cholesterol content®® 1460 Fatty Irvers mn rats
appear to protect these antmals against hyperthyrordism®#®  Further
Scafe and Migicovshy#3 have shown that liver homogenates from thyro
toxtc rats exhubit a marked reduction 1n their abihity to synthesize choles
terol However later work on the incorperation of deuterium and tritium
into cholesterol showed an increase 1n total body cholesterol synthesis 1n
h}perth)mldlsm”“ 133 This discrepancy s probably due to the fact
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that n expennments 1 titro factors such as tnhary and faceal exerction
arenotamohed Reed ef af 127 found that high doscs of thyroxine caused
a2 marked reduction 1n the total fat lad down wathout altening the distrt
bution of fat depots but hter work by Machay and Shernl*** has shown
that the total fat content of adult rats fed on a dict nchin fat was actually
decreased after thyroidectomy  Tuerhischer and W erthermer?¢!¢ studied
the deposition of glycogen tn adipose tissue and concluded that thyrowne
accelerated the converston of carbohydrates to fat I riedman et af #*2 have
shown that 1n the rat_hy perthy roidism raises the sterol secretion rate and
the biliary secretion rate of cholesterol above the values observed 1n normal
ammals 1n ammals made hypothyroid by thiouraci! these secretion rates
were reduced  Hyperthyroid rats were also able to eiminate admimstered
hypercholesterolaemic serum faster than normal rats the chmination was
slowest in hypothyrord animals 1 1gation of the bile ducts caused a marked
nise m serum cholestero! of the hyperthyroid rats but only a slight nscin
thiouracil treated ammals  The cxcretion of bile acids 1s also snfluenced
by the thyroid gland  Both cholic aaid and chenodeoxycholic acid are
secreted at a slower rate in hypothyroid ratsi®0? 442 1697 n hyper-
thyroidism the excretion of bile acids 18 not greatly affected but ther
1s changed lting 1n a d of taurochohic acid and a
tise of taurochenodeoxycholic acidst#2  The thyroid hormone appears to
have similar effects on the metabolism of phospholipids their synthesis in
the hser 15 increased n rats treated with thyroune and decreased n
thiouracil treated ammals although the actual amount of phospholipid
phosphorus 1s greater 1n ivers of hypothyrotd anmmals®** Ve may there
fore conclude that the thyroid hormone accelerates the rate of synthesis
of cholesterol and the phospholipids as well as their rate of breakdown and
excretion The consistent nise i serum lipids observed when thyroid

iuncu?n 15 depressed probably results from a greater retardation of lymid
than of hipid syntt

(V) Errret on tHE ConTRAL NERVOUS SySTEM

The role of the thyroid gland 1n the development and function of the
f;:lntral nervous system has been particularly emphasized m the literature
1141717 14t 1084 1058 Probably no tissue suffers more severely than
the brain from a lack of thyroid hormone during foetal development and
m early ife  The changes that oceur 1n the central nervous system as a
result of thyrod hormone defictency vary according to the time of onset
of the disease In the cretn the retarded mentality results n loss of
tntellect whereas m adult myvoedema the symptoms are less severe and
appear as reduced mental alertness rather than absolute mental ncapacity
Furthermore cerebral function can usually be restored by replacement
therapy if thyroid defictency appears 1n adult life but 15 not restored by
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such treatment 1n congenital hypothyrordism  As will be seen later, the
thyroid hormone possesses the spectfic property of controlling maturation
of the cerebral cortex during a crtical phase of development

Changes 1n cerebral maturation have not been extenswely studied i
cretins but considerable information 1s available on experimental cretintsm
m laboratory ammals Marine and Lenhart!?® produced symptoms
resembling cretimsm 1n pupptes born of thyrordectomized bitches main
tamned on an 1odine deficient diet Hammett®?¢ 675 showed that thyrod
defictency 1n young rats resulted 1n brain tissue which had a lower water
content than normal bramn  More recently crehmsm mn young anmals
has been induced by treatment of the mother w1th thiouracil or by surgial
or radiation thyroidectomy of the new born The bramns of these anmals
show morphological changes such as delayed appearance and diminuuon
of myelination 1n fibre tracts and a retardation of general maturation of
nerve cells!  a decrease in size of cortical neurones? a decreased rite
of brain growth and = reduction of the number of axons 1n the cerebral
cortex#1?  Changes 1n the cerebral cortex of rats thyrotdectomized at buth
could be reversed if thyroid therapy was started by the twenty fourth d2j
after birth?  The effect of thyrod hormone deficiency on brat
development 1s the same as that produced by mamtion®? # Tt»
concluded that in the absence of thyroid hormone, the neurones are unable
to absorb the nutrients transported 1n the blood stream which are essential
for protein synthesis this would provide an explanation for the 1reversibly
retarded mental development 1n cretins

The effects of thyrosd therapy on the structure and orgamzation of the
developing cerebral cortex 1n hypethyroidism have recently been studred
at the enzyme level Hamburg and Flexner®? analysed the sucam¢
dehydrogenase cytochrome owidase and aldolase content of the frontal
cerebral cortex of young rats and found that the activity of these enzymes
begins to increase rapidly at the tenth day after birth Radiothyroidectomy
at birth led to a sigmificant decrease 1n suceime dehydrogenase activity {n
had httle effect on the other enzymes) The activity of succinic dehydro
genase could be restored by thyrotd hormone therapy but only if ths was
begun by the 10th day after birth if therapy was delayed until the 151
or 20th day 1t was without effect 'The 1rreversible change which occurs
1n the brarn 1n the absence of thyrord hormone i the critical persod around
the 10th postnatal day s dllustrated in Fig 14

Rossiter1*®® and Barker'?¢ failed to observe any changes m succmoxdase
activity of bramn from thyroidectomized rats treated with thyroid hormone
Thus 15 probably due to the fact that therapy was started too late after the
cntical persod m brain development had passed ¢

Together with the maturation defects caused by a lack of thyro:d hor
mone behavioural changes have also been recorded 1n experimental
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Effect of thyrord replacement therapy on succime dehy drogenase activity of the cercbral
cortex of rats thyroidectarmuzed at barth - The success of replacement therzpy in restoning
enzymic activity to normal values 18 dependent upon the ume when 1t 1s begun after
thyroid y  Group 1 therapy started on the 10th post thyroidectomy
day and continued for 15 days Group 2 therapy started on 15th day after thyroidectomy
and continued for 15-60 days Group 3 therapy started on 20th day and continued for
15 8ays The standard error of the mean 1s shown over each bar as alsa N = the number
of anumals 1n each group (From Hamburg and Flexner )

cretimsm  Eayrs and Taylor®*® have found that changes 1n cortical struc-
ture are associated with delay 1n the appearance of 2 number of automatic
reactions It was also shown that maze performance aptitude was reduced
n cretinous rats this could be improved by thyrard feeding even when 1t
Was started as late as the 24th day after thyroidectomy#® 42 In ths
connection 1t must be noted that although defects 1 behaviour are 1rre
mediable 1 most human cretins Tredgold and Tredgold!®? have
succeeded 1n :mproving mental status of these patients if thyrord therapy
was begun within the first year of life  More recently Hamburg and
Vicari%® have described experiments in which admintstration of trnodo
thyromne to new born rats advanced the appearance of eye opening ear
unfolding response to audiogenic seizures and swimmung reflex by
between 1 and 4 days they conclude that thyroxd hormone acts as a
trigger actnating vanous components of the central nervous system
The ten cycle alpha wave rhythm observed during electroencephalo
graphic (EEG) studies on the postenor portion of the skull was first
regorded by Berget!s® Rubin et al 139 showed that both hyperthermia
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and thyroxine admimistration increased the number of alpha waves per
second Lindsley and Rubinstein®ss showed that there was a high coeff
cient of correlation between the alpha rate and total caloric output, but
that the coefficient of correlation between alpha rate and BMR was low
Ross and Schwab382 also found a poor correlation between the alpha rate
and BMR the correlation was good when the pattent was well fed and
mentally relaxed rather than starved and basal  Bertrand et o/’
reported profound disturbances in the alpha rhythm 1n hypothyrodism
these were more marked 1n congenital hypothyroidism than i myxoedems
appearing 1n later lfe 1n some cretins the alpha wave was absent and
when present was found to be greatly retarded Similar findings have been
described by Vague e al1%% These changes 1n alpha waves can be
corrected to some extent by thyroid therapy?+t®

Abnormal ELG patterns have also been recorded 1n hyperthyrodism
302 303 1478 Skanse and Nyman'47® believe that thyrotocesis in ther
patients 1s the cause of major convulstve serzures and suggest that 1t can
crease the frequency of attacks m epileptics Thyrotowcosts also pro
duces gross neurological disturbances such as coma, bulbar palstes and
athetotic and choreiform movements®®® In evperimental animals daly
1njection of small doses of thyrowune to rats lowered the convulsive threshold
and prolonged the serzures yection of thyrotrophin produced cortical
hyperexatability! ©  Although similar results were not obtatned m the
dog 1t has been shown that the tatory and ihibitory proce: of the
cerebral cortex are more sensitive to a small excess of thyrord hormone
than 1s the BMR®® Admumistration of thyroid hormones also ncreases
brain excitability 1n rats as measured by the electroshock threshold and
slightly accelerates recovery from electroshock setzurest®ts At the same
time changes 1n electrolyte distribution occur resulting in a decreased
extracellular sodium and tncreased sodum space 1t 1s worth noting that
1n these experiments  the relative stimulatory potencies of triodothyronine
and thyroxine were 5 to 1

A relationship has also been established between cerebral oxygen con
sumption blood flow and thyroid actrvity Himwich and co workers have
found that 1 human creuns the cerebral artenovenous oxygen 18 § 74
volumes per cent compared with 7 volumes per cent 1n normal subjects™
Thus difference 1s greater than at first appears because of the slower blood
flow 10 the brain of cretins  Although the cretnous bram recerves 2 fairly
adequate supply of oxygen it uses less than the normal bramn  In myxo€
dema also cerebral blood flow ts decreased and cerebral vascular reststance
1ncreased1? 2447 Sensenbach et al 1447 failed to observe the simultaneous
decrease mn oxygen and glucose consumption reported by Scheinberg
and co workerst’®  On the other hand increased cerebral blood flow
and decreased cerebral vascular resistance have been reported
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hyperthyrotdism!44? 1903 aithough cercbral oggen and ghucose con
sumption remuned unaltered!!® 1302 1447

Most workers agree that the oxygen consumptton of brain tissue excised
from adult ammals shows no response to previously admimstered thyrod
hormone This distinguishes the brain from tissues such as lver hadney
spleen heart skeletal muscle and sahsary gland  Sumilarly an absence of
effect on brain tissue has been observed after thyroidectomy of thiogracil
treatmenti9s1 802§ 114 116 see glso 193 The explanation for the failure
of bram tissue to respond to changes 1n thyroid status may be found
the work of Reiss et al1290 these authors have shown that thyroune
truodothyromne and thyrotrophin all raised oxygen consumption in the
brains of new born rats and suggest that the action of the thyroid hor
mones on bran 1 new born anumals can occur because at this time the

blood bram barrier for these hormones 1s still undeveloped Tata
(unpublished) has demonstrated a marhed fall in the permeabality of rats
brain ta 121 labelled thyroxine and trnodothyronine between the 6th and
21st postnatal days

The relatsonship between thyrotd hormone function and mental disease
18 still incompletely understood  In 1888 a Special Report of the Com
mittee of the Clrucal Society of London on Myxoedema described
mytoedematous patients tn whom signs of imperfection of mental pro
cesses could be found 1n advanced cases acute or chronic manta
dementia and melancholia supervened  Asher®® has noted that some
times psychoses occur 1n myxoedematons patients Miller'®8® has been
able to rehabilitate psychuatric patients with myxoedema after they were
restored to a cuthyroid state  Thyrotoxicosis has also been found to result
n mental agitation and even tn manic psychoses® 0%

Thyroid dysfuncnon has been noted m schizophrentc subyects®t 29
787 T8 174 me 13 1201 89 (gee 1403) gnd schizophrema has been
reported to be assoctated with hypo and hyper thyrodism  The
more recent work however di that schizophrenics as a group
have no particular thyroid abnormality

We conclude that the thyroid hormone 1s essential during maturation
of the central nervous system 1ts effect on the proper functioming of the
brain and 1ts assoctation with any particular mental disorder have not yet
been concluswvely established although a possible relstionship between
hyperthyroidism and Parkinson s disease has recently been shown??4

(V1) EFFecT ON LACTATION

The thyroid hormone 1s not essenttal for the development of the mam
mary gland or for the tnduction of lactation but 1t 1s now recogmzed as an
important hormonal factor in the regulation of lactatton The report of
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Hertoghe™ that administration of thyroid stmulated lactation 1m cows
remamned almost unnoticed for nearly 40 years when Graham®’ ®*
described this effect once agam and 1n greater detal  He showed that
thyrordectomy depressed milk yield while feeding of dried thyroud or
thyrovine increased not only the amount of mlk secreted but also its fat
content This work was soon confirmed by Jack and Bechdel®®* Jones®*,
and Tolley and White®? Since then the powerful but temporary
galactopotetic action of thyroid hormones has been exhaustisely 1nvestt
gated 1n humans!3s! 1376 1338 darry animalgh0® 509 1284 1490 1 88 174 138
176 49 736 83 933 1 7 16490 and mn Uther Iﬂbora[nry anlma‘sslﬂ 506 833 33
1288 In the cat, the need for thyroid hormone at the onset of lactation
appears to be so great that within a few days there 1s an almost total dis
appearance of the colloid 1n the thvroid gland which shows normal actvty
during gestation!?s®  Singh et al 147 have shown that higher thyrod
activity 1 ewes led to a greater weight gain 1n lambs because of 1ncreased
milk yields The whole subject of the thyrord hormone and galactoporesis
has been adequately reviewed n recent years (see 1 8¢ 08 137 50%)

The commercial interest 1n the use of the thyroid hormones for stimu
lation of galactoporesis 1n dairy animals has been largely responsible for
these extensive studies Most of the work has mvolved the use of the
artifictally todinated protemns (principatly 1odocasein) since they are cheap
to prepare  The galactopoletic potency of the 10doproteins 1s due to their
thyroxine content!?? and a direct relatronship exsts between the amount
of 10doprotein fed and the increase in mlk yield The use of 1odoproteins
has certain disadvantages among them are the need for constant brologieal
standardization of the preparations and the large amounts of non thyroune
1odine 1ngested by the animal Tor these reasons the adminstration of
thyroxine 1s to be preferred Fig 151llustrates the effect of feeding different
amounts of synthetic L thyroxine on the milk yield 1n cows Notice the
sharp decline 1n the tncreased mulk secretion once the thyroid hormone
was withdrawn Later Bartlett et a/? 7 used truodothyromne in sumilar
experiments and found that this compound had only slight galactoposetiC
activity when given by mouth  They belteve that the rapid activatton of
trnodothyronine 1s due to micro orgamsms i the rumen since sub
cutaneous adminsstration of truodothyronine mcreased its galactopoletic
activity

A change 1n composition of the milk accompanies the increased
after thyroid hormone adminsstration The most notable change ts that
the fat content 15 consistently mncreased 07 17¢ 1671 2 7 (gee 177) In some
cases the increase 1n fat content was proportionally higher than the mcrease
1 mulk yreld?26? 187! low graded doses of thyroid hormone increased only
the hpid content without affecting the amount of milk secretedt2?® Smith
and Dastur!# observed stmular effects of thyroxine on both muk and

yreld
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plasma liptds  Among other changes produced 1n milk composition are an
tnerease 1 the lactose content®7? 1439 73 and a decrease 1n vitamin C
content*’ most mneral constituents except for phosphorus and nitrogen
content are unaltered!’” The derable decrease i phosph titre
of ik after thyroid hormone admimistration first obsersed by Folley and
White has been confirmed by many workers Concomitantly with the
decrease 1n phosphatase actrvity the amount of phosphorylated thiamine
(vitamin By) or co carboxylase mcreases with respect to total thiamme
M 274 78 Tolley® has suggested that free or unphosphorylated thramine
tn mitk results from dephosphorylatton of thiamine phosphate while the
mulk 1s 1 the udder Thus hypothests awaits confirmation
4

The sodine content of milk 1s d b ation of rod
and sodoardein 175 1 ¢ but most of 1t can be accounted for as 1odide
denved from desodination of the 10d P 320 Thyrovine has never

been unequivocally demonstrated 1n the mulk! ®7 3t and the mammary
gland has been shown to be impermeable to thyroxineo® 777

Among factors that mfluence the galactopoetic action of thyroid hor-
mones are species differences These factors have been studied 1n rumt
nants principally the cow!?? the resp to thy 1s ! during
mud lactation n cows?" but even at this time different breeds of cows
vary in therr milk yield and their response to thyroxne Thomas et al 1505
conclude that 1t 13 not possible to make a good cow from a poor cow by
admimstening thyroprotern
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So far the mechanism of galactoporetic action of thyroid hormones has
not been elucidated  The stimulation of mulk secretion probably reflects
general stimulation of metabolic activity in the whole animal There 1
general agreement with the hypothests proposed by I'olley and Malpress®®®
namely that the most likely role of the thyrord hormone 1n galactoposesis
1s to stmulate the circulation thus providing a richer supply of milk
precursors, and further to stimulate the metabolic rate of the alveolar cells
themselves In this connection Folley and French®? 4 have shown that
the metabolic rate of mammary tissue 1s correlated with the onset
development and dechine of lactation

(VII) ErFrct oN THE CARDIOVASCULAR SySTEM AND Broop

Tachycardia and an increased pulse rate are symptoms characteristic of
hyperthyroidism  Crooks and Murray338 have shown that a sleeping pulse
rate of over eighty 1n the human 1s probably diagnostic of 2 hyperthyrard
condition  Cardiac output and pulmonary ventilation are also increased
1n hy perthyroidism and decreased 1n thyroid deficiency 550 1144 149 8 It
appears therefore that while the thyroid hormone increases the consump
tion of oxygen 1n peripheral tissues 1t also provides the means of satisfying
the increased demand for oxygen

The action of the thyrord hormones on the heart and arculation have
been considered as a secondary effect of the overall stimulation of met2
bolism!148 1306 436 there 15 however an increasing belief that the calort
genic action of thyroid hormone and 1ts stimulation of the heart are inde
pendentio?s 1269 1074 9 € 1073 Symular conclustons were drawn by Ho
mann ef al 74¢ when they found that the heart of the hyperthyrmd ammal
produces more of an adrenaline like substance than does normal heart of
that of a hypothyroid animal These authors also pownted out that 1n
hyperthyroidism the circulatory system works less efficiently in that work
done 1s not reflected 1n a correspondingly increased supply of blood
Raab125+ 1255 and Gross and Greenberg®® suggested that cardac effects
1 hyperthyroidism were due to the synergistic action of thyroxine and
adrenaline  Recently 1t has been shown1?45 that thyrowune enhances the
hypertensive action and vascular damage produced by adrenal steroids
necrosis of the heart and gut following renal injury can be prevented by
thyro parathyroidectomy®3s The effects of thyroxine and truodothyromne
on oxygen consumption of 1solated auricles and ventricles have also been
studied?s® 599 trnodothyronine had a potency ten times greater than that
of thyroune 1n stimulating rat heart auncle respration  The rate of
blood flow through various organs 1s not proportional to their oxygen
consumption  factors controlling haemodynamic effects of hyperthyroidism
have recently been discussed by Thomastesd

Besides 1ts action on the cardiovascular apparatus  the thyrotd hormone
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1 thought to effect changes n the composition of blood  Since hocher 597
first obsersattons there have been many reportsassoctating hypothyroidism
with anaemia Stern and Altschule?®* showed that the haemoglobin level
fell in patients who had undergone thyroidectomy for heart discase the
severity of the anacmia being related to the fall in BMR  The anaemua of

hypothyrordism has been dwithad d activity of the bone
marrow10% 1545 1448 ¢ has also been considered as a phystological adapta
tion to the d d oxygen req; 194 188 Seipt43% believes that

the anzemuas of hypothyroidism 1n infants and adults result from such an
adaptive process, and has shown that erythropotesis 1s sumulated by
thyroxine treatment 1n both these types of anaemiz  Adam and Doljanshi?
have shown that radiothyroidectomy 1n the new born results 1 a progres
sneanaema  In an extensie study Larsson®? has demonstrated different
types of anaemia in myxoedema most of his patients responded com
pletely to thyrord therapy alone and he believes that iron therapy 1s con
traindicated tn these subjects unti! the hypothyrotdism has been treated

In adult d with hypothyroid hypostderaemia 1s
common and in some cases the tron binding capacity of the serum s
lowered  Auston: ¢ al ® have studted 1ron uptake (as measured with
#9Fe) by bone marrow and blood 1n rats and have shown that it 1s decreased
and retarded after thyroidectomy The 1ron content of spleen and liver
nises after thyroid this may rey a means of disposal of 1ron
not required when erythropotesis 1s depressed

In hyperthyroidism polyerythraemua 1s usually absent but the bone
marrow may be hyperplastic’? Larizza et al *°¢ found that serum tron
levels were depressed 1n this condition which they suggested resulted
from 2 greater need for tron 1n the tissues  Pernicious anzemia 1s some
times found 1n association with myxoedema whether the thyroid deficiency
actually causes this type of anaemra 1s not known1983 1678 1428 353 208

(VIII) OTHIR AcTIONS OF THE THYROID HORMONES
Besides the phystological actions of thyroid hormones described above

many others have been recorded in the Iiterature  These include effects
on carbohydrate bol Vitamin reqy renal fi repro
duction anaphg lactic reactrons and wound healing It 1s beyond the scope
of this book to describe these effects 1n detail many represent secondary
effects resulting from alterations m the metabolic rate or from endocrime
tmbalance 1 other endocrine systems in hyper and hypo thyroidism

Carbohydrate Metabolism

Early work on the effects of thyrowd hormone on carbohydrate meta
bolism did not yield any startling results Cramer and M Call*®® showed
that thyroidectomy was without effect on carbohydrate metabolism 1n rats
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the claim of Althausen and co workers that the thyroid hormone exerts 2
specific action on the rate of intestinal absorption of certamn sugars in the
rat#d 40 41 and of galactose in man® ! ¢ hasnot been confirmedtiz 1 17
Effects of thyraid feeding on glycogen mobilization 1n rats and dogs * 5 12
and 1n other species®®® 1377 490 3 914 hag only been demonstrated whenlarge
doses of thyrotd hormone were given  Thas casts some doubt on 2 physto
logical role of the thyroid hormone 1n the mobilizatton of liver glycogen

Thyroid status does not appear to have much influence on the course
of diabetes?™ {149 and sugar metabolism 1s not greatly altered 1n hyper
thyrordism1410 1762 939 It seems that m a hyperthyroid state an ewsting
glycosurnia may be somewhat increased®® #1% ¢ 2 but rarely causes
glycosuna to appear
Vitamins

The effect of the thyroid gland on the body s vitamin requirement has
been studied for many years the requirements and turnover of thizmmne
14 7 1396 pboflavin®®? mcotinamude!s® and vitamun By 1770 889, are all
mncreased 1n hyperthyroidism and decreased 1 hypothyrordism  this
subject has been reviewed by Rawson et al 1276 Tt 1s hikely that increased
vitamin turnover 15 secondary to the overall sumulation of metabolism
after thyroid therapy such an assumption seems justifiable since most
vitamuns are now believed to act as co factors for enzymes and enzyme
systems which are themselves affected by changes 1n the metabolic rate
Other Effects

Effects of thyraidectomy and thyroid admimistration have been studied
m connection with reproduction n various spectes3i0 1883 1750 8 1ei8
58 874 1679 The relationships of thyroid hormone status with renal
functioni2¢ 398 884 1189 and with sensitivity to bactertal injections, immunt
zation and anaphylaus (see 127¢ for early references also 1698 989 115%) have
also recerved much attention  The specificity of thyroid hormone actior
on these different functions has not however, been unequivocally demon
strated

(IX) Tue LATENT PERIOD OF ACTION OF THYROID HORMONES

The thyroid hormones ate remarhable n that they have z latent pcnod

of action and 1t has not yet been explained why an mjection of thyroxne

1n 2 thyroid d amumal depleted of thyroid hormone stores should
not produce a detectable response for hours or even days In the athyreotic
human the first app of bolic or other resp only occurs

2 days after administration of thyroune The latent pertod of action 15
independent of the dose and of the magnitude of the response finally

obtaned
1wo arguments have been adsanced 1n an attempt to explain the latent

peniod of action of thyroid substance and of thyroune (1) The thyrord
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A study of these tables unmediately shows that very different potencies
for any one compound are ob d depending on the method of assay
and on species diffe thus the resp of amphibia s in general much
greater than that of mammals and 1s also less speafic compounds which
have hittle or no actvity n mammals (Table I111) can sumulate amphibian
metamorphosis The response of different species can also be scen to vary

1n the same test, this 1s scen in the 1 of ovygen P by
O methyl pi. thyromne 10 man the guinea pig and mouse  Further a
pound may have diffc towards oaygen consumption and

nsuppression of the pituitary ‘thisis found for3 5 3 trodo L thyronine
and3 5 3 5 tetraodothyroacryhic acd 1n the rat

Another factor must be considered when we try to explan differences in
potencies determuned by any method of assay sn the same specics namely
the method by which the compound has been svnthesized  Certain pre-
paratie procedures may imvolve contamination of the final product with
small amounts of impunties which 1f they posscss high physiological
activities themselves will mash the true actvity of the compound being
assayed  Finally, the health of the animal and nutnuional and seasonal
‘anations may all wfluence bological assays of these compounds

Faser 11
Relatune of halogated th ltoL th
Physiological test
Growth | Goitre
Compound Speces | Lot O any prevention
“’"j;‘:‘” differen | (or TSH
u tiation | depression)
L Thyroxne All species® | 100 100 100
» Thyroxne Man 10-16 — —
Gunea pig — — 30
3 “Tadpole — 0 —
> 3 Truodo L thyronme Man 90-140 — 280-540
Rat (normal)| 100-17> — 250-600
Rat 100-200 500 —
Chick 100 — 100
Tadpole — 500 —
g 5 3 Truodo b thyromne Rat — — 14
3 5 Truodo ot thyromine Rat — — 5
Tadpole — 0-5 —
3 5 Duodo L thyronine R:( — — 5
“T'adpole — 40 —
3 5 Duodo pL thyromne R:t 3-5 _ —
Tadpole — 25 -

*
In all eases man represents the mysoedematous subject
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Thibault!®® that the thyropyruvic acids had latent periods intermediate
between those of the amino and acetic acids gave support to the 1dea that
the thyroacetic acids represented the active forms of the thyroid hor
mones this worh however has not been confirmed™s 377 3733 There
are moreover further objections to this hypothesis (1) The Jatent pertods
of action of truodothyromne and truodothyroacetic acid are the same
the myxoedematous subject1”3?  (2) If the acetic acds were ‘true” hor
mones formed 1n the cells then their transfer imzards across the cell mem
brane which would have to follow injection into the amimal or addition to
mcubation media # vitro would represent an unnatural process 3)A
rapid conversion of thyroxine and triodothyromne to the thyroacetic actds
has been observed both 1 2120 and m witro the time tahen for this con
version 1s very much shorter than 1s the latent period of action of either of
the corresponding amimno acids  These observations preclude the possibility
that the acetic acids are the active compounds dernved from the circulating
hormones

From the above considerations there 1s no evidence to support the
hypothests that the hormonal secretions of the thyroid gland are conv erted
to actrne compounds 1n the tissues exther by partial deodination or by
modification of the side chain It may be that the latent period of action
of thyroid hormones 15 concerned with their steady distnbution to the
pertpheral targets and that a search for dertvatives without latent pertods
hasled usin the wrong direction in the elucidation of thyroid hormoneaction

(X) CHEMICAL STRUCTURE AND BIOLOGICAL ACTIVITY OF SUBSTANCES
Reratep 1o Tryroip HORMONES

In recent years many attempts have been made to correlate the physio
logical activities of compounds related to thyroane with their chemical
structure®S4 692 540 103 105 1 4 1441 41 10 ® 1133 1081 Ag g result of all
this work a few generalizations can now be made but before considerning
these a number of discrepancies in the findings of different workers must
be discussed

In Tables IT III and IV are shown the potencies of a number of com
pounds structurally related to thyroxine the method of assay and the
species 1 which the assay has been made These mclude total oxygen
consumption growth and differentiation and prevention of thiouracil
1nduced goitre Total oxygen consumption represents the total increment
obtained during the pertod of sumulation and not the rate of sumulation
1n order to exclude any effects on speed of action the mouse anona test
has been excluded from these tables The data included are tahen from
the above and following pubhcations 1289 1452 1455 1638 teso 953 300
1365 57 1583 255 958 169 1389 1390 1391 1598 1600 608 40§ 1151 109 1233 1443

1 34 1733 1097 1332 1458 1530
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lane 11T
Relatve of denvatives of 10doth dified 1n the
alanyl side chain
Physiological test
Growth | Goitre
Total Oy
Compound Species and prevention
e P consump | gqeren | (or TSH
uon tiation | depression)
L Thyroxine All species 100 100 100
353 5 Tetraodothyro Tadpole - 1200 -
butyne acid
35 g Truodothy robutync ‘Tadpole — 1200 -
acu
3 5 Duodothy robutyric acid Tadpole — 300 —
353 5 Tetraodothyro Rat 30-60 - 20-38
propionic acad Tadpole - 5 000- -
10 000
3 5 3 Truodothyropropionic Rat — - 50
aad Tadpole — 13 500- —
30 000
33 5 Truodothyropro Tadpole - 12 el
piomc aaid
3 5 Duodothyropropionic Rat 10 - -
and Tadpole — 600 -
3 3 Duodothyropropionic Tadpole — 600 -
aad
3 Todothyropropronic acid Tadpole — 0 -
353 5 Tetraodothyro Rat 10-12 — —
pyruvic aad Tadpole — 15 -
35 3 Truodothyropyruvic Tadpole — 50 -
aad
353 5 Tetraiodothyro Rat 15 — 20-2>
zeryhic aad Tadpole - 1501000 -
35 3 Truodothy roacrylic Tadpole — 3300 -
ac
3 5 Duodothyraacrylic acid Rat 01-02 — -
Tadpole — 24 —
353 5 Tetrawodothyro Man 0-5 — —
acetic aad. Rat 100 — 50
‘Tadpole —_ 500-1000 —
3 5 3 Tmodothyroacetic Man 0-15 — —
aad Rat 125 — 50 150
“Tadpole — 10002400} —
3 5 Duodothyroacetic acd Tadpole - 30 —
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TasLE II (cont )

Physiologscal test

Growth | Goitre
Compound Species Total O, and  |prevention
CONSUMP | gifferen | (or TSH
tion tiation | depression)
3 5 Duodo b thyronine Man 0-10 - -
‘Tadpole - Q -
3 3 Duodo pL thyronine Rat 10 — 06 82
‘Tadpole — 25-35 —
2 6 Duodo pL thyronme Man Rat 0 — 0
3 Iodo pL thyronine Tadpole - [ -
3 Iodo oL thyrorune Tadpole — o i
3 53 5 Tetrabromo DL Man 0-5 — -
thyronmne Rat 0-3 - 5
Tadpole — 0-10 —
3 5 3 Tnbromo pL Man 80-100 - -
thyronme Rat — — 17-22
Tadpole - 28 —
3 53 5 Tetrachloro L Man 002 - -
thyronine Rat — — 0-02
Tadpole - 2-12 —
3 5 3 Tnchloro pL Rat — 05
thyronme
3 5 Duchloro prL thyronine Rat [ - e
3 Fluoro pL thyronme Rat — — 0
3 5 Duodo3 5 dibromo Rat 0> — 36
DL thyronine Tadpole — >10 -
3 5 Dnodo 3 bromo pL Rat — — 70-100
thyromune
3 5 Dibromo 3 5 duodo Rat 5-8 — 6
DL thyronine Tadpole - 0-5 -
3 5 Dibromo 3 1odo DL Rat — — 65
thyromne
3 3 Duodo 5 bromo L Rat 50-70 — 50-70
thyronne
3 S Duodo 3 5 dichloro Rat 04 — 22
D1 thyrommne Tadpole — 48 -
3 5 Duodo 3 chloro pL Rat — — 4
thyronine Tadpole 18 —
3 5 Dichloro 3 5 duodo Rat 0-01 — _
oL, thyronine
3 5 Duodo 3 5 difluoro Rat — — 07>-2
DL thyronine
35 Duodo 3 fluoro DL Rat — — 12-5
e Rat - - 17

153 Tmodo 5 fuoto
pL thyronmne
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Taste IV (cont )

( Physiological test
Growth Gantre
Compound Species :‘::Jmo* and  }prevention
o | differen | for TSH
tation | depression
3 5 Dimitro br thyronine Rat - bl [
3 5 Dmutro 3 5 -duodo Rat — — 0
pi thyronine
3 5 Duodo 3 5 dinitro Rae o - -
oL thyronmne
Sulphur analogue of pL “MMan 5-12 - -
thyroxine Rat - — 035
Tadpole - 85 -
Sulphuranalogueof 3 > 3 Rat — - 73
trnodo PL thyromune Tadpole — 95 —
3 5Duodo 3 5 dimethyl ‘Tadpole -—_ 140 -
L thyronine
oL Thyromne Man 0 — —
Rat ] — [}
Tadpole —_ 0 —

The following conclusions concerning the relationship between physio
logical actnaty and chemucal structure can be reached from the data pre
sented here and from the references cited above (1) The diphenyl ether
grouping 1 essential for actnvity (the 1odotyrosines are brologically inert)
(2) Thyronine dervatives must contain at least two halogen substituents
n order 1o exert calongenuc or piturtary depressing effect  (3) Substitution
with 1odine yields compounds with the highest potency substitution with
bromine and chlonne ytelds compounds with progressnely decreasing
potency  (4) Trihal d pounds sub dinthed 5and 3
positions are more active than the corresponding tetrahalogenated com-
pounds  Only o exceptions to fus rule hase so far been recorded
1133 15 (5) The position of the substituents 1s important thus ortho -
and mefa thyroxine have virtually no activity when compared with the
naturally occurring 1somer nor has 2 6 duodothyronne (6) Vanations
1n the side chain of the thyroxine molecule produce a marked effect on
Physiological actisty ths 1s shown 1n the series where the alanine side-
chain 15 substituted by aliphatic 1c1ds optumal activity 1s mansfested by
the denvative with the 3 carbon residue 1e the thyropropromic aad A
decrease in the length of the side chain to the thyroacetic actd or thyro-
formic acid produces a decrease in actvity an increase in the length of
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Tasre III (cont )

Physiological test
Growth | Gortre
Compound Spectes | 10O 1 T ond | prevention
COMSUMP | differen | (or TSH
ton tiation  [depression)
3 5 3 5 Tetraiodothyro Rat — — <01
formic acsd ‘Tadpole - 7-25 -
3 5 3 Truodothyroformic ‘Tadpole — 60-200 —
acu
3 5 Duodothyroformic acid Tadpole — 30 -
Glycme analogue of thyroxmne Rat — — 016
‘Tadpole — 35 —_
Thyroxamine Rat 0-50 — -
Tadpole — 0-50 —
3 5 Duodothyronamine Mouse 0 - -
Tadpole — 0 -
L
TasLE IV

Relative potencies of other dernvatives of thyroxne

Physiological test

Growth Goitre
Compound Species | L1011 Tand | presention
COMSUME | g fferen | (or TSH
ton tation  |depression}
L Thyroxine All species 100 100 100
oL Ortho thyroume Rat 1-2 — -
pL Meta thyroxine Rat 0 — —_
O Methyl pL thyroxine DMan 0-3 - -
Gumeapig | >50 — —
Mouse 25 — -
‘Tadpole — 50 —_
N Acetyl pL thyroxine Man 12-17 —_ -—
Rat 5 — 11
Tadpole — 1-135 —
pt. Thyrosne methy] ester Mouse 33 — —
pL Thyroxme cthyl ester Mouse 25 —_ —_—
3 5 3 5 Tetramtro DL Rat ? 05 —
Tadpole _ 00> —

thyronine




CHAPTILER 6

SOML CURREN1 CONCLPTS OI THE MLCHANISM
OI' ACTION Or' THYROID HORMONES

"11E major physiological actions of the thyroid hormones are now well
established but the mechanism 1nvolved in eliciting these actions 1s still
unknown This deficiency 1n our hnowledge 1s recogmzed by many
physiologists and biochemusts at the present time and 1s cvident from the
Vast and rapudly increasing literature that has now accumulated on this
problem

The question of how the thyroid hormones act on therr target cells has
interested nestigators ever since the first reports on the propertics of
thyrod secretions began to appear at the end of last century The manner
10 which the answers have been sought has however greatly changed and
has evolved as a result of advances made 1n biological and physical sciences
Sux‘lng the last sinty years  As with the attempted explanation of many

gical ph thus problem was first attacked at the level of the
whole orgamism or a particular organ and has passed to the tissue the cell
and subcellular structures, more recently with the intervention of bio
chemusts and biophysicsts, 1t has been eatended from the molecular to
atomic and subatormic levels Unfortunately as Levine?s? has pomnted out
the concept of the mode of action of hormones has often been confused
with therr effect  function or action and many hypotheses of the
mechanmism of thyroid hormonal action merely claborate the effect at one
of the above levels rather than telling us how the action itself 1s brought
about Turthermore many investigators have accepted the 1dea that the
variety of physiological actions of thyroid hormones are mamifestations of
asingle action—that of control of metabolic rate thus has led to an accumu
Tation of information on possible mechamsms mvolved 1n the sttmulation
of bol while the q; of the mect of thyroidal control
of growth and metamorphosis and the effect on body flusds 1n myxoedema
almost been sgnored  One of the reasons for this one sided view of the

problem 1s that 1deal methods for studying the mode of action of thyroid
gormones have not yet been dev eloped nevertheless the knowledge gatned

unng the last decade 13 impressive and 1 1tself warrants a bref dis
cussion For more detarled d of both the t of hormone

H 99
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the side chain (as 1n the thyrobutync acids) agam decreases activity
Turther, the glycine analogue of thyroxine 1s less active than thyroxne
(7) Compounds 1n which the carboxyl group of the side cham 1s absent
(the 10dothyronamines) or bloched (thyroxine esters) exhubit dimmnshed
potency (8) The degree of 1omization of the phenolic group may be
mmportant  If we tahe truodothyromne as the most active compound in
the thyronine series thyroxine in which the phenolic group 1s more highly
dissociated 15 less active 3 5 duodo 3 5 dumtrothyronme, with an even
more acidic phenolic group possesses no activity 1n the rat  Depression
of 1omzation of the phenol group (3 5 duodothyronine, 3 5 diodo
3 5 dimethylthyromne) also results 1n decreased activity

T'rom these considerations we can postulate the followng broad generalt
zations Substitution of the diphenyl ether residue with halogen atoms
grves compounds with decreasing potency when the substituents ate
10dine, bromine and chlorine m that order The optumal length for the
side chamn 1 a given senes s a 3 carbon residue  The phystological signtl
ficance of these structural requirements remains to be eluaidated
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mechanism of action of the hormone  Some worhers have even suggested
a direct nteraction between the thyroid hormone and ‘amtns but none
of these suggestions has obtamed any degree of acceptance  Sadhu and
Brody 1493 explained the antagomsm between vitamia A and thyroxine on
the basis of a transfer of 10dine atoms from the hormone to the vitamn
thus thyroune would be mactivated and the sodinated vitamin would at
the same time be capable of suppressing the pituitary secrction of TSH
Alarge section of opinion 15 at the present time 1n favour of a direct action
of thyroid hormonces on enzymes and any interaction between vitamins and
these hormones has become of minor importance

Among the earhier hypotheses of the made of acuon of thyraid hor
mones one that 1s still acceptable but docs not explan many of the
physiological properties of thyroid hormones 1s that of a  permissive
action of one endocrnine secretion on another or of a potentiation effect
We have scen examples of this in Chapter > 1n the synergism between
gtowth hormone and thyroxine on body growth and bone development
and between the corticosterords and adrenaline and thyroxine on basal
metabolism or response to cold!®! 23 Attempts to understand the
mechanism of action of thyrord hormones by studying thetr interrelation
ships with other hormones ntroduce many comphications in 1nterpretation
since the mode of action of any hormone 13 not y et clearly understood

(I1) CurrENT Y POTHESES
(a) Durect Action on Enszymes

In 1941 Green®? 1n hus general consideration of Lnzymes and Trace
Substances put forward the theory that hormones 1n common wath other
trace substances 1n the cell such as vitamins metal 1ons and drugs produce
their biological effects esther by participatng 1 enzyme systems as
o enzymes or by sp lly inhubiting hey enzy ‘There was a sound
basis for gning a fi to vitamuns (especially wvitammns B) as
Co enzymes or for some drugs {such as eserine cphedrine and sulpha
nlamide) as specific enzyme inhibitors but sirmlar direct evidence was
laching to explasn the smechamism of hormonal acuon  However this
theory was duately pted as expl the action of most hor
mones ncluding thyroxine further no other satisfactory eaplanation
could be gien for the easlier observations an the responses of 1solated
ussues from animals made hypo or hyper thyroid or for the interaction
between thyroid hormone and certan vitamuns

Prommnent among the earlier work are the observations of Rohrert? 2
and Foster?¢ of increased ox gerw c’oﬁsumpum 1n 1sofated tissues from
muce fed on desiccated thyfort, and decrm[d(}:gyg:n consumption of

tissues from thyrmdector}l ed/rzrs"Smcc thx?wbr\ 1t has been repeatedly
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action 1n general and more specifically that of thyroid hormones the reader
1s referred to the following works 1z €13 103 411 1039 %05 18 s02 %03 059

(T) EarLIER THEORIES

Among the earher suggestions acceptable to many bologists on the
mode of action of thyroid hormone was that of an innervation of the target
organs The evidence presented was to a large extent mdrect, was without
sufficient controls and was difficult to reproduce Thus on the basis of
experiments performed on animals with lesions of the nervous system and
the fatlure of thyroid extracts to produce an increase 1n oxygen consumption
of ussues 11 o 1t was concluded erther that nnervation was essenttal
for thyrotd hormone action or that the thyroid gland made the target cells
more responsive to the sympathetic nervous system?8 1189 1307 1076 245 43
Negative evidence was however produced to demonstrate the fallacy of
this hypothesis such as the fatlure of denervation to affect the response of
various organs to thyroaine or alter metabolic responses 1n sympathecto
mized animalsio80 1510 1 45 1033 10 7 1558 [ater the work of Mansfeld
and his colleagues disproved even more conclustvely the early suggestions
that the effects of the thyroid were mediated through the central nervous
system nevertheless these authors believed that the nerve trunks leading
to the target organs were involved 1n some way 1n thyroid hormone action
102100101 At the present time there 15 general agrecment that 1nner
vation of the target organs does not represent a mechanism of action of the
thyroid hormones although this hypothesis 1s still found 1n current Russtan
Iiterature!!?2 800 1459 It should be emphasized that whereas thyroid hot
mones have a very defimte and profound effect on the central nervous
system (Chapter 5) 1t 1s doubtful whether physiological effects such as
regulation of metabolism or proten synthesis and breakdown are dependent
on the medation of the luigher nervous activity

The discovery of vitamns and their importance 1 the regulation of 3
wide vartety of brologrcal processes was soon followed by a tremendous
amount of work too voluminous to be cited here on the relationship
between thyroid function and vitamin requirement or metabolsm This
worh has been reviewed up to 1943 by Dnll*® and more recently by
Rawson et al * 76 Whereas most authors have merely described the effects
ofad 'y or excess of on the thyroid gland or symptoms of
sitamun deficiency caused by an excess of thyroid hormone some hae
concluded that the vitamin balance 1s intimately involved 1n the mechanism
of hormone action The most common effect produced by the admuustra
tion of thyroid hormone 1s an increased need for vitamins A By B, and C
which eventually leads to deficiency symptoms It 1s hikely that the
increased requirement 1s due to the overall acceleration of most metabolte
processes, but this does not provide us with a means of understanding the

e
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mechansm of action of the hormone  Some workers have even suggested
a direct 1nteraction between the thyrowd hormone and vitamins but none
of these suggestions has obtaned any degree of acceptance  Sadhu and
Brody4e3 eaplatned the antagomism between vitamin A and thyroxine on
the basis of a transfer of 1odine atoms from the hormone to the vitamin
thus thyroune would be mactinated and the 1odinated vitamin would at
the same time be capable of suppressing the pituitary secretion of TSH
A large section of apimion 1s at the present time 1n favour of a direct action
of thyroid hormoncs on cnzymes and any interaction between vitamins and
these hormanes has become of minor importance

Among the carlier hypotheses of the mode of action of thyroid hor
mones one that 15 stll acceptable but docs not explan many of the
phystologteal propertics of thyroid hormones 1s that of a  permissive
action of one endocrine sccretion on another or of a potentiation effect
We have seen examples of this m Chapter 5 1n the synergism between
growth hormone and thyroxne on body growth and bone development
and between the corticosteroids and adrenaline and thyroaine on basal
metabolism or response to coldlo®t 33 Attempts to understand the
mechamst of action of thyrowd hormones by studying their interrelation
ships with other hormones introduce many complications in interpretation
since the mode of action of any hormone 1s not yet clearly understood

(11) Current Hyrotneses
(a) Direct Aetton on Enzymes

In 1941 Green®? 1n hus general consideration of Enzymes and Trace
Substances put forward the theory that hormones 1n common with other
trace substances in the cell such as vatarmins metal 1ons and drugs produce
their bological effects either by participating in enzyme systems as
€0 enzymes or by specifically inhibiting hey enzymes There was a sound
basis for assigning a function to vitamins (especially vitamins B) as
€0 enzymes or for some drugs (such as eserine ephedrine and sulpha
mlamide) as spearfic enzyme 1nlubitors but similar direct evidence was
lathang to eaplain the mechamsm of hormonal action  However thus
theory was ly accepted as expl the action of most hor
mones ancluding thyroxine further no other satisfactory explanation
could be given for the earhier observations on the responses of ssolated
Uissues from aumals made hypo or hyper thyroid or for the interaction
betueen thyroid hormone and certain vitamuns

Promwnent among the carlier work are the obscrvations of Rohrer?72
and Foster™® of increased oxygenr Consumption 1 1solated tissues from
mice fed on d d thyfond, and d dCoxygen of
tssues from thyroidector ed/rats’Smcc this Wor K 1t has been rc‘peatedly
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TABLE V (cont )
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Enzyme or enzyme system

Effect on activty

References

(14) Acid phosphatase

(15) Alkaline phosphatase

(16) Glucose 6 phosphatase
(17) b Amuno acid oxidase
(18) Tyrosine onidase

(19) Tyramne ondase

(20) DOPA decarboxslase

(21) Betaine homocystemne
transmethylase

(22) Alanune glutamic trans
aminase

{¢) Hypothyroidism decreases
and hyperthyroidism increases
renal enzyme

(a) Thyrotoxicosis ncreases bone
wmtestinal shin serum enzyme
(b) Thyrotoacosis decreases hiver
and renal enzyme

() Hypothyroidism mcreases
Iiver and spleen enzyme

(d) Hypothyroidism decreases
renal enzyme

Increase in Inv er enzymen thyro
toxicosis

Increase m thyrotoxicosis De
crease after thyrosdectomy
Thyrotoxicosts inhibats thyroid
ectomy restores activity
Increase in thyrotoascosts
Decrease 1n thyrotoxicosts
Decrease in thy rotoxicosis

Decrease n thy rotoxicosis

TasLr VI

1067

1783 138 1200
105 888
a8y 2037

)
938 1088
0’

1m0

1710
73

Effect of direct interaction between certain enzymes and thyroid hormones 1 L0

Enzyme or enzyme system

Effect on activity

References

(1) Succinoxidase

(2) Sucanic dehydrogenase

(a) No effect on Iver preparations

(b} Inhibition of liver preparation
(c) Sumulation of heart Iiver and

ladney mitochondria

(a) Diphasic effect mhibition
above 14x10- M and stimula

nion below 7x 10~ nr of thyrox
ne

(b) Protection by thyroxme of
SH groups from oxrdation

hib by th and ana

(3) Malic deh

logues

1739 1727
wes
36 588 gee

text
o1

a7

111410
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TanLe VI (cont )

10>

Enzyme or enzyme systcm

Lifect on actiity

References

(4) Lactic dehyd

by th and ana

(5) 1. Glutamuc dehydro
genase

(6) Ascorbic acid oxidase

(7) Oxdative phosphory
laton

(8) Adenosine tniphosphatase

@c :

logues

{a) Inhibition by thyroxine and
analogucs

(b) Inlibiion of both forward
and reverse reactions
Sumulation atlow concentrations
ofthy raxine and truodothy rontne
inhubition at high concentrations
(a) No effect

{b) Uncouples phosphorylation
from oxidation inhibits phos
phonylation with httle effect on
0, consumption

(c) Increase n P/O ratio with
ncreases i O, consumption
under some conditions

(a) No effect on fresh mitochon

dna actnation i pre aged

mtochondria

(b) Inhubition of myosin ATPase
(c) No effect on activity in digi

tonun extracts of mitochondna

(10) b Amuno acid oxidase

(11) Acety] phosphatase

(12) Tyrosme oxmdase tyro
sine glutamue acid trans

aminase
(13) TPNH DPN transhydro
genase

Tt of partially punfied
and crystalline enzyme
Competitnve inlubinon
Inhubition
Non competitts e mhibition

Inhibition

10 1ne

1161

NIRRT

1 use

[T G,

text

The data presented 1n these tables 1n no way indicate the nature of a
direct intervention of thyroid hormones on enzymic activity Furthermore
much of the information 1s contradictory and there 1s an impressne
lack of uniformity 1n the experimental methods used However most bio
chemists and endocrinologists have concentrated their efforts on those
enzymes and enzyme systems that play a vital role in the fundamental
;:?ctmns on which depend the respiratory activity of the cell and the
by ease and wtlization of energy provided by foodstuffs The action of

yroid hormones on these enzymes 1s discussed below
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(1) Osrdation of succinate—Onidation of succinic acid ta fumartc actd 15
one of the key catalyuc functions of respiratory enzymes, this 15 ensured
by the succinowidase system which represents the sum total of the actiity
of succimie dehydrogenase, cytochrome ¢ cytochrome oadase and electron
carriers whose nature 1s largely unhnown Much of the worh done on the
effect of thyroid hormone 1s based on the response of succinoxidase activity
as a whole although more recent mvestigations have tahen mto account
the effect on the individual components 1n this system

Dye and Maughan observed m 1929422 413 that thyroidectomy in dogs
was followed by 2 16%, decrease 1 the succinoxidase activity of sheletal
muscle Since then it has been shown by various worhers that the opposite
effect 1s ob d by ad ration of d d thyrord or thyrosne
1617 1618 1068 1726 1 2 1616 1495 Barler! in a very thorough study,
showed that the wfluence of thyroane and of thyroidectomy on tissue
metabolism 1n the rat could be directly correlated with the effect on the
succinoxidase activity of most tissues he also showed that thyroxme
adnumistration reversed the effect of thyroidectomy and that tissues such
as bram testis spleen and thymus whose respiratory rate m 0 18
mdependent of the thyroid status of the animal, were also unaffected as
far as succinoxidase activity was concerned This last effect was braefly
described somewhat earlier!385 118 Naley!! has also found an mcrease
succinoudase actrvity mn the mitochondna tsolated from hvers of hyper
thyroid rats

As regards the influence of experimental hypo and hyper thyroidism
on the individual p of the rdase system 1t 1s now hnowa
that thyroidectomy and thiouracil treatment will lower whereas admint
stration of thyrosine desiccated thyroid or TSH will raise the level of
cytochrome ondase (also termed 1ndophenol oxidase ) 1n shices or homo
genates of liver heart kidney and skeletal muscle and n Iiver mito
chondriaf1# 1081 1617 1618 887 1012 Tiggieresté20 1621 found that the amount
of cytochrome ¢ 1n rat sheletal muscle decreased by 309 after thyrordectomy
or thiouracil administratton whereas thyroaine admiustration increase
it to a sigmificant extent in normal and thyroidectomized rats Later
Drabkin®® performed direct spectrophotometric analysts of total cyte
chrome ¢ in vanous tissues and obtaned similar results he concluded
that a possible mode of action of thyroid hormone in regulating oxygen
consumption was effected through the control of tissue levels of cyte
chrome ¢ This hypothests was not accepted and later Drablun*? modified
1t by stating that the change in cytochrome ¢ level was not 2 primary action
of thyro:d hormone but resulted from some otheraction  Succimic dehy dro
genase activity has also been measured independently 1n liver and thyrox
wne admumstration has been shown to result in a higher enzyme actity
w2 15 Aeby and Abelin'® have suggested that the parallel mcrease 1
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BMR, lver sucanie dehydrogenase and nitrogen content of the hver after
thyroxine admimstration 18 due to an sacsease in the number of mite
chondna 1n lwer cells  This view has recerved no support, and 1n fact
Maley (cited 1n %02) has found that the tncreased succunc dehydrogenase
activaty 10 hyperthyrord rat livers 15 accompanied by an increase in mito
chondrial mtrogen concentrayon A point of wntercst {and one which wilt
be discussed Jater) 1s that dimstrophenol which can also stimulate the
BMR has aa thyrastne like effect on succinoadase actisity of on the total
cytochrome ¢ contenti® © 161 1433

As regards the oxdation of sucainate the effect of thyroid hormones
1 ¢100 can be reproduced 1 stro A bnef report by Aloisi and Cavallini®¢
that addition of thyronme to aged heart mitochondrial preparations act
ated succinuc oxadase was followed by a detatled description by Gemmdi**®
on the stmulation by thyroxine of fresh Ketlin Hartree rat heart muto
chondrial preparations  Although Smuth and Williams Ashman*#3 fuled
to obtain activation i fresh or aged preparations many workers have con
firmed the 1 of the su xidase system from varous tssves
when thyrexine and trnadathyronine are added 1 caerg!?73s 3557 453 1550
1538 875 118 170 I K rpke and Bever®?? have found that the effect of
thyroxine 1s to preserve the sucanate cytochrome ¢ reductase activity in
rat heart homogenates rather than to increase the origmal activity The
mabihty of Smith and Williams Ashman$%® 10 show actnation of sucen
ondase t zitro 15 probably due to the fact that they used water—rather
than phosphate buffer—homog Trmodothyromne has an tially
more intense but less durable action than thyroxine 1n stunulating the rat
heart system i citro but the overall effect of both compounds s 1dentical
on a molar basis? 2 3% 1§ 11 In other expenments 1t was shown that
the stumulatory actuaty of thytosne 1 22tro was wnfluenced by shght
changes i pH13%8 and by the buffer useds® further the succinoxidase
systems of different tissues showed different responses to thy roxing®28 1551
Sugtsawa®® 0 238 glsp clumed that thyronine hasa  diphasic® effect con
ceatrations of thyromne of about 7x 10  sumulated while concen
trations above 14x10-*M tnhibited tus preparations of mouse and dog
liver succime dehydrogenase

Some suggestions have been made concerntng the mechantsm by which
thyroxne and trnodothy ronsne stimulate oaidation of syccinate Gemmull
564 did not observe 2 { 1 witre when methylene blue was used
as the electron acceptor and thought that 1t was unfikely that thyroame
and truodothyronine acted by removal of an anhibitor of one of the enzymes
of the system or by protecting an enzyme from oxidation However,
Suzukuf$5? and Sugisawal$s® 156 have reported both actvanon and kbt
ton of sucamc dehydrogenase by thyroane 1n the presence of cyamde
and methylene blue Kripke and Beves®™ suggest that one of the many
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possible sites of action of thyroid hormones 1s at the succinte dehydrogenase
level, i which the sulphydryl groups essential for enzymic actisity are
protected from oxidation  other reports pomt to a non spectfic effect
brought about by the decomposition of an inhibitor or by a limutation of
1ts rate of formation  Estabrook ef al 452 who were able to reproduce the
effect of thyroxine on 1dase activity by add of Cat+t 1ons
suggested that both substances actvate succinontdase by lowerng the
accumulation of oxalacetate which 15 a powerful mhibitor of succtme
dehydrogenase  Mitochondral preparations are capable of owdizing
fumarate {the product of oudation of succinate) to oxalacetate 1 the
following steps

1 2 3
Succinate —-> Fumarate -—> Malate —> Oxalacetate

Wolff and Ball? ! have demonstrated that the addition of thyroxmne to rat
heart mitochondna causes a constderable diminution 1n the formation of
onalacetate from malate while 1t has no effect on the conversion of fumaate
to malate 1 hey also show ed that thyroxine inbited malic dehydrogenase
and did not accelerate the breakdown of oxalacetate Barher!! has con
firmed the inhibitton of malate oxidation by thyroame and a Jarge number
of 1ts analogues It 1s of interest to note that whereas the enzymes catalysing
the oxidation of succinate to fumarate are not dependent on pynidine
nucleotides malic dehydrog 1s dependent on diphosphopyridine
nucleotide (DPN) The direct intubition by thyroxine and its analogues
of 1solated malic dehydrogenase which 1s competitive with DPN  has
been demonstrated!7#® and the same has been found true for other purified
or crystalline dehydrogenases which are DPN linked 1 ¢ glutamic, lactic,
triosephosphate  alcohol and glucose 6 phosphate dehydrogenases'’*?
However Barker™! i a recent critical discussion of the significance of the
effect of thyrowine 2 vutro does not think that the stumulatory action of
thyroxine on succinoxidase  zzzo can be accounted for simply by an
inhibition of malate oxidation because an unphysiological situation would
be created by the accumulation of malate derrved from oxidation of
succinate

(1) Uncoupling of oxidateve phosphorslation—So far we have only seen
the possible effects of thyroud hormones on enzymic oxidation without
considermng the energy balance In all biological systems oxidation of
foodstuffs 1s accompanied by the mcorporation of a large proportion of
the energy thus liberated mto  hugh energy phosphate compounds such
as adenosine triphosphate (ATP) which in turn are the main source of
energy for muscular work protemn synthesis and other processes requiring
energy ‘The site of coupling of d to phosphorylation 1s 1n the
hondria and dep

ding on the sut dized about two to three
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molecules of phosphate are converted to ATP for every atom of oxygen
consumed, this 18 commonly termed the P/O ratio  Lhe rate at which
oatdative reactions can proceed 1 mitochondna (and probably in tissues
i 1120} 1 controlled by the availability of inorganic phosphate and phos
phate acceptors  If the formation of ATP from adenosine diphosphate
(ADP) 1s somehow impaired then the encrgy from oudatnne reactions
cannot be utilized effictently and oxidation will conunue to proceed at an
elevated rate thereby lowenng the P/O rato thus 1s commonly described
as pling of ondatrve phosphorylation  The excess energy n such a
situation would be dissipated mostly as heat instead of 1n the performance
of work or anabolic reactions
The possibihity that the thyroid hormones controlled the process of
owdatrse phosphorylation 1n mitochondnia developed from the discovery
by Loomus and Lipmann®®® m 194§ that 2 4 dimtrophenol (DNP)
possesses the property of uncoupling phosphorylation from respiration
DNP can Iihe thyroune raise the BMR in animals there are however
many pownts of disstmilanty in the effects of the two compounds The
first expeniments 1n anmals made thyrotoaie with massie doses of thyrox
e or desiccated thyroid did 1n fact show that the phosphorylating
efficiency was lowered!136 %04 1040 [he respiration on the other hand was
not markedly altered provided that 2 phosphate acceptor such as glucose
hexohinase was added to the mitochondria In the absence of the phasphate
acceptor the respiration of mitochondria from hyperthyroid animals was
Iugher than normal These results although incomplcte were interpreted
to mean that the thyroid hormone stimulated the BAR by an uncoupling
of oxidative phosphorylation which resulted 1n an increase 1n oxygen con
1p to p for the use of energy released by
oxdation It was suggested that the toxic effects of thvrone on oudative
phosphorylation resulted from the large doses used and represented an
extreme condutton of the process normally going on in the tissues  Among
the supporting evidence most often cited for the mechanism of thyroid
hormonal action based on a lowening of the PO ratio 1s that hyperthyrod
animals utilize energy less efficiently than do hypothyroid or normal
animals®03 % 903 Sych a concept would conform with the observations
of eatlier worhers that relatively more net energy 1s required by a hyper
thyroid patient to do the same amount of worh than when 1t 1s performed
by a normal or hypothyroid subject? 37 1467 10 1301 13 Nevertheless
chinicians famibar with the of work effi y 1 hyper
thyroid subjects often pomt out the serious limutations of the methods
used howeser thismay be the theory has been widely accepted and further
work has left us 1n no doubt about the dissociation of phosphorylation
from respiration in hondria from exper Ily hyperthyroid
animalsttl 41 742 1042 1015 1811 1012 1013 1687 The results obtamed by
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1,7,

these workers have not always been m because of
mn the methods used namely the degree of thyrototicoss, the method of
ssolating mitochondna, the substrate oxidized and the method of measuting
the depression of phosphorylation For esample the lowermg of PO
ratio in mitochondria from hyperthyroid animals was more marked with
succinate and B hydroxybutyrate as substrates than with « ketoglutarate
78 1015 Ths suggested that the thyroid hormone might act at a specific
step 1 the oxidation of the substrate or that more than one phosphorylating
site was imvolved, with different susceptibilittes to thyrord hormone
Attempts to locate any such specific <ite by arying the termrnal electron
acceptor in phosphorylation reactions assoctated with the oxidation of
added DPNH have proved unsuccessfullo:s

In spite of a few wutial fuluress?” 1156 ¢ has now been repeatedly
shown that thyroxme triodothyrontne and many related substances will
uncouple oxidative phosphorylation when they are added iz vitro to mto
chondria from normal animals?4 1040 1041 41 741 74 4 0 1014 305 85 859
1123 108¢ 1570 1588 1589 194 377 1013 1784 223 mutations of space prevent
us from discussing many 1nteresting aspects of this biochemucal property
of thyrod hormones 1n so far as they may explain the mode of action of
these hormones some particular points must be mentioned (1) Truodo
thyronine 15 not more active than thyrovine n lowering the P/O ratio
14 90 74 857 f therefore uncouphing of oxidative phosphorylation 18
assumed to be the mode of action of thyrord hormones then the hugher
biological activity of trodothyronine i <120 1s probably due to more rapud
distnibution to the tissues (2) The concentration range m which thyroxine
and truodothyronine act tn witre 1s very narrow for thyrosne the range
of no uncoupling to that of almost total uncoupling 1s 5x10-5 to 10 ¥
1014 908 74 104 857 Thisisin contrast to the wide range of concentration
at which dimitrophenol 1s effective?®®  (3) In some cases the uncouphng
effect 1s only brought about after a short persod (about 30 min) of pre
mcubation of thyroxine or triodothyronine with the mutochondrial sus
penston 1 sucrose solutions at low temperature (0-5 Cy7ot 4 1042 87
3717 23 Dyckens and Salmony 377 found that whereas preliminary contact
was necessary for thytoune to uncouple phosphorylation tn and tetra
1odothyroacetic acids caused an d and more pr d un
coupling Bronk?  thinks that the inhibitory effect of thyroumne on phos
phorylation after preincubation 1s due to its combination with a soluble
protein released from the hondna dunng p b However
other worhers have obtained the uncoupling effect of thyroame and truodo
thyronne without premcubation espectally in saline preparations (4) With
regard to the antagonism between certan agents and thyrord hormones on
the uncoupling effect the relationship between cy steine and magnesium 1ons
has been well studied Cysteme can partially uncouple phosphorylation
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from oxidation when glutamate is the substrate but can carry the
pling to compl when the oxidation of gl 1s bloched at

the succinate level with malonate thyroxine can overcome the uncoupling
effect of cystemne 1n the presence or absence of malonate although the
hormone alone has no uncouphing action under the same conditions*™ ¢
These authors have suggested that thyronine antagomizes the cffect of
cysteine on owdatnne phosphorylation by preventing the oxidation of
cystemne to cystine  Ennichment of the medium with Mg+ has been shown
to mhibit progressively the uncoupling action of thyroxine and truodo
thyronine and can almost pletely restore the phosphorylating ability
of mitochondnia®s 1123 156# 1134 The possible significance of interaction
between thyroxine and metal 10ns will be discussed later

The effect of thyroid hormones on the breahdown of ATP by mito
chondrma has been cited as additional evidence for their uncoupling action
When mitochondna are extracted 1n sucrose solution they exhibit httle
ATPase or apyrase actwaty this latent actiaty can be tnggered by
pre agemng  the sucrose suspensions at 37 C for 20 min or by extracting
the mitochondria wath 1sotonic KCI#$¢ 9¢ Thyroxine truodothyromne
and many related compounds have now been shown to stimulate the
release of morganic phosphate from ATP by pre aged or KCl mito
chondnia 397 4% w3 as» 880 1013 It has also been shown recently that
mutochondnia from thyrotoxic rats require shorter pre ageing periods at
37 C than mutochondria from normal animals for the activation of latent
ATPasel®? although an earhier report mentioned ncreased Iiver ATPase
after admimstration of thyroxine!$¥  Lardy and Maley®* have reported
the effect on mutochondnal breakdown of ATP m titro of twenty com
pounds structurally related to thyroxine and truodothyrontne but there
1S a poor quanutative correlation between biological activity 1 2120 and
the action on ATPase i titro for example D thyrosine and the thioether
analogue of thyromine which have litle physiological actvity 1
ATP breahdown to about the same extent Dinitrophenol also markedly
acthates ATPase but the effect of this compound 1s different from that of
thyroid hormones Klemperer8® has found that at a concentration of
10 ‘M both thyroxine and DNP activate ATPase in - KCl mitochondria
at 3410 M thy causes an 1nhb while DNP the
activation up to a concentratton of 10-*M  Another difference between
DNP and the thyroid hormones 1s that the latter will not activate ATPase
in mitochondria whose structure has been altered by ageing or by hypo
tonte solutions while DNP will Cooper and Lehninger® have further
shown that both the . and b 1somers of thyroamne and truodothyronine
fatled to sumulate ATPase 1 digitonin extracts of rat liver mitochondria
while DNP stimulated the enzyme 'The ATPase activity of myosin 1s
moreover powerfully inhibited by thyroxine, tr1 and tetra 1odothyroacetic
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ac1ds®”? Finally, 1t should be emphasized that the ling of oxidative

phosphorylation and ATPase activity may represent two separate and
unrelated effects as far as thyroid hormones are concerned, since 1t has
been shown that under certain conditions DNP and cystemne do not
activate anaerobic ATPase although they can uncouple ouidatrve phos
phorylationt7s# vos

The question whether thyroxine and truodothyronme combine with
mitochondral parucles before the uncoupling reaction tahes place has also
been studied? # 855 In these expeniments mutochondria were hept i
contact with 1311 labelled hormones and their uptake measured under
vartous expenimental conditions 1ncluding those used for uncoupling
studies Mitochondna were found to bind 80-90% of the radioactrvity
although no marked binding affinity was detected when thyroamne was
myected nto the tntact ammal®s¢ 94 In any case, the uptake of thyrod
hormones by mutochondria m titre appears to be unrelated to ther
uncoupling action  Hoch and Lipmann™ observed the same amount of
mitochondrial binding of thyroamne and truodothyronine 1 expertments
i which uncoupling took place (saline preparattons) as 1n experiments i
which no uncoupling was observed (sucrose preparations) Further
Klemperer®s® has shown that mitochondrtal binding of the 10dothyronines
15 the same at 0 C and 20 C and was even higher in heat denatured mito
chondna this indicates a  passtve  binding which 1s mdependent of
metabohc activity

() Other enzymes—We have seen m Tables V and VI that the action
of thyroid hormones both # v1z0 and 1 10 15 not restricted to those
enzymes 1nvolved 1n the oxidation of succinate and malate or to those that
tahe part1n the complex sequence of oxrdation coupled to phosphory Jation
Among other enzymes and enzyme systems which have been studied are
those that take part in (1) oxidation of other substrates such as lactate
pyruvate glutamate and glucose 6 phosphate1ss 557 89 1747 (2) hydro
Iytic processes such as those catalysed by phosphatases and acetylphos

phatase86? 883 1047 688 (3) phosphorylating and dephosphorylating pro
holinase1#®s 80 (#)

cesses which involve hexols and creatmephosp
oxidation and transamination of ammo acds®s8 764 978 972 Although
some of these fi have been 1mpl d 1n the mode of action of

thyroid hormoncs no coherent theory has been developed as has been
done for ostdative phosphorylation  However the many difficulties
encountered 1n 4l} attempts to demonstrate thyroid hormonal control of
ondation and phosphorylation may well direct the attention of workers to
other enzyme systems Efforts have already been made 1n this direction®®
nastudy of the effect of L thyrosine on transhydrogenase  Thusenzyme

first described by Colowich et al %98 catalyses the following reaction

Reduced mpho:phopyndmc nucleotrde (TPNH) + diphosphopyridine
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nucleotide (DPN) = Reduced diphosphopynidine nucleotide (DPNH) +
triphosphopy nidine nucleode (TPN)  Ball and Cooper®® have shown that
this enzyme (in a heart particulate preparation) will catalyse the oudation
of TPNH only if DP 15 added to the preparation  L-Thyroune in con
centrations of 4 5x 10 $31-4 3 X 10 31 mnlubited the reaction  Although
such an inhibition has only been demonstrated 12 citre the authors cite
other evidence to support the hy pothesis that such an imlubttion represents
the mode of action of thyroxine 11 22 o they suggest that if transhydro
genase actiaty 1s bloched by thyroune then the oudative reactions 1n
body requinng 1PN would obtan 1t from an alternative source—one
dependent ona TPNH cytochrome ¢ reductase the finding of Phullips and
Langdon!#16 that the level of [PNEH cytachrome ¢ reductase 1s increased
1n the hisers of hyperthyroid rats while 1t 1s reduced tn the lvers of hypo-
thyroid amimals would fit 1n with this concept further the observation of
Drablin®*® of an increased cytochrome ¢ level 1 hyperthyroid ammals
swould lend support to this view  Ball and Cooper®® explain the reduced
phosphorylating efficiency caused by thyroid hormones by the fact that
oxidation of TPNH mediated by enzymes other than transhydrogenase
yteldshttle of high energy phosphate compounds® Whether the inhibition
of the transhydrogenase reaction the increase n TPNH cytochrome ¢
reductase activity or effects on other enzymes sensitive to the thyrord hor
mones represents a mode of action of these hormones still remains at best
a working hypothesis 1t has yet to be shown whether mhibition or acts
vation of these enzymes 15 not an adaptine mechanism involsed to adjust
to the effects of a pnimary action at some other site. However the theory
of mhubition of transhydrogenase 15 attractive since 1t tmplies that the
thyroid hormone mught control the availability of pynidine nucleotides 1n
the cell  Because of the fundamental importance of these substances for
S0 many brological oxidation reactions energy utilization and synthesis of ~
body constituents the effect on the transhy drogenase reaction (or some
sumlar one) might explain why the activity of so many enzyme systems
are altered as a result of thyroid hormone adminstration
() Why do the effects of thy roid hormones on enzymes fail to explamn ther

mode of action>—The 1dea that hormones control specific hey enzyme
functions 1n the cell has been widely accepted as their mode of action  As
Hechter16 has so aptly stated  Onginally advanced as a tentatve worhing
hypothesis  the hypothesis assumed 1n many circles the transcendental
quality of a natural faw  Yet the fundamental sconsistencies are so
“umerous that some 1 estigators hase now come to doubt whether hor
mone enzyme P the mech whereby therr pky sto
logtcal action 15 effected Hechter™s has listed some of the major requisites
1n order that a theory can explam the mode of action of any hormone the
Teader 1s referred to hus essay and to that of Levine?®®® for ciucisms of the
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hormone enzyme theory in general, more detailed enticisms regarding the
effects of thyrotd hormones on enzvmes will be found 1n the discussions
that have followed the papers by Lardy and Maley®s and Lardy®
The major shortcomings of the thyrod hormone enzyme theory are
summarized below

(1} Lack of spectficity of the enzymes affected by thyroid hormones—Qne
of the tnportant cancepts of the role of enzymes 1 physiological processes
1s that they are pacemakers or bottlenecks' By this 1t 1s meant thata
particular biological phenomenon such as oxygen consumption or protei
synithests 1s the end result of a cham of enzymucally catalvsed reactions
and that the overall rate of the process will be governed by the rate of the
slowest individual step in the sequence It 15 therefore logical to assume
that any hormone, 1n so far as 1t 1s involved at all controls the rate of 2
physiolagrcal f cither by accel g or inhit the rate of the
slowest step or  pacemaker so far hormonal control of such a pace
maker has not been demonstrated  As we have already seen the search
for a specific key step involved 1n the uncoupling of oxidative phosphory
lation which mught be controlled by the thyroid hormones has proved
unsuccessful?s 1915 1015 The concept of an ihibition of one particulas
phosphorylsting step m the sequence leading to partial uncoupling from
oxidation (and hence po.sibly, higher O, consumption a 1110) has been
challenged by Hoch and Lipmann?# these authors obtained total infubs
tion of phosphorylation under certain d dunng the oxid: of
glutamate or B hydroxybutyrate 16 2 P/O ratio of 0 The enhanced
oxidation of succinate by thyroid hormones resulting, from the specific

lub of matic dehydrogenase!™ does not eaplain the handling of
increased malate thus lated?*  An of Tables V and
31 which show the verv widely differing enzymes that are affected by
thyrord hormones makes the search for a specific pacemaher even more
difficult and discouraging  This may stumulate efforts to seeh a more fun
damental process under hormonal control whose alteration would be
reflected 1 effects produced on a large number of enzymes i the cell A
good exampfle of such a process and one we shall examne later, 15 (h§

it o

1 ‘: of sub: for by the modtfi o
permeabihity of sur ding cells or particulate matter 1n the
cell

(2) Absence of arel: Inp betueen the physiological actusties of thyroamne

and related compounds and thew actions on enzymes—In trying ta seconcle
the action of structural analogues on enzymes and their hormane hike
properties 18 the ntact ammal the Iach of speaifiaty obtamed i o
presents @ major stumblmng block  There s no correlation between
chemical structure and action on enzymes on the one hand and on the
whole animal on the other  For example » and L thyroxine which hase
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very dufferent biological activities (see Table 11) uncouple oxidative phos-
phonylation to about the same extent i tatro™s 85 72 The ant
thyroxine  drug n butyl 4-hydroxy 3 5 duodobenzoate 1s as potent an
uncoupler as thyroune tself* 74 However hlemperer®s? has obtained
a greater degree of uncoupling with L thyroamne than with » thyroune
L 3 5 duodothyromine or L thyromine nonc of which possesses much or
any biological actinity The uncoupling action of thyrowune 1s not likely
to be due simply to the presence of 10dine atoms 1n the molecule as
Middlebrook and Szent Gyorgi'*#* have suggested since hlemperer®s?
failed to obtain uncoupling with 2 < 10 *stiodide Middlebrook and Szent
Gyorg1o8t obtained uncouphing by the drastic expedient of substituting all
the chlonde 1n their incubation medwm with 10dide  Uncoupling of
ondame phosphorylation can however be caused by a vanety of non
1wdinated substances such as bilirubim??®* sahieyhic acid®? and the free
radical tetramethyIphenylenediamine!¢®  the uncoupling action of these
different sub 15 diated through diffe h and
uncouphing of oxsdatrve phosphorylation has been considered by many
pharmacologists to represent the mode of action of a large number of
drugs® ® Turther examples of lack of speetficity 1 chemucal structure and
activity tn vz and ta vitro are provided in the cffects of certain biologically
mactive substances on the actrvation of miutochondral ATPase®s the
physiologically inert pr, ortho thyroune and 3 5 duodothyropropiomc
aaid were as active i eafro as ¢ thyrowne and L truodothyronine  With
regard to the 1 of dase or inlub of the oxtdation of
malate Barher!™ has related the activities 1 120 and i 1atro of thirty two
structural analogues of thyroune  Again no correlation can be found
between physiological action and effect on the enzymes  For thus reason
the hypothesis that the thyrotd hormones exert specific control on one or
more stages of enzymic action 15 one of doubtful value at the present uime
(3) Does the effect of thy roid hormones on enzymes represent a pharmaco-
logecal rather than g Physiological action?—In order that we may nterpret
the effect of 2 hormone on an enzyme m terms of a physiological process
1 the intact ammal the concentration of hormone used for eliciting res
bonse 1 ¢atro must not be lugh compared to the physiological level of the
hormone i the tissues  In the experunents so far discussed the responses
have been obtaned only 1n the presence of very lugh concentrations of
thyroxine or related substances or after the anmal has been brought to an
€Xtreme state of hyperthyrordism  For example ammals have been made
thyrotoxie by feeding them a diet incorporating 1-3% of desiccated
t‘l;llyl':l:l'“ 1810 839 or by gyection of large doses of thyroaneiost
In some experiments as much as 28 mg of thyroane has been
yected mn a rat over a peniod of 4 days¥'r 1569 Such a dose 1s highly
‘OIXIC. the animal loses 10%, or more of 1ts body weight by the 5Sth day of




116 ROSALIND PITT RIVERS, JAMSHED R TATA

treatment. In order to obtam responses to thyrod hormones i enzyme
preparauons a concentration of 10 4 to 10-5M 15 generally necessaryit®
368 B6% JOI4 905 242 112 171 86 IY4F 636 323 REPORS d’lﬂt IOWCr concen
trations are capable of stmulating succinoxadase® 145¢ 158 haye not been
confirmed. A concentration of 10~ to 10~4 thyroxne 15 100-1000 tmes
the concentratron of the circulating hormone or probably 10 000-100,000
umes that found n tissues such as skeletal muscle Tt msght be
argued that such large amounts of thyroxme and truodothyronne are
necessary because they have to be convested to some “active * form of the
hormone so far such a conversion exther 1n the whole animal or i ssolated

preparations has not been d rated  Also, the effect cannot
be obtaned in enzyme preparations from hypothyrowd ammals  For
example the P/O ratio mn hondria { a phosphate acceptor)

from hypothyrond ammals 1s not daffe ; from that of hondra from
nermal ammals  Thus 1t 1s evident that most of the effects of thyrosd
hormones on enzymes are a manfestaton of thewr tose effects and are
uniikely to represent events occurring under physiologieal condstions
(4) Dufficulty 1n correlating direct action on enzymes with known physio-
logieal action—Fnally the gap between the effects produced on enzymes
t watro and the sequence of mteractions leading to the physiologscal pro-
perties of thyroid hormones has not been bridged  If we consider the
refationshup between the calongenue action of thyronme m the mtact
antmal and 1ts uncouphng effect 1n hondna we find that the ise
oxygen cansumption 1 220 1 not D d by any sigi nise of
oxygen consumption  titro, although wnlubiion of phospherylation 5
observed It has been supgested that uncoupling sught theoretscally lead
to mereased respiratory activity but this has only been reported once
The findings of Wiswell and Bravermant’3¢ that thyroxine stmulated
oxygen D mn hondna or sub hondrnal particles ate
exceptional  Further only a few reports have been made of mereased
Tespuration of ussues when thyroid hormones are added m ratro®ss %7 118
Morcover these studies have not been confirmed!o? B0 1293 Another
unanswered question 13 how far the effects of thyrord hormones on enzyme
activties represent a primary site of action or are secondary to some other
action  If as some recent worh already suggests the enzyme effeck tahes
place only after the hormone has acted on some other target, 18 by
hanging b permeabiity or by forming metal complexes then
the concept of a direct imteractzon between thyrard hormone and enzymes
1s of secondary tmportance
The aboive enticisms are not intended to distmss entirely the current
concept of thyrord hormonal regulation of enzyme achwity from ouf
thoughts The mode of action of these hormones may mdeed be found in
the control of certan enzyme systems, however, 1 order to prove tus
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point some of the obj and d above will
have to be resolved Itis th\y that our methods of studying the direct
interaction between thyroid hormones and enzymes have becn inadequate
for the purpose our kmmledge of thc mcchamsm of enzyme action 18 in
stself ble of and as Stetten?®¥1 has
recently sad It follows almost necasnnly, that since we don t know the
mechanism of any enzyme catalysed reactions we do not know the
mechanism of the endocrine control of such a reaction At present no
hypothesis has been put forward to explan the mode of action of the
thyrord hormones which 1s entirely acceptable but interest has recently
been turned towards two other factors that may be mvolved 1n this
mechamism

(b) Interaction with Metal Ions

Metal 1ons such as Fert, Mg+t Mn++ Cut+ and Zn*+ ase essential for
the activity of many enzymes wnvolved 1n oxidative and phosphorylating
processes and 1t has been suggested that many of the effects of thyroid
hormones on enzymes might be due to thetr interaction with metal 10ns
Although De Caro 1n 193335 had postulated that the ant1 oudative effect
of thyroxine on fats was due to a removal of copper the first proper invest
gation arose from the observation of Gemmlli*® that thy roune accelerated
the oxidation of ascorbic actd by ascorbie acid oxidase a copper contamng
pmtem prepared from squash (Cucurbita sp) Gemmull also observed

at thy bited the non enzy d by cupric 10ns 1n the
CuCl, ascorbic acid system There was a defimite relationship between
the amount of thyroxne and degree of wmbubition of the non enzymic
system and 1t was d that bined with and removed
copper from the oxidative process Gemmull later showed that 3 5 duodo
tyrostne 3 5 duodothyromne and thyromine which are ph)smloglcally
mnactive had httle effect on or Cu*+ catalysed while
truodothyromne was almost as effective as thy xoxme“” 569 It was further
shown®?® that the most effective molar ratio for inthibition was approxi-
mately three molecules of thyroxine to one of cupric chlonde Gemmill
assumed that complex formation was between copper and a hypothetical
free radical of thyruxme of the type

oo rem o
COOH

Later from a study of the modificaton of the ultra violet absorption
spectrum of thyroxine 1n the presence of copper 10ns Gemmull$?® con
cluded that the complex between copper and thyroxine snvolved the

H:
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phenolic hydroxyl group and that masimum change 1 the absarption
spectrum was observed with five parts of thyroxne to four parts of cupnc
acetate  If the complex or chelate imvolves the hydroxyl group 1t s
dafficult to esplan why 3 5 duodotyrosine does not affect ascorbic acid
oxdation In fact Frieden who confirmed Gemmull s observation on
the effect of thyrosine on ascorbic acid oxidase, faled to demonstrate any
specificity of thyrovine tor copper complesing and found that3 5 duodo
thyromine and O benzyldnodotyrosine were equally effectnes® Howerer
on the basis of the finding thut ascorbic and oudase 15 very readily
mhubited by cupric and other metal 10ns5%¢ 1t was suggested that thyroane
activated the enzyme by combining with the excess of copper or other
metal impurities  Frieden and Naile3?® have also shown that thyroune
presents and reverses the phenylmercunc chlonde inhubition of ascorbic
acid oxidase and that it reacts directly with the organic mercurial It
follows from these observations that thyroxine may also act on the enzyme
bv protecting the —SH groups from ondatton  This action of thyroxne
1s also shared by most substances that are powerful chelators of copper
such 4s proteins anuno acids and nucleic acrd componentss®® 8 The
worh of Davis?®? indicates that the amino acid group of thyroxine may
participate in copper complex formation he prepared copper complenes
of thyronine and various 1odothyronines and 1odotyrosines and showed
that the empirical formula of afl these complexes was Cuf{amuno acid)s
The formation of copper complenes by thyroune has httle bearing on 1t
mode of action since no copper dependent enzyme m animal tissues has
been shown to be affected by thyromne further whether complex forma
t1on would take place at the very low concentrations of copper and thyrot
e present 1n cells 1s difficult to assess
‘The interaction between thyroid hormones and magnesium 1ons appears
a more prorusing field for study because Mg*+ 1s an unportant component
of many enzymes mvolved 1n oxidation and phosphorylauon  Partially
punified phosphokinase (or ATP- t transph Ph“f&hsc)
an enzyme dependent on Mg + for its activation has been shown to be
mhubited by thyroame® This mhubition was also demonstrated on the
crystalline enzyme by hauby ef al 85¢ 285 who suggested that the inhibition
resulted from the removal of soluble Mg+  Lardy%? has aited the low
solubility of Mg salts of thyrounc recorded by kendall and Osterberg®*
and the low solubility product of 10 17 of the complex with Mg +1n support
of this view and produced evidence to show that thyrosne also forms
complexes with cobalt zinc magnesum manganese and calcum an the
basts of 2 shift 1n the ultra violet absorption spectrum  he concluded that
whereas Co** and Zn** combine with the phenolic group of thyroune
e ++ and Ca** do not
M%-h; fh'ojrx:nnuﬂn of annsoluble complex with does not explam
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the observations of Bain®s on the antagomsm between Mg++ and thyroxine
on the uncoupling of oudative phosphorylation, 1t was found that the
uncoupling effect of thyroine s ustro could be overcome by increasing
the concentration of Mg++ in the incubation medium  conversely the
uncouphing action of thyronine was accentuated at low concentrations
of Mg+ These results have been confirmed by other worhersti2f 15 ¢
1369 1734 Mg+ was also found to overcome the effect of thyroxine in
mitochondra obtamned from hyperthyroid ratst**#®  This protective effect
of Mg++ 15 specific for thyroxmne and its demvatives, and antagomism 1s
absent when ling of onidative phosphorylation 1s brought about by
other agents such as dimtrophenol and Ca** 1ons Thus Mg++ faled to
overcome the pling of oxidative phosphorylation when both thyrox
e and Ca** 10ns were present*”®  The antagonism 1s also observed for
truodothyronine and truodothyroacetic acid!*#¢ which do not form msoluble
compleves with magnesium  The form 1n which these complexes exst
has not so far been unequuiocally demonstrated however it appears
that the thyrotd hormones and some of their analogues are prevented
from acting on the mitochondna whether the magnesium complexes are
soluble or insoluble Manganese and cobalt can replace Mg+ to some
extent 3123 1588 1734 30 the protectsve action on uncoupling 1s also shared
by glutatt and ethylened (EDTA)u% 1362 The
mechanism of the antagonstic effects of the divalent metal rons gluta
thione and EDTA on uncoupling by thyroxine 1s unknown but two sug-
gestions have recently been put forward Park ef al 1294 have reconsidered
the formation of a free radical of thyroaine simular to that proposed by
Gemmill®*” and have based their views on the interesting observation that
agents which protect hondna aganst pling by thyroamne also
protect cells against damage by A irradiation a damage widely believed
to be caused by the formation of free radicals Tapley!sé? 1588 helieves
that mag; g thy by preserving the mutochondnal
structure (see below)

There 15 some ndirect evidence that magnestum metabolism 1s altered
n humans with thyroid disorderst#®? 1498 378 but thys has not always been
substantiated®0? 170 184 Typleylsst has however shown that the
ad of dothyronine to patients with myxoedema causes a
marhed nise i the uninary excretion of magnestum  As regards the Mg++
content of mitochondria themselves very Ittle difference has been found in
samples prepared from hyperthyroid hypothyroid and normalrats although
the mitochondnia from the hyperthyroid ammals stimulated ATPase a
Mg++ activated enzymel®12  On the other hand the work of Vitale and
his colleagues indicates a direct relationship between thyroid hormone

d and Mg+ bol they first teported that increased
Mg*+ in the diet prevented uncouplng of oxidatrve phosphorylation
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in hyperthyroid rat heart mitochondria (which they found were more
sensitive to Mg*+ and thyroame than hver or hudney mtochondria)
and they inferred that thyroxine rased Mg++ requirement, this view was
substantiated by the low serum Mg++and typical magnesium deficiency
symptoms in hyperthyrord animals?é%¢ In a later paper, Vitale ef al 147
showed that 1n young rats fi 'y alone produced pling
of oxdative phosphorylation within a few days they further claimed that
an acute effect of thyronine in lowering the PJO ratto (within 10 min after
admustration) could be largely prevented by a single iyection of mag
nestum 10 min before the adminstration of the thyroxine Such a rapid
action of thyroxine on mitochondna has not previously been reported
Lattle 15 known about the nteraction of thyroid hormones with other
metal sons  An interaction between Zn*+ and thyroxine has been suggested
as one of the explanations for the nhibition by thyrosne and its analogues
of glutamic yeast alcohol lactic, malic, triosephosphate and glucose 6

phosphate dehydrc ymes which show varying degrees of zin¢
dependencet™*? However, no direct evidence of a Zn++ thyrotd hormone
hel has been d. rated and truodothyroacetic acid faled to

inhubit carboxypeptidase which 1s a zinc contaning enzyme Further,
acetyl phosphatase which 1s powerfully inlubited by thyromne, 1s not
dependent on any of the following metal 1ons for its activation Mg*%
Mn#+, Cut+ Co, Fet+, Fer++ Zn++ or Ca++$3¢ It may be concluded
that all the effects of thyroid hormones on enzymes are not manifestations
of an interaction between the hormones and metal 1ons

(¢) Effect on Membrane Permeability

The ncreasing difficulty of relating the action of any hormone 1 ¢1t0
to 1ts action on subcellular prep and 1solated has made
workers seek for other explanations 1n recent years for the mechanism of
hormone action 10 particular a possible role of the membranes that
surround cells nucler and hondria has been dered Enzymic
processes 1n 1solated preparations depend manly on enzyme and substrate
concentrations the hydrogen 1on concentration energy donors and
acceptors and 1norganic tons 1n the cell these processes are further con
trolled by structural and surface phenomena of the membrane 'These have
been called cytoarchitectural  cytostructural or geometrical aspects of
biochenustry ‘This concept of the mode of action of hormones owes 1ts
orign to studies on nsulin  Until a few years ago marnly because of the
work of Con and his associates 1t was generally accepted that insuln
exerts a direct action on glucokinase which controls the conversion of
glucose to glucose 6 phosphate and hence the formation of glycogen and
the oxidation of glucose to CO via the tricarboxyhic acid cycle However,
the discovery by Gemmill®¢¢ ¢ that msulin mcreases the uptake of
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glucosz by diaphragm musele w extro Jed to numerous expenments by
Levine and others on the pe bility of b to il sugars
and constderable evidence has accumulated s favour of the view that
insultn acts by accelerating the transfer of glucose across the cell membrane
Ths transinon frons the concept of a direct hormone enzy me mteraction
toa h b tas been tlusteated 13 numerous
reviews and papersié W6 113 1000 H10 206 ITI 136 268 355 3397 318

No such change of thunkang has tahen plsce as regards the mode of action
of thyroid hormones and httle has been done to detenmine the effect of
these hormones on the properties of cell membranes morcover this work
has been dwrected towards the effect of thyroxine on the transfer or utth
zation of glucose on the same fines as the insubn work thas has not
resulted 1n the demonstration of any sigoificant control of tssue perme
abilaty by thyred hormones although they do accelerate the overall usls
2ation of glucose?s? 540 344 3% The only exception 1 the recent brief
sreport by Comsa®? that the sate of glucose uptake by rat draphragm sn
the presence of 10 7 to 10 *v thyroxne was 179-310% of the control
value If this 3s confirmed an extenston of ths work on other substrates
more directly snvolved m oxidatnve p may prove profitabl

This lack of evidence on a duect action of thyrod hormones on the
perareabulity of cell membranes has however been offsct by recent work
from Lehounges s laboratones whith has already recersed much suppert
In 1955 Tapley or of 1% suggested that the uncouphing of oxidative phos
phorylation snduced by thyroxme n mutochondsia 13 not a result of 2

rect of the h with enzymes of oxsdatne phosphory-
lation but that 1t oceurs wndirectly as a result of the effect of thyroune on
the structure of mitochondna. This suggestion was followed by two
detanled reports whuch explan to a large extent alf the effects of thyroxne
and related substances on oxidative phosphotylation which have previously
been descobedt?t7 188 [y the first Teport. the effect of vanous agents
that caused swelling of mutochondria was studted no oxidation or phos
phorylation occurred m these exp and the swelling d
onlya passive dsffusion of water into the particles  Some uncouphng
agents such as thyroxane and Ca*+ caused a sapid swelling of mitochendna
under these conditions while others such as 2 4-dsnitrophenol dicoumarol
d pentachiorophenol had no effect or even prevented mutochondna from
swelling Agents which antagomized the thyroxmne induced uncoupling of
ondative phosphorylatien the Mg+ Ma+* and EDTA also antagonwzed
the mutochondnal swelling caused by thyroine Mg * overcame the
effect of antag g the effect of thy on hondnal structure
tather than by chelavion as previously suggested  Concemirauons of
thyroxine as Jow as 10 caused sw elling such a concentration would not
lower the PO ratios Tapley also showed that liver mitochondria prepased




122 ROSALIND PITT-RIVERS, JAMSHED R TATA

from thyromine treated rats swelled to a greater extent than those from
normal rats, whule the swelling of hondria from hypothyroid ansmals
was much dimimshed  In the second report Tapley and Coopert*s have
provided fusther evidence to support the belief that the effects of thyrord
hormones on oxidative phosphorylation might be the result of changes
permeabubity of mutochondria they prepared an active enzyme complex
capable of catalysing oxidatrve phesphorylation from mutochondria after
the membranes had been disrupted by treatment with digitonn, whereas
thyroxine and truodothyronine lowered the P/O ratio 1n intact muto
chondria i hypotonic sucrose without any premncubation the two com
pounds faded to uncouple oxdatine phosphorylation n the digitoam
extracts of mutochondria in any concentration  In contrast dimtrophenol
uncoupled phosphorylation yust as effectively in ntact mitochondpia as in
the extracts once agamn demonstrating that DNP and thyrosd hormones act
by totally different mechamsms However Bronk®2® and Park ef al ¥*
have y d trated an pling of d phosphorylation by
thyroxme and truodothyronsne (but not by 3 5 ducdothyronine) i sub
hondrial particles prepared by sonic t: 234 These diff

may be due to varstions m the degree of disintegration produced by
digstonn and sonic treatment of to the presence of digitomn tself

The swelling or modification 10 structure of mutochondna caused by
thyrord hormones had also been previously observed by otherst® 1% 8
but the significance of these changes was not discussed  Aeb: and Abeln??
thought that the mcreased rate of loss of potassmum rons from liver slioes
obtamed from thyrotoxsc ammals was secondary to an tmpared phos
phorylation rather than to a primary action of thyrord hormones on active
or passive sport mech n drna  The work of Tapley
1867 3589 has now been confirmed and extended37? 206 1109 434 08 830
%8 ¢35 Dfaleyiois has reported that mutochondna wsolated from hyper
thyrosd rats were more fragile than those from normal ammals  Effects on
the mitochondrial b are also w the study of ATPase
acuvity of mitochondnia  Klemperer®® observed that ageing caused
swelling of mitochondna and thyroxine had lost its stimulatory effect ont
Iatent ATPase DNP on the other hand actvated ATPase  both fresh
and aged smtochondna  Cooper and Lehmipger®s hase shown more
directly that thyraxmne and trnedothyronme unhhe DNP or pentachloro
phenol, do not sumulate ATPase actwvity of digiomn entracts of mite
chondria  Among some of the interesting findings that have emerged from
these studies 15 that of Tapley and Cooper##? who found a very mathe
parallel betw een matachondna from different trssues that were suscepubleto
swelling and to an sncreased resparation caused by thyroid hormones  They
found that thy w vetre prad swelling in hondrsa from hiver
and hudney but not those from spleen bran and tesus hypcrthywxd
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rats Iner and kdney show an increase 1n O consumption while spleen,
brain and testis do not The nutritional status also appears to control
hondnal swelling, the resp of lver hondria from normal
ammals 18 much greater than from fasted ammals Emmclot and Bos?*¢
have reported that mitochondna isolated from primary azo dye induced
liver tumours of mice and rats have almost completely lost the abihty to
swell in the presence of thyroxine They conclude that thyroune has to
tnteract with some p of the d broct 1 structure
of liver mitochondna
Very litle 1s known about the mechanism or factors controlling the
effect of thyroid hormones on the mitochondnal membrane structure
Beyer et al'%® suggest that thyromine mahes the mitochondna more
susceptible 1 treo to factors which may lower their phosphorylative efft
cency, according to Emmelot*3? the pnimary effect of thyroxine consists
m sensitizing the mitochondna to Cat+* or some other metal 1on  The
d d state of hondria has been shown to be the primary
determunant of the passnve swelling process®® 9% These authors found
that the swelling caused by thyroune and trnodothyronine 1s completely
miubited when the respiratory carriers are 1 the reduced state (1 e under
b d or mt the p of KCN) Turther with refine
ments of technuques Lehninger and Ray have detected swelling caused
by thyroxine at a concentration of 10-*m which approaches the physio
logical range
The work of Tapley Cooper and Lehninger has thus presented a new
sphere of activity in which the control of respiration by thyrord hormones
may be manifested This work has not yet explained the exact mechanism
of action of thyroid hormones, but it 1s reasonable to belteve that their
effects on enzymes are mdirectly brought about by an action on the struc
ture of the mitochondnal membrane thus controlling the entry and exit of
substances volved 1n respiratory activity and energy transfer At the
same ttme many new questions have to be answered What s the nature
of the sites on the membrane that respond to thyroid hormones? How do
they function? Is there a binding of thyroid hormones on the membrane?
This question mught be studied 1n the same profitable manner as that of
tmsulin binding on the cell surfacet®s Is the action of thyroid hormones
on membranes defimitely a primary action? Finally are these only
pharma cological effects” or can they be shown to occur in the intact

anmal and can they explan all the physiological actions of thyroid
hormones?




CHAPTER 7

EXTRATHYROIDAL DISTRIBUTION AND
METABOLISM OF IODINE

EarLy studies on the distribution and metabolism of 10dine have been
reviewed by Loeb® Marine!?¢ Elmer4??, Salter1¢04 1406 and Leblond™
Before the publication by Chaney?? of 2 micromethod for determination
of 1odine suitable for the estimation of fractions of a microgram of sodine
doses of 10dine far 1n excess of a physiological range had to be administered
to antmals 1 order to study its eatrathyroidal metabolism  Fortunately
within a few years of Chaney s publ the mtroduction of radioacts
todineasa tracer * has also contributed to the study of the problem under
more physiological conditions

The clinical interest i the physiology and diagnosss of various thyroid
disorders has greatly lated the study of d aspects of the extra
thyroidal fate of hormonal as well as inorganic todine The use of radio
active 1odine especially 131, 1n the diagnosis and treatment of thyroid
diseases 15 now a standard procedure 1n many hospitals and research instt
tutions and date sfrom the first experuments of Hanulton and Soley*™ 1n
1939 Whale this chnical worh cannot be fully considered here (see ™
839 1143 1305 158 465 1184 828 zp effort will be made to assess the relation
ship between the pathways of metabolism of the thyroid hormones and
thetr phystologrcal actions

(I} EXTRATHYROIDAL DISTRIBUTION AND METABOLISM OF [ODIDE
{a) Dustribution and Concentration

Ingeneral the distrbution of todide in body tissues and fluds resembles
that of chlonide and bromide and also that of thiocyanate?®# 175¢ Because
of a very rapid absorption through the duodenum and intestine®? ** b
the blood level of orally adminsstered 1odide reaches 1ts peab within 1bf
of ingestion It then falls exponentully the rate of fall bemng matnly
dependent on the activity of the thyroid gland Thus 1s the basis of an
indirect clinical test 1n the diagnosis of thyroid diseases m which the rate
of fall of blood **!I 15 determined®s® (Fig 16)

The thyroid gland 1s the principal sodme concentrating organ 1 the
body However circulating 1odide 15 also concentrated by salivary gastnc
and mammary tissues because of thus extrathyroidal concentration of
1odide, Myant and hus colleagues have observed an apparent cxpansmrxl,ff
1odide space 1 man (the 10dide space 1s defined as the amount of 11
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Fig 16
Average curves of serum 18] content 1n groups of human subjects with vaning thyroid
funcuions duning the first 24 hr ad: of W] and

of wdide 1n extrathyroidal sites depend upon the thyroid function of the mdividual
(From Keating and Albert* }

remainung in the body as per cent of dose per litre of plasma) This expan-
sion was from 181 1n the Ist hr after 1311 admimstration to 251 1n the
next Shri't  The twenty- to forty-fold todide concentration 1n saliva,
gastrnc juice and ik compared with the plasma Jevel supports the concept
of an expansion of 1odide space Thus 1s particularly noticeable when the
thyrowd gland 15 blocked with thiouracil'® © In recent years the mechamism
of 1odide at these extrath dal sites has been shown to be
1dentical wath that 1n the thyroid gland, both 1n mani41 75¢ s32 576 533
18321602 and 1 Jower ammals (rat mouse guinea pig hamster rabbit
dog and goat) The rat 1n contrast to the mouse shows an absence of
Sah\ary concentration of 10dided14 1754 ¢53 533 885 230 773 72t 248 Guch
a conclusion was reached from expeniments based on effects produced by
vanation of the 1odide gradient and the admmstration of substances that
block thyroid function namely, thiocyanate and perchlorate 1ons  The
phylogenetic ongn of the thyroid gland from the anterior portion of the
primitive gut makes this simulanty 1n both qualitative and quantitative
aspects of 10dide trapping by thyroidal and extrathyroidal tissues parti-
cularly mnteresting  As 15 well known the activity of the thyraid gland 1s
controlled by the anterior pituitary hormone thyrotrophin it has yet to be
shown whether the extrathyroidal 10dide concentrating mechanisms are
also controlled by thyrotrophuc activity of the pitustary gland
Todide penetrates into most other tissues and body fluids but its physto
{‘:%l?i:\gmﬁcmce with & few exceptions 1s doubtful#it 756 193 1ess 38
A constant ratro of 0565-0 670 m the distrbution of rodide
between erythrocytes and blood plasma of many vertebrates has been
repeatedly obseryedizez 185 1712 515 and has been used n some cases for
the ndirect of thyroid fi F and Leloup®?
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have observed cunious defferences in this erythrocyte-plasma ratio w some
cold blooded vertebrates  The ratio 1n the salman 15 2s Jow as 009, for
the carp and trout st &5 0 20-035 1t vises to £ 52 1n the ecl and other
Protoptera "The extstence of 2 mechanism for malung wdide ailable to
embryanic or foetal thyroid tissues has been hnown for some time  Thus
nmammals a favourable placental permeabalsty to sodide leads to a hugher
concentration of 111 1n foctal than 1 maternal blood after the adminstra

ton of radioactise 1odine to the mother®ss 147 §6  In burds, concen

tration of 10dide by the gvares results in relatnely 1odme neh wtelln

oocytes and egg yolk??2 1388

{b) Lacretion of lodide

Lacept for a small amount of inorgansc 1odine lost o the sweat’™ the
mayor route of evcretion is through the hzdney  Skanse!*™? ilfustrated thi>
by recovering 98°, of admumstered 271 i1 the urime of a thyrotdectomuzed
subject In the first 6 hr after mgestion the thyroid gland and hidney are
acuvely competing for rodide 1ons  Thus the rate of renal elearance of
1odide which 5s about ¢ 1 mljmm in the normal rat 1s nearly doubled if
the thyrod gland 1s blocked by propylthouracd? ?  This competition
for 10dide 10ms betneen the thyraid glind and kidney forms the basts of 2
complementary cltaseal test 1 the diagnosss of thyrord diseases this con
siSts 10 measuring urnary 913 as a function of tine after 131f admunistration
B3% 1241 1305 1864 1T

{£) Extrathyrordal Conzersian of Jodide to Orgameally Baund lodine

Since some extrathyrordal tissues possess the same iodide trappsng
mechanism as the thyroud gland the question 15 whether these can also
sncorporate 10dane into orgamc finkage  The formation of rodopratein by
mammary and gastric tissues has been described only recently The
mechausta seems similar to that m the thyroid since thiouracy] whubits
the formation of protein bound sodine in slices and particulate fractions of
mammary fissu®®d 167 1888 The 1odoprotein found tn amlh vields after
hydrolysis monmodotyrosine together with traces of duodotyrosine
thyroxine and truodothyrontne on the other hand hase nicv er been detected
388 2243 2334 [he extent of organic brading of sodine 15 not great and daes
not exceed 5-189 of tetal sodme It has been reported however, that st
the milk of Japancse women the protein bound rodine may be as high as
236 ug/100 mi”  The sodsnation of proteins m gastric tissuc has not
been adequately descubed except in the case of the pepuc gland ussue of
the rat stomach 22 and the Herdenhain pouch of the dog™? Only inorgame
1odenc has been detected 1 the saliva or salwary gland although Faweett
and Kirksood*® have clatmed a spectal function for the salaary gland s
the metabobsm of tadine  However there has been no confirmation of the
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presence of a tyrosine 1odinase” nor of any deodinating mechanism 1n
the salivary gland!3® 3% The physiological significance of organic
binding of 10dine 1n stomach and mammary gland remans unknown  It1s

however, g to note that tod of protetn in these tissues stops
atan elementary biosynthetic stage 1 ¢ the formation of monotodoty rosine

duodotyrosme 15 absent or present only 1n traces  Such 1odoproteins are
also charactenstic of embryomc, neoplastic or pathological thyroid tissues
(see Chapter 3) The principal features of extrathyroidal 1odine metabolism
are summarized 1n Table VI

TasLe VII
Extrathyrordal 1odide (I7) trapping sites in mammals
I- concentra Tissue/ | Whether
Site Speaies ted or secreted | SETUR 1odine | References
1 ratio | orgamified
Sabivary gland Man Salina mased 30 — e
Parotid juice >40 — .
Mouse | Salivary gland 5-10 No ‘s
in tatro
Dog Submaxillary <16 — "
gland
Man Saliva 17 — N
No 10
Stomach Man Gastric juice 3040 — 4 TRe
Hamster | Gastnic yuce 26 No L
Mouse | Gastnc juice 6 No s
Dog Gastnc juice 10-50 Yes 11 m
Mammary gland|  Man Milk 15-30 — =
Man Milk — Yes e
Rabbit Milk 7-38 Yes 1 e
Rat Milk — Yes
Rat Mammary 1-2 Yes
gland slices
—_—
Placenta Rablut | Foetalblood | 2-3 No [
—_—

() Is there an Extrathyrordal Synthesis of Thyrord Hormones?

In 1941 Chapman2™ suggested that thyroid hormone might be elabo
rated 1 tissues other than the thyroid gland His suggestions were based
on the observation that th yroid d rats d on a high 10dine
diet eatubited a slightly higher oxygen consumption than animals on a low
1odine diet Later, Morton and lus colleagues reported the presence of
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thyroxine, characterized by a non specific method based on solubility m
butanol, 1n various tissues of surgically thyroidectomized ratst*¢  Since
then, neither of these reports has been confirmed and no new evidence has
been produced to show that thyrod hormones can be synthesized in any
but thyroidal tissues The claim of Cetim and Rossett1267 that morganic
todine 15 converted to thyroxine by simple mcubation with blood plasma
13 also unconfirmed although similar mcubations have been performed by
other workers nor has a simular reaction been demonstrated i the itact
anumal  Although inorganic rodine can be incorporated by extrathyroidal
tissues 1nto rodoprotemns containg mono- and di 1odotyrosines, the
elaboration of the thyroid hormone 1s only effected by the thyroid gland

(II) DisTriBuTION AND METABOLISM OF THYROID HORMONES

In most of the early work on the metabolic fate of thyroid preparations
or thyroame, therr distibution was studied by chemical estimation of
1odine or by biological assay However, lack of accuracy and specificity
m the methods made them far from satisfactory® 7 #1? Such studies hase
been constderably facilitated by the use of 131 labelled thyroxne, first
prepared by Jolot ef al 1% and later by the application of chromatography
to the separation of 1odinated amino acids®®3 The discovery of 3 5 3
truodothyronine and its hugh biological potency have stimulated interest
1n metabolic studies of this hormone 1n the body and have led to 2 search
for other metabolites capable of provohing cellular effects stmilar to those
of thyroxme  In this section, qualitative and quantitative aspects of the
distribution and metabolic fate of thyroxine and 3 5 3 truodothyronine
will be considered  The metabolism of 3 3 -duodothyromne, 3 3 5
truodothyromine 3 5 3 5 tetratodothyroaceticand 3 5 3 triodothyro
acettc acids has also been included for purposes of comparison, althoug]
therr phystological significance 1s not yet clear

(a) Some Observations on the Use of 31 lnbelled Thyro:d Hormones

"The advantages of *#11 labelled thyroid hormones for the study of theit
distribution and metabolism are many and obvious, perhaps the most
important 1s the possibility with compounds of hugh specific activity, of
working 1n a phystological range At the same time 1t 15 necessary f0
consider some of the pitfalls that may be encountered with *¥1I labelling
before a true evaluation of the results can be made

The posttion of the labelled 10dine 1n the molecule 1s important 1n this
connection At the present time, most workers use labelled thyroxine
and trnodothyronmne which are prepared by ntroduction of I nto
3 5-duodothy or3 5 3 truodothy 337, and which therefore
are only labelled 1n the 3 andjor 5 positions®? 6% Sinularly when
Iabelled hormones are obtamned by an exchange reaction®®* 1583 the
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1abelling will also oceur only in the 3’ and 5° positions  Some tnvestigators,
however, prefer biologically labelled pounds, syntk d after *I
admtmustration 1n the thyroid gland 1 €120, since all 1odine atoms 1n these
will be labelled®s® 1143, 1t has been shown that 1n man bologically
labelled thyroxine disappeared from plasma more slowly than did
thyroxine which was labelfed only in the 3 and § positions It appears
therefore that the rate of metabolism of the 1odine atoms i the two
nings s different  This difference was even more evident when the rate of
unnary excretion of 23 was mvestigated in rats which had been injected
with the two types of labelled thyroane?®®  Unless a hnowledge of the
spectfic actimity of the compounds s required the use of biologically
labelled matersal 13 obviously to be preferred

Once derodination of 3411 Jabelled thyroxine has occurred 1t1s no longer
possible to foflow 1ts metabolic pathways Tor this reason thyroxine
labelled with 1C on the carboxyl group has also been investigated®s®
83 85, unfortunately the feeble speafic actvity of thuis C labelled
thyroxne compelled these workers to use extremely large doses of thyrox
me thereby making any interpretanon of therr results w physiologreal
terms almost impossible

Although matcnal of hugh speaific activity 1s required for the maintenance

of physiologieal levels of ad d hormones a it 1s reached when
the Iabelled compound breaks down as a result of self wrradition  ‘The
bility of sol of rad 3} truodott and

Y
todinated proteins has already been reportedise 1260 ¥ ui Recently
Tatal*'* has suggested that the prncipal degradation products of thysox
e and dothy from self irrad may be therr lacuc aad

On phic analysis these compounds closely

ble their thvrop P h and thyrof 1 the

recent clatm by several groups of worhers that tetrmodothyroacetic acid

and truodothyroacetic acid are formed from the parent amino acds 1 tizo

:d :n ‘czlm 18 therefore not easy to confirm  The danger of attnibuting
Y g fi

to such a radiach 1 reaction needs no fusther

The p tion of radioch 1 d p can never
theless be facilitated by the storage of matenal of high spectfic actvity 1n
the frozen state or in the p of p b such as cysteine

glyene and serum albumin

) The Oterall Rate of Metabolism of Thyrowd Hor

he experiments of Johot et af 8 © qualitatively confirmed the earlier
observations that the blood todne level returned to normal withun 24 hr
after administration of large doses of thyroid gland preparations® 265 or
of thyroniness ® 330 1127 e first detasled studies are due however to
Grossand Leblond®*s who found that 2 hrafter intravenous adminustration
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of rather large doses (up to 2 mg) of labelled L thyroxine to the rat not
more than 2%, of the radioactivity was detectable in the plasma The rate
of disappearance was later found to be less rapid when thyrosne of high
spectfic activity was used®3® 16 20 638 285 1142 614 235 1838 It gappears
therefore that large doses of admimstered thyroxine are more rapidly
excreted than small ones Further, Rall ez al 1263 have shown that L and
pL thyroxine are eacreted at different rates, so that no comparisons can be
made 1n experiments 1n which optically active and racemuc thyroxines are
used Other complicating factors are important species differences m the
metabolism of thyroid hormones particularly 1n the enterohepatic circu
Iation and in the kidney these will be considered fully 1n a later section of
this chapter Lastly, differences mn the excretion rates of endogenously
and exogenously labelled thyrosine i man and 1n the rat have been found
14 24 619 although Gross and Leblond®® and Brown Grant and
Gibson?3 failed to observe any marked differences 1n the rat and rabbit
These discrepancies could be due to contamination of the thyroxne with
small amounts of triodothyronine, since the metabolic turnover of the
latter 15 much faster than that of thyroxine In any study of the dynamics
of thyroxine metabolism 1t would therefore be preferable to use only
labelled thyroxine prepared from non radioactive triiodothyronine

Quantitatve companisons of the metabolism of thyroxmne and truodo
thyronine will now be considered In man the slowest component of the
rate of loss of 141 (the slow component reflects actual degradation whetea$
the mitial more rapid rate reflects distribution 1nto tissues) from bloo:
gives a half life time of about 6-11 days for radtoactive thyrosine The
half life for truodothyronine under 1dentical conditions 18 only 2-3 days
145 1275 1263 1539 156 789 A more rapid disappearance of truodothyronine
has also been found 1n the rat and mouseds0 1008 632 488

If we now consider the relative half lives (50% retention time) of thyrox
1ne and truodothyronine m different species we find marhed varations
m the rat the values for Ty are found to be 16 6-19 0 hr for thyroxuné
and 9-10hr for truodothyrominet®s 468  The guinea pig and rabbit
occupy an tntermediate position between the rat and man with, respect 0
thyroid hormone metabolism T, of thyroxmne varies between 3-8 days
for the rabbit and about 3—4 days for the guinea pig?®® 63 i

To what factors can species differences 1n the rate of metabolism 0
thyraid hormones be attributed ? The answer must depend on the physto
logical function of thyroid hormones As was seen in Chapter 5 their mos;
fundamental physiological role in adult ammals 1s the maintenance o
metabolic rate or heat production Since smaller aimals have to maintan
arelatively higher metabolic rate thanlarger animals more thyrotd hormones
would be needed by the systems involved 1n heat production In factsucha

/ L3 u does exsst between the rate of heat production per total body
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weight or the pulse rate and the rate of degradation of thyreid hormones
n the different speeics, this was shown in Tig 9

Factors which affect the metabolic turnover of thyrord hormones—The rate
of metabolism of the thyroid hormones depends upon the general meta-
bolic state of the ammal In the hyperthyroid state the hormones are
metabolized more rapidly than in the normal animal 1n the hypothyroid
state, they are metabolized more slowly Hence the biological half Ife of
these hormones can have no real meaning unless reference 15 made to the
amunal s metabolic level

Numerous examples of factors which modify the thyrotd hormone s half

€ 1n man are now available in the extensive hterature on protein bound
todine (PBI) determinations 1n blood for climical purposes The PBI
value represents the difference between the amount of thyroid hormone
secreted by the gland and the amount peripherally metabolized or excreted
during the same penod of time These studies have receatly been extended
to the mvestigation of the turnover of 1 labelled thyroid hormones It
has been shown that the amount of hormonal 10dine utilized daily 1n the
human can be eapressed by the equation D = 2 9 (PBI)? where D = pg
hormonal 1odine degraded per day and PBI = pg protein bound 10dine
per 100 ml plasma.

Among the prncipal factors that affect the utilization of thyrod hor
mone are the state of the thyroid gland itself pregnancy and various stresses
such as violent muscular eercise and cold In thyrotoxic patents the
wmnoser of thyrexine 15 greatly increased, but s dimimshed i patients
with unt d m; dema?8® 1536 A red m the rate of utthzation
of thyroxine and truodothyronine has been observed mn thyroidectomized
:ﬂd hypophysectomized rats and also 1n rats treated with propylthiouracl
€1 1883 " I laboratory animals the level of dictary todine 1 also an
important factor in the mod of h 1 10dine bol thus
Triantaphylidistéss observed a longer btological half hife for thyroxine in
the rabbit than did Brown Grant and Gibson® she attributed this
diference to the fact that her animals were mamtaned on a low todine
duet whereas those of Brown Grant and Gibson were not  In the human
Pregnancy 15 the only physiological condition which 1s regularly accom
}:amed by an increase in the concentration of circulating thyrotd hormone

° this 18 not however found m all ammalst *  The suggestion that
mncreased PBI 1n pregnancy results from an increase m the concentration
;’f thyroxine binding proten®? has now been proved to be correct?*

3% 183 A similar cond could be lated by the ad, of
diethylsniboestrol to normal men and women? however Feldmants
observed that m rats oestrogen administration did not affect the dis
appearance rate of either endogenous or exogenous thyrosine and truodo-
thgmxmc Duning exposure of animals to cold 1t 15 lihely that tissues
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require an increased supply of thyroid hormone for maitenance of 3
normal metabolie rate  Thus, an (nhonced rate of ubhizanon of thyrod
hormone 15 found togethcr with an enhanced hormone secretion by the
glandit? 796 535 T rars violent muscular enercise caused an increased
rate of disappearance of thyroxine, this was also .een after stress caused
by adrenaline®®® 93 447 Dynstrophenol has also been shown to increase
unfization of curculating thvroid hormone possibly thraugh stress ¢
Escobar del Rev and Morreale de Lscobart® find that after mjection of
labelled thyroxine mn the rat, the radiwactivity 1s much hugher i the
gastrointe unal tract of dimtraphenol treated animals than in controls

(¢} Dustributton of Thyrord Hormones wn Tissues

When labelled thyroid hormones arc admunistered by mtravenous rovte
to amumals, there 15 an imital sapid loss of radiactivity from the blood
followed by a slower foss The first part of the disappearance cur ¢ repse
sents a selective distsbution of the hormones m the ussues  In man,
Myant and Pochin'i4? found that the thvroxine space® rose rapidly to
239, of the body weight within 6 hr of admimstration of 3 5 labelled
thyroune and then mncrcased more slowly for the next 18hr Ina sumlar
study??®3 the volume of distnbution of thvroxine during the slower phase
on extrapolation to zero time gave a value of about 20% of the body weight
On the other hand bosynthetically labelled thyroamne had an appatent
distribution of 12-15%, when measurcd over a pertad of 2-3 dayst®®® ¥
The volume of distribution of b thyroxine 13 twice that of L thyroxae
while that of L truodothyronine 18 six tunes as great, exceeding the body
weight this can only be expluned by assuming a recyching of the sodide
which 1s more rapidlv removed from trnodothyronine and the unnatoral
soomer of thytoxine  However actual measuresments of the distnbution of
fabelled hormones have anly been made n smaller anumals hese species
differences are less marked in the hep 1 andin

Locahization of thyromne tn tissues was first studied qualitatseely by
Kendall®®s recent work has yelded quantitauve wformation on this
subgect®3s 838 ®37 638 17 1661 637 The symitanties and differences m the
distributron of thyroxine and 3 5 3 truodothyronine in the more impor
tant tssues are slfustrated 1 Tig 17 The curves represent average values
dernved from data in the literature cited above

‘The dufferences 1n rates of loss of thyroxine and triodothy ronine from
blood and their appearance m different tissues can easily be seen since the
ahsaissac 1 Fig 17 are represcnted 1n hours for thyroxine and in runutes
for truodothyrontne  On the other hand, sumilantes in the selective distrt
bution of both hormanes at different levels are also evident  In general

o Thyronne space = (percent of dose lefs 1n body tssucs)f(percent of dose in plasms

per hure)
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Axerage cunes for the distribution of total radiwactinity m plasma and certan organs of

the rat after the admumstration of **I labelled 1. thyroxmeand3 5 3 tmiodo 1 thyronine

The more rapid disappearance of truodothy ronine from blood and wts more rapid entry

1nto all tissues refative to that of thyroxme 1s seen in the different ume scales used 1n the
figure for the two compounds

the tissues to which the thyrotd hormones have aucess can be divided 1nto
two categomes those 1n which radioactivity 1s rapidly concentrated
followed by a sharp decrease (liver kidney and stomach) and these 1n
which the radtoactivity increases slowly (intestines muscle and shin)
The 1mportance of the liver in the first phase of the metabolism of
y and truodoth 1s also app 1ts role m the transport
of 1odimated products 1nto the intestine will be examined 1n detail later on
The concentration of thyroid hormone radioactsvity 1n all organs other
than Inver and also bile 1s lower than 1n the plasma  However on a total
weight basis significant amounts of thyroxne enter into skeletal muscle
but the lidney only concentrates small amounts of hormonal 10dine 1t
does however dispose of 10dide hiberated peripherally from the hormones
during the early phase of distribution 1n tissues and of 1odide mutually
Present as a contamnant of the labelled preparation

The hypophy sis and central nervous system—Nany years ago Schuttenhelm
and Eislerl 1 showed that there was a relattonship 1n man and other
animals between blood thyrowne levels and the rodine content of certain
regtons of the central nervous system such as the mid brain and tuber
cinereum  Other investigators!®37 also observed a high concentration of
hormonal 34 1n the rabbit hypophysis after injection of thyroxine this
hypophyseal concentration has since been confirmed with 31 labelled
thyroxine® ¢ 37 318 The prtuitary glands of man and dog also concen
trate thyroaine but those of the mouse and guinea pig do notss 63¢

th
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2338 413 Nore recently however a concentration of endogenous (labelled)
hormane tn the pituttary glands of rats and gwinea pigs has been deseribed
548 3848 The selectne localization of radioactsve thyroxine i the neuro
hypophysis of rabbits and the feeble concentration m the anterior pituitary
1s well 1llustrated by the autoradiograph shown 1n Fig 18808

The concentration of triodothyronme by the posterior pituitary 1 much
motre raptd and mtense than that of thyroxine Moreover the diffesence
1s more mathed 1 this organ than i any other In the first 2 he after
ipecton of thyroame the concentration of radioactivity in the pituitary
glands of rabbits 13 about three nmes the plasma concentrauion, with
truodothyronine 1t rises to from thurty five to forty five times the plasma
fevel 1598 €32 824 321 818 The 1ons of other 1od; dcompound
te 3 3 duodothyromne 3 3' 5 truodothyronme and 3 5 3 toodo
thyroacetic acid 1n the rabbit neuro hypophysis have also been studied®
An interesting d between the lacal of £~ and b thyroune
i the postersor pituttary and the biclogical activity of these 1somers 18 seen
m a recent study both optical 1somers were concentrated to the same
extent, the latter 1somer has however no bialogical significance®®? Locals
zation of endogenous thyroid hormone 1 the posterior pituitasy and sur
rounding regions 1 the rat and guinea pig has been demonstrated by &

te of speatfic rad 1ty and drographt

during the 1odide phase’ (2 hr) and hormone phase’ (48-72 hr)
after a tracer dose of 1 1648 1500 chromatographic analysis showed
that most of the thyroxine and ttnodothyrommne largely d
unchangedse® 1388 #184q the postenor pitwitary although some deiodination
may ocour$$  Jentzer has also shown®® that the presence of the
thyroid gland 1s not necessary for the localization of thyroxmne in the
neurchvpophysis

‘The concentration of thyrord hormones 1n the posterior pituitary 18 2
phenomenon which may have no physiological sigmficance, since 1t 15 the
antertor pitwitary which controls the activity of the thvrord gland It s,
however, possible that the nearohypophyseal Jocahization of thyrowd hos
mones regulates the prod of thy phic b 1 the anterof
pitutary  Hemnbecker™® has 1n fact shown that the number of basophi
cells of the anterior pitustary 15 controlied by the neusal hypophyss  Its
of interest to note that another endocnine secretion cortisone 13 also
selectively localized 1n the postenor pitwtary®®® and that corusone has
been hnown to suppress thyroid activity Hence the speaific Jocabzanon
of thyroid hormones 1n the posterior pitustary could represent a past of
the pattern of auto regul of levels of end of glands
controlled by the pituttary

The concentratton of hormonal 1odine 1 other regions of the central
with the exception of the hypothalamus 1s about twesty

REIVOUS systcm,
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Selectne locshzation of ) labelled 5 1}ysoame 1 the po senscs hypophssis of o) e

cabbt The photom crograph of the section (belaw) and the carrespor ding autoradio

graph (above) clearly demonstrate the concentration of radioact 1ty in the neural lcbe
{From Jensen and Clasn )
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to sixty times less than in the postenior pitwitary However definite
tocalization of labelled thyroid hormane has been observed in the cerebral
cortex and to some extent in the cerebellum?s42 1369 35 515 It 15 worth
commenting on the fact that the regions of localization of thyroid hor-
mones 1n brain uissue correspond with the distribution of detodinating
actvity described by Tatal®?? 187¢ ‘The low concentrations of hor-
monal 10dine 1n bran tissue compared with blood levels mndicate the
presence of a blood brain barnier whuch may regulate the amount of hor
mone entenng bramn tssues, however the small amounts which
undoubtedly do enter the bran may be adequate for the control of
cerebral activity

The 1dentification of thyroid hormones or thewr metabolites 1n tissues
has only been accomplished relatively recently The chromatographic
wdentification of thyroune in mouse Liver® ¢ and of both thysoxine and
tmodothyromine 1n the posterior pituitary'st 1% have been described
More recently, with the use of diography and ch phy,
Ford et al ©1* have demonstrated the presence of thyroxine and truodo
thyronine 1n almest all tissues of the guinea pig after injection of radio
active thyroxine and truodothyronine  Unfortunately large doses of
thyroid hormones were employed so that the quantitative significance of
this work has yet to be confirmed

Passage of thyroid hormones across cell b and their Il
distribi ‘The mech that d, the entry of thyroid hor-
mones into the cell and factors that control 1t are unknown From scant
evidence at present available 1t appears that the binding of the hormones
to thyroxune binding protein (TBP) of plasma contributes to the regulation
of their passage across the cell wall, (this has been discussed 1n Chapter 4)
‘The ymportance of TBP was onginally postulated a3 a result of studies on
thyroxine binding i1 witro (see p 54) recently Myant s¥38 experiments
on thyroine binding s oo have given support to the earlier
hypothesis

The transfer of thyroid hormones across the placenta has also been
nvestigated 1 intact anumals results of these studies are however some-
times contradictory  Although 1t 1s generally agreed that thyroxine does
not cross from the 1 \} nto the pl no such agree-
ment has been reached concerning placental concentration of trnodo
thyronmeset 9 993 147 342 149 Alhough trnodothyromne has becn
1dentified chromatograplucally 1n foetal plasma after its admunsstration to
the mother the possibility exsts that the placenta actually concentrates
truodothyronine 1odine as 1odide and this 1s subsequently converted to
truodothyronine 1 the foetal thyroid Waterman and Gorhman19? and
Geloso®! have shown that the foetal thyroid does concentrate 1odide and
convert 1t to hormonal 1odine  The very small amounts of thyroxine and
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truodothyromine which cross the placenta would 1n fact be insufficient for
normal skeletal and bramn dey clopment of the foetus if the foetal thyroid
gland were deficient in sodine

Studies on the intracellular localization of thyrotd hormones have been
hampered by a lack of sensitive analytical techmques so that very large

n the vanious cell constituents Thus Lipner et af % admmistered as
much as 612 g of L-thyroxine labelled with 14C 1n the carboxy! group
per kg body wesght to rats and found an equal distribution of radioactivity
i the nuclear mitochondnial and mye: i fi of the Iner How
ever when Lee and Williamssst gave smaller doses of labelled thyroxine
the Irver mutochondria were found to concentrate a hugher proportion of
radicactivity, similar results were obtained by Carr and Riggs?®® who
estumated the ! I content of the different fractions while Tabachnick and
Bonnycastle!s$2 found sodine 1 almost equal amounts 1 the particulate
and non particulate fractions Although no stnikungly selectsse localization
13 observed in these subcellylar fractions, the distnibution has been
described as an active process In this respect 1t 1s interesting to note that
Klempererss? 88 obseryed that the pling of oxidatrve phosphory
lation 1n Iner mutochondria by thyroame and trirodothyronine 1 vitro 18
not directly related to the previous mutochondrial uptake” of the two
hormones from the suspending, medium

More recently a specific globular protemn has been 1dentified 1n rat
sheletal muscle extracts that 15 capable of binding thvroid hormones*
Truiodothyronine 1s much less firmly bound than thyroxine, this 1s impor
tant when one considers the more rapid disapp of tnodothyronme
# t1vo from both serum and ussues The cellular thyroxine binding
protein fraction has both lower affimity and capacity for binding thyrod
hormones than that of serum TBP or albumin this explains the difficulty
1 identifying cellular T BP 1n more vascular ti.sucs such as liver Further,
when muscle TBP extract 15 added to crude rat muscle deiodinase’,
detodinating activity 1s lost the inhibition being directly proportional to
the amount of thyroxine bound to muscle TBP Although the precise
physiological sigmificance of this fact ts not yet clear this interaction
suggests that a role for cellular TRP may be the regulation of the mtra
cellular level of thyroid hormones by ifluencing therr availability to
enzymes 1n the cell

These results do not represent the sole mechantsm controlling the entry
of thyroid hormones into tissues 1n fact they only mntroduce the further
questions Do these results represent what actually happens at a cellular
{evel 1n the intact aimal? To what extent would the presence of an intact
cell membrane modify the entry and distribution of thyroid hormones 1n
the different subcellular fractions?
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(d) Lizer Metabolism and Enterohepatic Circule of Thyrod He
Tt was early recognized that the liver concentrated 1odine from the blood
after administration of very large doses of thyroxine and later released 1t
mto the hiles 5 1768 878 Analysis of bile by biological and chemcal
hods revealed the p of unchanged thyroxine and other todinated
compounds®?® 91 422 117 The suggestion that Liver and bile were mvolved
1n the excretion or inactvation of large doses of thyroxine was supported
by the later observations that thyrowne produces a greater metabolic stumu-
lation 1 hepatectomized ammals or 1n animals with ligated bile ducts than
1n normal amimals®4? 05 More recently the importance of the role of iver
1n the metabolism of thyrord hormoncs has been nferred from studies on
the nature of unnary 1od: lites 1 h d dogst?®
The reduction of thyroid actiity following expenmmtal liver ijury 1
the rat87% and the elevated plasma PBI in humans with infectious hepatius
further demonstrate the importance of the liver 1n thyroid hormone
metabolism
Very little was known about the fate of the todine contarming compounds
of the bile when 1t 1s secreted 1nto the intestine untd the first expeniments
with rad thyroxne were perfe d Gross and Leblond?s shawed
that a huigh proportion of radioactss ity from a large dose of I labelled
thyroxine 1n the rat stomach and jejuno ileum appeared 1n the bile as
much as 75%, of the injected 1311 was found in the faeces in 2¢ hr  Three
years later the same worhers®3¢ again demonstrated the importance of the
liver bile and the gastro intestinal tract in thyroxne metabolism using
physiological amounts (as low as 0007 pg thyroxinefrat) of thyroxme
labetled both chemically and biosynthetically
The of thyroid h entrated in Inver and their entere
hepatic airculation vary greatly according to the spectes of experimental
ammals used the hormone studied and the dose injected Thus 1n the
rat the laboratory amimal most often studied for thus purpose Albert
and keating!$ found nearly half the adminsstered radwoactivity tn the liver
1 mun after intras enous tnjection of 3 labelled thyroxine and more than
half of the residual radioactivity in the liver 16 days later The radioactivity
appears rapidly 1 the bile 50-70% of the injected dose being found 1n
the first 24 hr158 1551 N[yant!138 has expressed the biliary clearance rate*
of endogenously labelled radioactive thyrotd hormone as 2 ml of plasma
per hour this 13 the same as the value obtaned when 1 pg of exogenous
thyroxine 15 administered to an adult rat  As the Liver concentrates more
thyroxine when ligher doses are adminstered®®® the clearance rate 1n the
bile increases to a maxumum of 35—40 ml of plasma per hr when 2 mg of
thyroxine 1s mjected  The biliary cl rate of truodoth reflects

*Blary clearance rate = of 1 of an
plasma)] X (rate of flow of bile 1n mi/hr)
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1ts hugher and more rapid concentration 1n the lver (see Fig 2) This
varies from 30 to 70 ml per hr but 1s 1ndependent of the injected dose
between 1ug and 2 mg of trnodothyronine’®  This probably results
from the relatively loose binding of truodothyronine to serum protetns
even when 1t 15 ad ed 1n small The biliary excretion of
the two hormones also varies directly with the physiological state of the
ammal Thus Klitgaard®é? observed that the radiothyroxine present
bile and the volume of bile flow were stmultaneously and marhedly raised
n hyperthyrod rats and low ered 1n hypothyrod or surgically thyraidecto
muzed ammals  The biliary excretion rate could however be increased m
hypothyrord amimals by the injection of larger amounts of these hor
mones!*3  After mjection of labelled 3 3'-duodo L thyronme a smaller
amount of 1] was found 1n the Iiver than after exther thyroxine or tniodo
thyromne, though the rate of 131 secretion 1n the bile was greatly wnereased
3 3 5-Truodo L-thyronne and 3 5 3 truodothyroacetic acd were
excreted at the same rate as thyroxingi®®® 130 13 The differences in the
rate of biliary excretion of the different todothyronines and truodothyro
acetic acid 1 the thyrodectomized rat are compared 1 Fig 19 The

20
5
= of
E
3 E) 0
he
Fig 19

it

Total radioactivity {percentage of dose) secreted in the bile of thyrordectomized rats af

different ume intervals after f four 10doth: Tabelled with 1

p—0 thyroxne A—A 3 5 3 tuodothysomne V—V 3 3 § truodothy ronne
©0—0 3 3 duodothyromune (From Roche 1957)

sharp fall 1 radicactivity 1n bile of ammals mjected with 3 3’ duodo-
thyronine after the first 2-3 hr 1s explained by the more rapid destruction
] of this pound?s24
d 1nto
though 1t has been known for some tune that thyroxine mjecte
a l?glat:;gmtesunal loop 18 rapidly absorbed*®, proof of a recycling or
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enterohepatic airculation of thyroune was only conclusively obtaned
relatuely recently from the work of Albert and Keating?® They found
that when equilibrium was attaned the gastromtestmnal tract 1n the rat
contained nearly half of the I3 labelled thyroxine admmstered (or 1ts
metabolites) The rapidity of recirculation and extent of intestinal absorp
tion of radioactivity principally via the portal and lymphatc drainage
were emphasized by the dispanty between the rate of 3 secretion nto
the bowel which exceeded 100% of the injected dose per hr and the rate at
which 1t left the bowel nto the faeces which was only about 3% per hr
More recently the ntestinal reabsorption of circulating endogenously
labelled hormone has been estumated to be about 60% of the biliary 13
from a calculation of the biliary and faecal clearance rates!!®® With
wsolated portions of the gastro intestinal tract, however only 20-25%, of
labelled thyroxine were found to be absorbed 3 Briggs ef al *® infused
bile g rad h 1nto the duod and also observed
a sumilar absorption of rad y The effi of duod 1
absorption 1s about the same for both hormones 1 dogs** 5 #3

The inportance of thus enterohepatic circulation of thyroid hormones in
the rat 1s not reflected 1n man, all pathways of el of h 1
1odine m the two spectes are radically different, as will be seen later
Although the human liver very rapidly concentrates thyroxine i large
amounts83? 1142 1232 1633 the rate of excretion of thyroxine 1odine tn bile
13 much less than 1n the rat®*® In Myant s13% studses the bihary clearance
rate of thyroxine was estimated to be between 200 and 600 m! of plasma
perday Ths slow biliary excretion rate 1s accompanied by a poor gastro
mtestinal reabsorption of the hormones since only about 30% of bile
1odine 1s reabsorbed in man  The total amount of 1odine lost by this
pathway 1 man 1s still not large compared to that 1n the rat since the
faecal clearance of plasma hormone represents less than 5% of the extra
thyroidal organtc 1odine poolts¢  Amumals of other species studied namely
:_l};: cat dog and sheep seem to fall between the rat and man as regards

e mag of enteroheg 1 1575 €96 285
For a long time the 1odine compounds 1n the bile were grouped as
hanged thyroxine or 1odide which were present in varying
proportions#7® 428 117 285 With the d of ch I

analysts 1t has been shown that although some unchanged thyroxm‘e 15
Ppresent i the bile, a large part of biliary 1odine 18 represented neither by
thyroxine nor inorgamic 1odide  With the aid of radiautography of
chromatograms Taurog ef al 1850 1581 first demonstrated that much of the
wyected thyroxine i the rat was conjugated 1n the hver with glucuronic
acud and secreted as such 1nto the bile  The glucuronides of thyroxine
and truodothyromine have since been detected in the bile of rat dog
rabhit sheep man and 1n rat liveri®# 9 0 1361 863 215 1579 1415 1137
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18 48 The glucuronide of thyrowne has also been enzymically syn
thesized 2 eatra® A more complex picture 15 howeser, seen mn the bile
after admumistration of thyroxme or trnodothyromne  Besides the un
changed hormones their glucuronides and some morganic 1odide, Roche
et al 3% ghsenved several other sodmated compounds in rat bile, seen on
the chromatograms m Iig 20 A pictute of sumilar complexsy has been
observed in the bile of dogs after ad ratton of truodothy ard 499
The radioactn ¢ compounds matked II and B 1n Tig 20 have been ten
tatnvely rdentified as the pyruvic acid analogues of thyronne and ttode

thyronine the 1dentity of the other compounds 1s not known Howeser,
the mare unportant derwvattves 1n the bik are the glucuromdes of the
h this 1s especrally ble when the hormones are admunstered
1n physiologtcal amounts  Thus 1s also true for the formation of glucuro

mdes of 3 3 duodothyronine and 3 3 5 truodothyronme!3®* 3% In
all ammals sodide accounts for only a small fraction of bile todme, this
does not however indicate any lack of derodinating capacity tn the Iner

the hver s o fact the prineipal derodinating organ n the bodv (see
Chapter 8) It merely reflects the sery rapid removal of 10dide into the
blood stream and thence to the thyroid gland and hidney  Chromato

graphic analysts has clearly disproved the earlier beliefs which were based
on solubility properties that most of the non thyromne wdie in bile 18
iodide In the rat the only dernvatise of thyroaine found in the bile after
myection of *T was the glucurontde?s® It 1s not possible to conclude from
chromatographic analysts in the absence of specific radioactivty defer

munations what proportion of the hormones are present as glucuronides 1n
the steady state  The fact that about 60-70%, of 1311 appears 1n the faeces
of rats after a duodenal of bile g radioactnv ¢ glucuromde
of thyroxne and the observation that the glucuronsde 15 less readdy
absorbed than 15 free thyroxine in the mtestinal tract®s indreates that
glucuronide formation 1 a pracess of detonscation  Glucuromde formanon
also plays a part mn regulating the level of curculating harmone stnce 1t
releases the hormone for reabsorption after hydrolysis by the § glucuro

nidase 1n the farge intestine® 1137 The capacity of the liner to form
glucuromudes of thyrord hormones 1s lmited although quanttative
differences arc found with different compounds These duff S
are difficult to intespret since the day thyreid secretion rate 1s only known

for L thyroxine

(¢) Excretson of Thyrord Hormones

The large spectes differences 1n the enterohepatic cieculation of thyroid
hormones aré reflected in their unnary and faccal excretion  Thus 1n the
rat, wiuch bas a very intense enterohepatic arculation, the mua ucrezﬂx;y
pathway after large doses of thyroxine (about 75%) 18 1 the facces*3®,
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with smaller doses of thyroxine, 50-70% of the mjected matenal was
eliminated 1n the faeces 1n 3 dayss?s 814 15 At the other end of the scale
1e i man, the faecal excretion 15 very low and the major pathway of
excretion of thyroid hormones 1s 1n the unne ° 1¢ 142 Tlus difference
1n the eliminatica of thyroxine and 1ts metabolites 1n man and rat 1s seen
m Fig 21
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Species difference 1n the pattern of excretion of radioactivity after the admunustration of
I labelled L thyroaine to man and raf
(2) In man the excretion of thyroune tod ne 1n the unne 1s greater than the faecal
excretion
(b) In the rat the faecal excretion 1s predomunant (From (a} Ingbar and Fremnkel *
and (b} Albert and Keatng )

A potential source of error 1n the interpretation of these experiments 1s
contammanun of the labelled thyroxme by 1odide if a sample of Iabelled
d 10% of its rad 1ty 2s 1odide then about 309 of

unnary 131 at the end of 6 hr would be due to the contaminant since
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wdide 13 excreted much faster than thysoxme It 15 probably for this
reason that unnary excretion values are found to vary from one experument
to another However errors from thus source have not tmvalidated the
finding of species differences mentioned ahove

The faccal clearance rate of endogenous thyroid hormone 1n the rat 1s
about 19 5 mi plasma per day as compared to a buliary cleasance rate of
44 6mlper day In spite of the intestinal reabsarption of biliary 1odimated
compounds this faecal loss of 1odine represents about 25% of the daily
thyroxine secreted by the rat s thyrod gland  Thyromne itself 1s probably
the only 10dmnated faecal component (see page 144) sa 1t would appear
that m this ammal the thyreid gland secretes more hormone than the bady
requires Inman on the other hand, the faecal clearance rate of chermcally
or brologically synthesized thyraxine 15 only about 200-450 ml plasma pes
day or less than a twentieth of the total eatrathyroidal argarue rodine pool
308 163¢  The hgher faecal excretion values of 21~32% of L thyroxmne
3] 1n man reported by Johnson and Belerwaltes®t® are very hikely duc to
ncomplete absorption of thyroamne after oral adnunistration The uewary
clearance rate of thyroxine tn man 1s about twice the faecal clearance rate
188 A2 m 203 Since uninary rodme 15 mostly mnorganic (see page 144)
the clearance rate has to be measured esther by preventing reutdization of
thss rodide by blocking the thyroid gland with aputhyroid drugs or by
determining the thyrosdal 3 furmary *31 accumulation ratto Excrebon
of thyroid hormones 1n other spectes has not been studied m such detatl
although mformation 1s available on the rates of faecal and urmnary excretiot
in the dog, cat mouse and rabbat 8 €52 236 34 163 I general, faccal
elimination exceeds urinary excretion in rodents whereas i other qum
mals especially m man the principal route 1s via the kidvey

An interesting suggestton has recently been put forvard to account for
these spectes differences, based on the relative fagcal volume m different
species’é3?  Faecal ehmmation of thyroxine 1s roughly pmportwnal to
average faecal volume per gramme of body weight of each species, this 18
shown 1n Tig 22. Thus the hugher the faccal volume the greater 15 the
foss of thyroxne 1 the faeces The faccal volume depends on the relanve
lengths of the intestine and the rates of flow of faccal contents the amount
of thyroxine lost depends on the rate of hydrolysis of sts glucuromde and
rate of reabsorption of free hormone in the mtestine  These refatonships
are funther comphicated by the fact that faecal volume 15 wself rawsed by

acute or chronic an fevel of crrculating thyrord h this 18
seen in faecal volumes 1o hypothyrard and normal rabbuts 1n Fig 9, and
alsoin other exper 1008 175 A rel, hip between the faecal volume

and the rate of thyroxmne excretion has also been denved from expenments
10 which the faecal volume of rats was altered by changes zhe'dx:t“"
A more rapid rate of of dotk than of thy
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Relationship between the average faceal excretion of thyroxine and the faccal volume in
different species of mammals  (From Tnantaphylidis?*#* )

has been demonstrated 1n man rat and doglt3® 840 498 byt besides an
1ncreased overall rate of excretion, the main pathway of excretion of truodo
thyronine ts different In the rat about 55% of total 131 appeared i the
unne after mjection of labelled triodothyronine compared with about
36% after labelled thyroxine under similar conditions  Thus 1s all the more
stnking since the zrate of heg ) of truodothy 13
the same or even higher than that of thyrosne i the rat®4 1343 In man
even less truodothyronine 10dine 1s excreted via the faeces than thyroane
todine  Since nesther the truodothyronine  pool nor the rate of thyroidal
secretron of this hormone 18 known 1t 1s 1mpossible to ascnbe absolute
figures to the physiological rates of 1ts cl from the plasma 1nto the
faeces and unne It 1s probable that the higher biological acuvity of N
truodothyronine 1s related to its hugher rate of metabolism and excretion,
these m turn are related to the weaker binding of truodothyromne to
plasma and tissue proteins The observation that thyroxime and truodo-
thyronine show equal biological potencies n birds!452 1151 supports this
concept since Tata and Shellabarger (unpublished) have found that dis-
appearance rates of thyroamne and truodothyromne are identical 1n fowl
It does not however necessanly follow that a higher excretion rate of an

doth means an en! d biol I potency Thus 3 3 duodo
thyromine which 1s degraded and excreted much faster than trmodothyro
nine has relatively lower biological activity whle the rate of excretion of
the biologically mactive 3 3 5 truodothyronmne 1s about the same as
that of thyroxine® 1524 About 85-90% of 3 3 duodothyronine 10dine
1s excreted i the urine of both rat and man  1ts urinary excretion in humans
13 50 rapid that Stanbury and Morns?*2¢ doubt whether this compound
can be detected 1n the blood even 1f 1t were secreted by the thyro:d gland
at the same rate as 13 thyrosne
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Nature of excretion products of thyrod hormones—Dufferences i the
routes of excretion of 10dothy ronines 1n various species are further reflected
m differences i the 1odinated substances excreted Analysis of unnary
and faccal 1odine shows that the thyroid hormones follow two totally
different metabolic pathways Paper chromatographic analysis of unne
and faeces have confirmed the earlier observations that whereas a large
proportion of faecal 1odine 15 present as free thyroxine n unne it 13
present as 1odidei3se 1579 4 » 350 835 638 36 0 Nfost of the thyronmne
appeanng 1n the faeces 1s denved from its glucuronide after hydrolysis by
intestinal bacteriz  In general less than 10, of urinary 10dime represents
organmic compounds but this figure may be higher if large doses of
the hormones are admimstered In some cases small amounts
of unchanged thyroxine have been detected 1n the unne but in most
of these eaperiments ether thyroxme was not admumstered at
physiological levels or the normal metabolic pathway was altered by
hepatectomy or bile obstructioniost 810 820 1256 15t 152498 487 A small
amount of free trnodothyromne has also been detected m the urme of
dogsdi!

Some mvestigators have reported the appearance of duodotyrosmne 1
the unne as a metabolite of thyroxines® 80 1280 151 15 036 In ane
case as much as 689, of thyroane was claimed to be converted to duodo
tyrosine A substantial conversion of thyroxne to urinary duodotyrosine
18 incompatible with the fact that duodotyrosine 1s so much more rapidly
degraded in the body than thyroxine and that less than 10% of it 18
ecreted unchanged? * 17 ¢ However the methods used to 1dentily
diodotyrosine were based on solubility properties on a chromatographic
separation in phenol water which gis es poor resolution of the hnown 10do
amino acids  When more suttable solvents were used (butanol acetc actd
butanol dioxan ammonta fert amy! alcohol ammonia) the apparent

‘duodotyrosine 1n rat urine was shown to consist of the pyruvic aad
analogues of thyronine and triodothyronine  These metabolites are also
present n the bile (substances labelled B and II i Fig 20) and therr
urinary concentration increases upon higature of the bile duct  Smlar
results were obtained by Flock ef af 4% 1n dogs  Fletcher® 4°* believes
that the duodotyrosine found 1n human unne 1s denved from cureulating
thyroglobulin released after therapeutic doses of radactive 10dine thus
Horst and He ¢t have d d all the d: d ammne
acids of thyroglobulin tn the unne of patients treated with radioactive
1odine for thyroid carctnoma and other disorders  Small amounts o
glucuronides of thyroune and triodothyronune have been obsery ed in the
unine of rat and dog!$?® 4°¢ On the whole the levels of orgamc 1odmé
compounds (such as free thyroid hormones, their glucuronides and pyruvic

acid analogues) in the urine are marhedly d when the hep
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arculation of thyrotd hormones 1s nterrupted by ligature of the bile duct
or total hepatectomyl3s? 43¢ 496 $97

Before summanzing 1t should be menuoned that none of the fractiona
uons of unnary todine described abosve was carried out with endogenously
labelled thyroid hormone and thyroglobulin was often present in the
crculatton  ‘The amounts of organic odine compounds wn the urine
increase when higher doses of hormones are admimstered hence 1t 1s not
et certain to what extent organic todine compounds are excreted in the
unine of normal subjects It 1s however clear that wheress urinary
excretion reflects a deiodinating metabolism of thyroid hormones, faecal
excretion s the end paint of thetr enterahepatic metabolism after they have
undergone a process of conjugation with glucuronic acid and hydrolysis

Factors that affect the eacretion of thyrord hormones—The same factors
that affect the oy erall metabolism of thyroid hormones are nvolved 1n their
excretion®s? 150 1863 238 1633 In any study of the excretion rate the dose
of hormone adminstered 15 important because the route of excretion of
excesstve doses of the hormones will vary according to the species studied
Thus, most of an excessnve dose of thyroune or trnodothyronine will
appear 1n the urine of man while 1n the rat only the faccal excretion of
todine will be accelerated The effect of the 1odine level 1n the dret of the
rabbit on the biological half Iife of thyroid hormones has already been
mentioned (page 131) Another nutnitional factor has been recently studied
Van Middlesw orth!$?8 found that a diet of soya flour or laboratory chow
increased the faecal excretion rates of thyromne i the rat two to twenty
fold compared with those 1n animals on other diets this was accompanied
by a lowenng of the level of circulating hormone (PBI) From these
results Van Middlesworth suggests that some diets increase the 1odide
requirement of rats this may account for the production of gortre which
has been termed as thyronne depletion goitre  These disturbances
excretion are themselves of interest their aetiology can only be established
by more complete todine balance studiestd0d 1675 1102 14e8

Finally the apparent rates of excretion of thyrowune and truodothyronine
vary according to the positions of the 1odine label Thus thyroxine labelled
m the phenolic ring (3 and 5 posinions) 1s found to be excreted at a rate
50% hugher than thyronne labelled 1n 3 and 5 positions*®® further the
lower rate of excretion of the latter was accompanied by an increase of the
1atwo of uninary orgamc to morganic 1odine which was 1009 greater than
that found 1n rats mjected with 3 and 5 labelled thyroxine Tlus greater
biological lability of 1odine n the phenolic ring 15 also seen with 3 5 3 -
triodothy 1339 dsfi of the alamne side chain does
not wfluence the lability of 1odine atoms 1n the diphenyl ether mosety
this 13 seen 1n the excretion rates of tetra and tn 1odothyroacetic acids
after two different methods of labellingtsss 1719




CHAPTER 8

BIOCHEMICAL PATHWAYS OF THYROID
HORMONE METABOLISM

BrocHEMICAL transformations of the thyroid hormone molecules m the
body tissues can occur at various ponts on the molecule the six reactions
whach will be considered below are (I) detodination (11} oxidation of the
phenol, (I1I) conyugation of the phenol, (IV) rupture of the diphenyl ether
Linkage (V) oxidative deammation of the alanine side cham, and (VI)
decarboxylatton Possible metabolic pathways for

@ )
@ e @ 1 o NH:
(Il— HO @4— 0 -;_<3c1{z ¢
1 I COOH
(VD)

the principal 10dothyromnes are summarized m Table VIIT the more
1mportant aspects relating to their physiological sigmficance are reviewed
separately

Labelled thyroid hormones of hugh specific actwity have only so far
been obtaned with 181 as the label once ths 1s lost the fate of the
remainder of the molecule 15 unknown For this reason deodmation of
thyroamne and allied compounds has been investigated more thoroughly
than the other reactions

{I) DeropINATION

Ever since the demonstration by Blum and Gruntzes?® of the break
down of thyroglobulin to todide detodination has been considered the
most important reactton 1n the metabolism of thyroid hormones In all

146
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ammals  urmary 1odide 15 the most abundant degradation product of
organic sodine compounds  The liberation of 10dide as a thyroid hormone
metabolite plays an umportant part 1n the 10dine economy of the ammal
stace 1t 1s recirculated to the thyroid and remcorporated into thyro
globulin furthermore thus process of successtvc thyroidal 1odimation and
pertpheral derodination must repeat itself many times since the hidney
reabsorbs about 97%, of the filtered 1odide Even 1n rodents, where faecal
excretion of 1odine 1s relatively hugh this reutihization of 10dide must play
an important part

All organs and extravascular tissues appear to possess some ability to
deiodinate the thyroid hormones Thus 1n the gumea pig, most tissues
which do not concentrate 10dide have a higher radioactive 10dide concen
tration than that of the serum after the injection of 121I tabelled thyroxne
and truodothyromne®* Thus would reflect a breakdown of the hormone
after its concentration by the ussue As we have already seen truodo
thyronine 15 detodinated faster and to a greater extent than 1s thyroaine 1n
the organs of tact ammals which results 1n an mereased uninary 10dide
excretion after trnodothyronine admimistration  The liver plays an ampor
tant part in the process of detodination and excretion of unnary rodide 15
markedly depressed in hepatectomized animals#*® and 1n humans suffering
from cirrhosts of the liver'$9®  The kidney 1s also a powerful detodinating
organ this has been shown in studies on rabbit kidney perfuse:
with labelled truodothyromnes®”  Unmary todide excretion chiefly
represents todine from the entrathyrordal breakdown of thyrod
hormones and the same factors that affect urinary excretion (1€ cold
thyroid status etc ) will similarly affect derodination of the hormones 10
the tissues

‘The first studtes on detodination of thyroid hormones by 1solated tissues
gave negative results Roche and co workers found that the odotyrosing
derodinase present in the thyrotd liver kidney and heart slices or extracts
had no action on thyroxtnei®ts 1342 Later however reports appeared ot
the detodination 11t tro of thyroxine and trodothyronme during incuba
tion with tissue preparations®9s 5 of the varous tissucs studied luer
had the highest deodinating activity These studies hase been follo“f:‘l
by others reporting deiodmation of the thyrord hormones i 1itrot®? ¢
1995 119 1578 157 1003 1389 1148 There1s however no agreement in these
reports regarding the modalities of deiodination and 1t would be profitable

to der here the diff hntques used and the interpretation of the

results n order to differentiate between enzymic and non enzymic

detodination ) |
In the first place d n of labelled p can only be sa1

to have occurred if the presence of wodide 1s established by unequiy ocal
methods namely chromatographic 1dentification 1n more than one solvent
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system 1n the presence of carrier 1odide eatraction into carbon disulphide
after oudation with ferric ons, electrophoretic mobility, 1sotopic dilution
to constant specific activity and adsorption on suitable 1on exchange resins
False conclusions will be drawn if non specific tests such as water solubility
are used for instance when 131 labelled thyroxine or trnodothy ronine are
incubated wath Iner or hidney preparauons they arc largely comverted to
the glucuromdes These are water soluble compounds and are not pre
aputated by protemn precipitants thus has led certmn workers to infer the
presence of 10dide, when in fact sodide may have represented only a small
part of non hormonal 1odinciste 3003

The great vanabihity in the R values of 1odotyrosines 10dothyromines
and 1odide 1n the solvents generally used 1s well hknown and 1s due to such
factars as temperature and loss of volatile constituents in the solvent  For
this reason when chromatographic analysis 1s used for the 1dentification
of thyrotd hormone metabolites 1t 1s essential to use more than one solvent
system and to locate the metabolites with carriers  T'or example Larson
et al ™ have identified truodothy ronine as the sole metabolite of thyroxine
after 1ncubation with kidney slices the 1dentification depended on one
dimensional chromatography 1n butanol dioxan ammonia  later this
group'® 7 found that tetraiodothyroacetic acid was formed from thyroaine
by lidney mitochondnal extracts agan butanol dioxan ammonia was
used Now triodothyronine and tetraiodothyroacetic acid do not separate
m thus solvent system so that neither thyroaine metabolite can be said
to have been characterized by this method however tetraiodothy roacetic
acid was characterized by other means and 1t 1s lihely that the apparent
truodothyronine from thyroxne was not triodothyronine at all: Moreover
the formation of truodothyronine from thyroxine volves the liberation
of iodide and none was demonstrated lastly the fact that trmodothyronine
ttself 15 highly susceptible to derodination makes 1t unlihely that it will be
found as the principal metabolite of thyroxine

In the many reports on detodination of thyroid hormones m witro
sufficient evidence has not been grven to establish that the reaction has been
enzyme catalysed ‘Thyroxine and trnodothyronme are known to undergo
spontaneaus deiodination 1n solution at a very rapid rate in some circum-
stances Lissitzhy et al °7% 1n fact believe that the deiodinase reaction
of Sprott and Maclagan®®? 1s likely to be entirely non enzymic because
detodination occurred equally in the boiled and unboiled preparations
Recently an app and r ble detod of thyrowune and other
todophenols has been observed by Tata (unpublished) this occurs when
the 1odophenol passes from an orgamc to an aqueous solvent resulting in
dissociation of the phenolic group  This spontaneous reaction can be pre
vented by the thyrosne binding proteins and addtion of these proteins to
the reaction muture will cause reyersal of the reaction and the reappearance




150 ROSALIND PITT RIVERS, JAMSHED R TATA

of thyroxine  No reversal of desodination takes place when 1t has been
effected enzymically The addition of serum or thyroxine binding protems
to a thyroxine detodinase system at different time intervals during the
reaction has shown that 1n fact both enzymic and non enzymic reactions
are proceeding simultaneously st has by this means been found possible
to measure the true rate of the enzymic reaction  All the methods for the
1dentification of 10dide discussed above have been used in the study of
desodination by brain and muscle preparationsi$78 1572 1573

A dissimilanity 1n the rates of detodination of thyroxine and triodo
thyronine m 120 and w2 vitro has been observed, and may at first seem
surpristng  Whereas truodothyronime 1s detodinated much faster than
thyroxine 1n the intact animal (at least two to three times on the basis of
urmary excretion and thyroid reabsorption) 1n 1solated tissue preparations
the rates are almost identical or if anything a httle slower for truodo
thyronlne1573 1572 1573

No explanation has been found for this disparity 1t 1s most unlikely
that different enzymes are involved n the detodination of the two hor
mones The difference could however be explained on the basts of a more
rapid diffuston of truodothyromne mto tissues w 2.0 because of 1ts
weaker binding by the thyroxine binding protemn of serum (see page 54)
If this were the case the shight difference 1n the affinity of the detodmating
enzyme for thyroxine and trnodothyronine would not be the rate liniting
factor 1n the intact animal

Tong et al1® ® have observed differences 1n enzymic deiodmation of
duodotyrosine (which 15 however, not secreted by the normal thyroid
gland) 1n different tissues, the deiodinase described by Roche and
co workers was present in the hiver and could deodinate both diodo
tyrosine and its lactic acid analogue 3 5 duodo p hydrox)phenyllactlc
acid whereas the enzyme from the thyroid could only deiodinate the
amino acid  Whether two different enzymes are mnvolved 1n the detodi
nation of 1odotyrosines and 1odothyronines has yet to be shown, but 2
pathway of detod 1n bram prepatations has been suggested n which
the thyrord hormones would first undergo oxidative deamination This
was based on the lation of fi of the acettc acid
analogues of thyromne and triodothyronmne after deiodinase activity
was blocked by mercunic chloride reactnvation of the detodinase with
hydrogen sulphude caused the disappearance of these acetic acids

The failure to detect the acetic actd analogues or any other dernatives
of the thyroid hormones when the latter are incubated with skeletal muscle
preparations shows that direct detodination of the odothyronnes is the
only metabolic process occurring this tissuel®™?  The situation 13 more
complex 1n liver and hidney here simultaneous conversion of thyroxine
and truodothyronne to many other 1odinated compounds takes place
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Morzeover most of these metabolites have not yet been 1dentsfied  For this
reason, skeletal muscle 1s to be preferred for quantitative studies on the
distnbution, punfication and properties of 10dothyronine  detodinase
although 1ts potency 1s Iower than that of the Iiver and kidney enzyme?®7*
on thc llular distnbution of the detodinases 1s
bably due to the d hods used for determumng deiodiation
7ll 712 713 1003 1573 1518 1399
Progress 1n punfication of derodinase * has been slow and htle infor-
mation 1s available as to 1ts nature and mode of action  The crude enzyme
from muscle is very heat labide and 1s denatured easily by successive
freezing and thawing in solution 1t loses activaty rapidly onsstorage at 0 C
it 1s also affected by mercurnal pounds and other 1kt of thial
enzymes The dewodinase which appears to be won- and flavine-
dependent, can only exert 1ts action on free (non protein bound) thyroxine
Thus was demonstrated when non competitive inhubition of enzyme
activity by certain cellular or plasma proteins was obtained nhibitton was
durectly proportional to the amount of substrate which was protem bound
Thus mhubition of 10dothyronine detodinase activity may account for the
farlure of workers to obser e detodination of thy roxine and trnodothy ronine
i vitrot®® 978 This inlubition will be especially marked 1n vascular
tissues such as hver, thyrord and kidney the same tissues can however
desodinate the 10dotyrostnes since the latter are only very feebly bound
to plasma protens

Interest n the biol 1 desodination of thy arose from the dis
cmcry‘“ 842 e¢d 646 that triodothyromne possesses about five times the
1 1 activity of th It has been repeatedly suggested that

th) TOXINE eXerts 1ts penpheral actmn only after 1ts partial derodination to

trnodothyromine  evadence for such a dewodination was found in thc
formation of trunodothyronine from th 1n thyrotd,

mxcc"" but the claum of Pitt Rivers ef /1231 that this reaction occurs

athyreotic humans has not been confirmed (Lassiter and Stanbury

personal communication)

Indirect evidence suggesting that thyroxine must be converted to truoda-
thyronine 1n order to exert 1ts biological action was based on the effect of
the antithyroxine drugn butyl 4 hydroxy 3 5 duodobenzoate (BHDR)
on the overall metabohsm of the two hormones BHDB was found to
diminush the output of unnary 10dide when thyroane was injected 1nto
rats but did not do so when truodothyronine was injected!®® 1720 1664
From dus work Maclagan and Willinson have interpreted the presention
of d of t to triodoth as the antithyroxine
mode of action of BHDB  The findings of Roche et al 1338 however are
different these workers admimistered thyroxne labelled in the 3 5 3§
and3 5 3 5 positions to thyrordectomized rats and found that BHDB
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enormously enhanced uninary 191 when admimstered with the 3 §
labelled thyroxine They concluded that the antithyrone drug acts by
potentrating the detodination of thyronmne, rather than by direct nhibition
1n peripheral tissues

Subsequent expeniments have shown that small amounts of truodo
thyronine are undoubtedly produced from thyroxine 1n various tissues
other than the thyroid gland®2¢ 514 1578 but 1t 35 not known how far this
13 a major source of extrathyroidal truodothyronine The conclusion that
trodothyromne 1s derived from thyroxine and 1s the peripherally active
compound has to be weighed aganst the fact that the thyroid secretes
truodothyronine at a not inconsiderable ratel4s 5%

Furthermore no sigmificant amounts of truodothyronine have been
detected after injection of labelled thyroaine into ammals  Specific radio
activity measurements are essential for the assessment of the quantitative
importance of thyroidal truodothyrommne on the one hand and extra
thyroidal trnodothyronine on the other

Studies on deiodination have been extended to trnodothyromne and 1t
has been shown1362 1351 that rat hidney and skeletal muscle can convert
this hormone to 3 3 duodothyronine It 15 unlihely however that much
triodothyronine would be thus metabolized, since the 10dine atom 1n the
3 position 1s more labile than the 10dine atoms 1 the 3 and 5 posttions****
A comphcating factor appears n the finding?3¢7 that partial hydrogenation
of thyroxine can give rise to 3 3 5 truodothyronine of this 1s so then
the chemrcal and biochermical labilities of the rodmne atoms in thyroxine
must be different

Whether the derodination of thyroid hormones 1s directly related to their
phystological activity has yet to be discovered It 1s however of nterest
that their detodwation 1s more rapid 1 hyperthyroid humans and ammals
than 1n hypothyroid subjectst30s 166 789 1633 Tg 55 unlikely that detodt
nation 1n hyperthyroid ammals represents a detoxtcation mechanism for
removal of excess hormone since a large part of norganic 1odide thus
released would be reabsorbed by the thyraid gland buliary and faccal
excretion would be more efficient ways of disposing of excess of hormone
Some regard this as a measure of 10dine economy mn the body but Tatas

published) recent d ration that salt water fishes possess as active
a derodinase as fresh water fishes ind, that this 1s a ubiq reaction
which occurs irrespective of the concentration of environmental 1odine

(II) PHENOLIC OXIDATION AND HYDROXYLATION
Niemann put forward the hypothess, more than 17 years ago that the
physiological actvity of thyroune 15 governed by an equilibrium state
between the phenolic and g d forms of the molecule with a possible
semiquinone intermediatell3s 1184 1153




PATHWAYS OF THYROID HORMONE METABOLISM 153

! ! €00
o oDy
\NH,*
I 1
! ! _€00"
o o
i I

! ! CO0~
oo
+ \NH,*
I I 2

This hypothests was based on the fact that ortho thyroxine which
could also form a semiquinone had physiological actvity while meta
thyroxme had none  No expenimental evidence was put forward to support
the theory

More recently Lissitzky and hus colleagues have shown that thyronine
and some of 1ts halogenated dertvatives can be oxrdized (like tyrosine} by
the ascorbic actd Fe++ O, system and by the tyrosinase from mushrooms
974 571 972 973 977 The 10d d substrates oxidized were 3 d
thyronine 3 monotodothyromine 3 3 duodothyronine 3 5 3 truodo
thyromneand 3 5 3 truodothyroacetic acid 1n decreasing order Oxida
ton was often accompamed by deiodination Thus the ouidation of
3 monolodothyronine gives ris¢ to the semiquinone form of 3 1odo-
thyronine 3 hydroxythyronine and an equivalent amount of 10dide
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1
4 HO@—- o —QCH, CH(NH) COOH + 40, + H,0
I j/
o =<:>«0 —¢ Nen, camn, coon
+
HO
HO@— ) OCH, CH(NH,) COOH 4 2HI

‘Thyroxine 1tself 1s not oxidized by erther the ascorbic acid Fe++ O, system
or the mushroom tyrosinase Further no polyphenol oudase actity has
been found 1n amimal tissues waith the exception of the Harding Passey
melanoma®?s For these reasons 1t 1s unlikely that these reactions represent
models of thyro:d hormone metabolism, nevertheless they form an
interesting series of diphenyl ether oxidations 1 22tr0

(1IT) CoNjuGATION OF THE PHENOLIC GROUP

The phenolic group i the 1odothyronines can undergo conjugation
wn t1z0 as can other phenolic compounds These lead to the formation of
(1) glucuromnides and (2) sulphate esters, glucuronide formation 1s the more
1mportant reaction i the 10dothyronine series and has been more exten
stvely studied than sulphate estenfication 1t occurs principally 1n the liver
and the gates of thy and truodoth have been found 10
the bile Other tissues especially kidney are capable of forming thyrod
hormone conjugates both 1 vivo and i itro?t0 1579 498 The glucuronides
are not however found in faeces since the ntestinal mucosa contains a
B glucuromdase Glucuronides of D thyroxine b 3 5 3 truodothyronne
and 3 5 3 truodothyroacetic acid have also been detected m bile?**
1348 2080 Jn normal amimals the glucuromdes of thyroxine and truodo
thyromne are rarely found except in bile though 1t has been shown that
large amounts of these compounds can pass nto the bloodstream during
biliary obstruction 1¢ after expernimental bile duct ligature in ratst*$* or
nn patents with ob dice this for the high blood
organic 1odine levels and correspondingly low thyroid 2#I uptake 1n such
patients 1415 148 3677 Tt has also been shown that glucuronide formation
does not take place 1n patients wath infectious hepatitis or in rats that
have been poisoned wath allyl formate?®7”
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Ewidence that conjug: with B gl acid occurs on the phenolic
group 1s ot d from the foll d (1) minhydnn treat-
ment of the glucuromde of lhyroxmc labelled with %C in the carboxyl
group releases quantitatively 4CO,% (2) glucuronides of both thyroxine
and truodothyronine guve positive ninhydnn reactions (« amuno acids) but
do not react with diazotized sulphamlic acidi#¢3, (3) enzymic synthesis of

de under cond! whichw ould lead to the formation
ofa glucuromde ester has been achieved®o?

One further reaction of hydroxyaromatic compounds should be con-
sidered briefly methylation Methylation of phenols has only recently
been studied {see Nutrition Reviews, 1957) and so far no methyl ether of
the 1odothyronines has been detected 1n biological matenal However
Maclagan and Withinson have shown that the admsmstration of the drug
n butyl 4-hydroxy 3 5 duodobenzoate to humans 1s followed by the
appearance of 3 5 duodo 4-methoxybenzoic acid 1n the urine  Methyl
ethers of various phenohic drugs have also been demonstrated 1n different
aumals®”  However me(hylatwn does not appear to have any physio
logical 1mportance 1n the \: of ily occurring
amuno acids

The first attempts to :1dentify the sulphate esters of thyroxne and truodo-
thyronine 1n the bile after admunstration of 1*]-labelled hormones and
33 labelled cystine gave no positive resultst®®!  More recently Roche
and co workers!®4? 1244 have succeeded 1n 1dentifying by chromatography
the sulphate esters of truodothyronine and dothyroacetic acid 1n bile
after adminsstration of the frec acids to rats  Little more 1s hnown of these
esters Roche ef al 13¢2 and Gross ef al %3¢ have described a new compound
of unk structure ob d after of 1] labelled trnodo
thyronine in the rat and rabbst this material has chemical properties which
suggest that 1t may be a sulphate ester (lability 1n acid solution and chroma
tograptuc behaviour) Itis found in bile blood and hidney perfusates but
not 1n muscle Gross and his colleagues®3t suggest that this complex 15
the transport form of dothyronine which 1s synth d by the Iner
and kidney thus triodothyronme (T,) from the thyroid gland would
undergo the following reactions in order to enter the pertpheral target cells

Thyrod (T, -— Circulation {Ty] ~——> Liver and kidney [T; complea]

Muscle | Ty] ¢— Circulation [T complex]

Since truodothy ronme only represents a small fraction of the thyroid hor
mone synthesized and secreted 1nto the circulation 1t 1s not possible to
2y at present how far this transport mechamism really represents the
ph gical process of h
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(IV) RupTurE oF THE DipueNsL ETHeR LINKAGE

Buological rupture of the diphenyl ether linkage of thyroxine would be
the converse of the reaction postulated for its brosynthests which, as we
have seen entails the d 1wn of two molecules of duodotyrosine
with the loss of one alanme side chain  Many reports have appeared m
the literature claming the detection of duodotyrosine m urmne after
admimstration of 19 or 13 labelled thyroxine to humans and other
ammals but (p 144) the methods for 1dentifying duodotyrosine were
generally open to crtticism  The fact that identical metabolites of thyroxine
appeared 1 the unine when the thyroune was labelled 1n the 3 5 or
3 5 positions casts doubt on the likelthood of diphenyl ether rupture
oceurring 7 2120 Fletcher*9? has stated that the duodotyrosine which 1s
found 1n the urine of patients treated with large doses of 1% would most
likely be formed as a hydrolytic product of circulating thyroglobulin
released by thyrod irradiatton  Evidence for enzymic scission of dipheny]
ether linkages appears 1n the work of Lissitzky and Bouchilloux®?®, these
authors found that mushroom ty sphit 3 3 -duodotl to
yield 3 monotodotyrosine and other products  Allegrett1®® has clamed
that incubation of thyroamne with hiver homogenate leads to the formation
of 2 6 duodo p g and 3 5 duodophenylal these compounds
were not however satisfactortly characterized and the work awais
confirmation

(V) Ox1pATIVE DEAMINATION OF THE JODOTHYRONINES

Oxidative deamunation of the alanine side chain of the 10dothyronines
18 not known to occur 1n normal ammals although it has been demonstrated
1n vanious unphysiologreal situations  Roche ef af 1363 administered large
doses of labelled thyroxine and tritodothyronine to thyrodectomized rats
and later examined the bile on chromatographic analysis two new spots
appeared These are referred to as B and II n Fig 20 (Chapter 7)
They were tested with a variety of reagents and found to react with semt
carbazide and ¢ phenylened which ind d that they p da
carbony! group from thus 1t was concluded that the & heto acid analogues
had been formed Myant!*?7 has also detected the heto acid analogue of
thyroxe in human bile

Some time ago Pitt Ruvers!?*? suggested that the acetic acd analogues
of thyroxine and trmodothyronine which both possessed physological
activity might be metabolites of the parent ammo acids and could be
dernved from them by oxidative deamination followed by decarboxylauo.f:
Later mterest 1n these analogues was stimulated by the claumi*® **
1598 1599 1600 that they exert an d 1 of oxygen

tion on rat kidney shces 1z tatro and of metabohe rate z rieo Since t{:en
alian

an active search has been made for the thyroacetic acids in mamm:
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tissues, truodothyroacenic acd has been detected in extracts of rat baletos2,
ladney and muscle after ijectson of *¥[ labelled truodothyronine in rats
132 1381, small amounts have o] o been found 1 the plasma of guinea pigs

after truodots 1 1on¥4 T dothytoacetic aad 15
reported 10 by, present in the plasma of h d dogs after
of thyroxne!®”

The thyroacetic acids have also been found n the Ladneys and Iner of
mice which had been mjected with large doses of radioactne rodude
(Galton and Pitt Rivers unpublished) It appears therefore that these
acetic ads are true metabolites of the endagenaus hormones and are nat
only formed after ad on of unphysiological doses of thyroxine and
truodothyronne  Although the thyropyruvic acids have not been detected
under the more physiological exp \ 1t s likely that one
metabolwe pathway tor the thyroid hormonts goes through the heto acids
to the acetic acds

I 3

HOQO@CH, CH(NH;) COOH

I 1

1 i 1
HOC/\—O—@CH, CO COOH

i I

e L 1
HO@—O—-@CH, COOH

i R

Ondatrve deamination of thyroxine and truodothyronine to the corre
sponding acetic acid analogue by shices and homogenates of bran ussue
has also been described?s™ 1972 further Tomta ef al 1° 7 have prepared
a .oluble enzyme from rat hdney which can catalyse this reaction  In all
these experiments however chromategraphic identification alone has been
used, Tata and co workers!®”® have ponted out that the thyreacetic acids
are ch phicall 4 hable from corresponding thyroid
hormone analogues where the alanine ssde chaun 15 replaced by a propionie
acid group or a carboxyl group Some caution should therefore be observed
tnxmakmg claims for the biological existence of these acetic acids  Tomuta

*2% has however demonstrated the cons ersion of “C labelled 3 5 duodo
thyropyruvic acd 10 3 5 duodothyroacetic aud and 1t 18 lihely on general
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grounds that this reactton should occur rather than deaminaton to a pro-
puonic acid, which has no biological parallel From a quantitatrve pomnt of
view ondative dearmination of the thyroid hormones 1s less ymportant as
a bolic pathway than detodination and phenol yugation Whether
these compounds are important 1n the thyroid hormone cycle 1s not yet
clear, they may merely represent breakdown products of thyroxne and
tryodothyronine which can later undergo conjugation and delodnation
Like the parent compoundsiss: 1ue

(VI) DECARBOXYLATION
Thibault and co worhers!#** have investigated the activity of thyroxine
and other compounds 1n potentiating the effect of adrenaline on intestinal
muscle This potentiation by thyroxine 13 only observed after a latent

pertod but an diate effect 1s ob d wath th
1 I
HOC>-O‘<;—>CH2 CH, NH,
1 I

This compound was synthesized many years ago by Ashley and Harington
57 1t has very httle thyroxine like activity in mammals ‘Triodothyronne
also potentiates adrenaline actwity 1 muscle but agamn only after 3 latent
period whereas the effect of trnodothy ronammne 15 immediate 2 Atterupts
have been mades?5 to detect thyroxamine in muscle extracts after meuba
tion with thyroxine but the 1dentification was mconclusnve It 1s unlikely
that exther of these ammes has any physiological significance



CHAPTER 9
DISEASES OF THE THYROID

OncE the cause of a disease 15 understood problems of diagnosts and treat

ment usually resolve themselves The hmited space available here for
consideration of clinical matters has therefore been wholly dev oted to a
discusszon of actiology Combmed pressure from brochemical physio

logrcal and climcal studies has resolved many munor problems concerning
the nature of thyroid diseases but has left outstanding two major ones

the causation of sporadic gottre and the causation of Graves disease In
this chapter evidence bearing on these two problems will be examined

some of 1t derrved by analogy from our much greater Lnowledge of the
actiology of rarer conditions In a separate small scction some points
relating to the aetiology of thyraid cancer are discussed briefly

(I) Non Toxis GOITRE
This term 15 used to include all goitres not associated with hyper-
thyroidism  In those cases in which the aetiology 15 at least partally
understood the thyroid enlargement can be regarded as compensating {or

pting t P ) for some dufficulty 1n the f: ¢ of thyroid
hormone In the first cond: to be d d the difficulty 1s caused by
lack of 1odine and comp 1on 15 usually ful In the second and

third 1t 1s caused by ingestion of an antithyroid substance or by a genetically
determined enzyme defect 1n these conditions compensation 1$ usually
less successful and hypothyrordism results  ‘The analogies prov 1ded by
these three types of defect can then be made use of in an attempt to under
stand sporadic goitre thatis non toxic goitre as it occurs in areas of relative
10dine abundance such as T ondon or Boston 'The assumption 15 made—
without any direct evidence—that 1in these cases too the gortre 1s essentially
a compensatory phenomenon and that what we have to seek 1s an under-
lymng defect in hormone synthesis

(a) Endemic Goutre

Kelly and Snedden®é? have shown 1 an extensive review of world
Iiterature that goitre occurs 1n every country of the world 1n which st has
been looked for The diffe between end and non end areas
15 therefore only relative It 15 howeser useful to retam these terms when
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considering actiology A loose but practical definition 15 to describe as
endemic an area where the majonty of the inhabitants have gottres

Older work on the relation of 10dine intake to goftre mcidence has been
extensively reviewed by Orr and Leitch!1?®  This work showed that m
endemic goitre areas the 10dine content of water soil and locally grown
food crops was usually lower than elsewhere These observations can be
accepted 1n general terms, but cannot be relied on 10 detail because of
imperfections 1n the methods of 10dine analysis then 1n use

Even a precisely inverse correlation between 1odine intake and goitre
sncidence would not finally prove a causal connection The theory that
endemtc gortre 1s caused by 10dine deficiency has, howeser, been strongly
supported by three recent mnvestigations (1) the production of goitre
expenimental anunals (u) biochemcal and isotopic studies 1n endemic
goitreareas and (1) the unequivocal demonstration that the administration
of 10dine prevents goitre

(1) The production of goitre in experimenta) anumals has often been
attempted but the results have not been satisfactory until recently because
low 10dine diets are grossly abnormal and 1t could be argued that they
may contain positnve gottrogenic factors  Axelrad ez al * have now shown
that mice on an todine deficient (Renmngton) diet develop thyroid enlarge
ment even when each 1tem of the diet 1s removed separately The only
1em 1z the diet which appeared to have any goitrogenic effect was sur
prsingly sodium chlonde However thyroid enlargement, prev entable
by todine suppl could be d rated whether or not sodm
chloride was present

(u) The hinetics of 10dine metabolism 1n the inhabitants of an endemic
goitre area 1n the foothills of the Argentinian Andes has been studied by
Stanbury et @/ 119 These people had very high uptakes of isetopic 1odne,
1nversely correlated with their daily output of stable 1odine Therr stores
of organic todine 1n the thyrotd were low  When they were given supple
mentary 1odide the uptake of radiactive 1odine slowly reverted tonards
the values usually found 1n non endemic areas  All these findings are
entirely patible with the hypothesis that gaitre 1n Mendoza 1s caused
by lack of 1odne 1n the diet  Roche e 4/ 137 made simular studies 1n an
endemic goitre arca i Venezuela They found that 131 uptake among
the inhabitants of this region was equally lugh whether or not they had
goitres  This observation suggests that some thyroids can compensate
for 10dine deficiency by hyperfunction without an obligatory increase

size

" (us) Serimshaw ef al 2137 conducted a well controlled tral of the effect
of potassium 1odide and 10date on the incrdence of goitre i school children

d areas i El Salvador and G la A control group gien
cebo was included and the obsersers did not know which children

from
2 pla
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had been treated There was a marked fall in gaitre incidence in the treated
groups  Although similar results had been obtained by previous workers
this wwas the first trial 1n which observer bias was clearly ehminated

Gotre can be produced m animals by todine deficiency alone  Todine
metabolism 1n endemic goitre areas 1s what would be anticipated if the
gortres were caused by 1odine deficiency Endemuc gostre can be prevented
by 1odine supplements It seems safc to conclude that endemic goitre 1s
caused by 10dne deficiency

(b) Drug Gowtre

Goutre or hypothyroidism or both has ¢ been recorded 1n patients treated
with thiocy anates {for hy pertenston)19® 391 1273 1 patients with leg ulcers
to which resorcinol had been apphed * with p ammosahicylic acd
(PAS) in tubercular patientss?s 284 3¢ 67 214 yith phenylbutazone
{Butazolidine) 1n patients with rheumatic disorders!?®® *3 wath cobalt
salts 1 patients (mainly children) with refractory anaemsas®? 880 558
11 6681 (th large doses of 10dides mainly 1n patients wath asthmats?
1108 7 5 1850 1397 1160 gnd with 1odinated antipynine (todopynne) agan
1 asthmatic subjects!330 1016 1639 The antithyroid action of these vanous
drugs difers Thiocyanates prevent the concentration of 1odide without
affecting orgamic binding of 10dine the goitres should therefore be prevent-
able by 10dide admimistration (as well as by thyroid extract) PAS on
the other hand acts Like the thiourea compounds#?® and the gortres are
preventable by thyroid extract but not by 1odide®®® 4 Phenylbutazone
also has a thiourea hike action!®¥® The ant1 thyroid effect of resorcinol 1s
evanescent and 1t can probably only cause gostre 1f continuously absorbed
32 The ant1 thyroid action of cobalt has been questioned but 1t appears
from the work of kriss ef ol %8 that there are considerable species
differences 1n the response to cobalt and also that the dose may be critical
The antithyroid effect of large doses of 1odide 15 poorly understood
Todide 10 hugh concentration can mhibit the organic binding of 10dine by
surviving thyroid shees!*s and by the intact rat thyroid?7ss but the effect
only lasts for 2448 hr**%¢ and orgamic binding 1s resumed 1n spite of
continued 10dide administration  In man a sumilar type of effect has been
found 1n a2 eivo studies with 1] 1528 8 doses of the arder of 1 mg of
potassum 1odide affect uptake 1n the same sort of way as thiourea com
pounds It 1s not hnow n whether this effect 1s transient or not Iodopyrine
m doses of 10-60 mg acts sumslarly this may be a spectfic effect of the
molecule or may result from a secondary release of iodide  Gontres caused
by rodide or 1odopyrine are certainly rare 1n relation to the number of
persons who regularly these sub therapeuucally It may
well be that all the thyrotds which enlarged on this type of medication
had an underlying lesion of some sort This seems to haye been the case
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in the patient reported by Hydovitz and Rose?®5 in which hypothyroidism
was only partially relieved when 1odopyrine was discontinued

Certatn general conclusions can be drawn from a study of cases of drug
goitre  Furst, an essential requirement for the production of this type of
goitre 15 that the drug be taken regularly and for a period of at least several
months It 1s unlikely that drugs are taken with as much consistency as
their prescribers believe Dixon et al 3% have recently shown that more
often than not P A § 15 absent from the urine of patients supposedly con
suming large and regular doses This probably explains the relatively low
mcidence of goitrem P A S treated patients, and indeed the low maidence
of drug goutre 1n general Drugs are probably only tahen with complete
regulanty by the obsessional and by those 1n whom the omission of a dose
has unpleasant effects as in some cases of rheumatism treated with phenyl
butazone and 1n some asthmatics treated with 1odide or 1odopyrine

The second general conclusion about drug goitre 1s that it 1s more often
than not accompanted by some degree of hypothyroidism, mdeed some
of the reported cases had myoedema without an obvious gortre Astwood®®
has remarked that the thyroid 1s much more efficient at compensating for

v/ 10dine deficiency than for the effect of an antithyrord substance

Thurdly 1t 1s worth noting that the sex ratio mn those drug goitres n
which there are sufficient numbers of described adult cases (PA S and
10dide) 1s apparently that of the underlying disease for which the drugs
had been prescribed Antithyroid substances apparently affect male and
female thyroids to a roughly equal extent

(¢) Sporadic Gostrous Cretinism
In the classical endemic goitre areas cretimsm was relatively common,
and was usually associated with goitre!412 It would seem that i these
cases 10dine deficiency was a factor 1n the causation of cretimusm smee the
frequency of this condition has greatly decreased 1 Swatzerland since the
duction of 1odine prophylanistts2  Cl 285 has however, poimnted
out that the geographical distribution of cretimism is by no means parallel
to that of endermic goitre cretmism 1s rare or absent for mstance i the
Jura and in the Andes where a tugh intensity of goitre has been known to
be present for several centuries  Clements makes the interesting suggestion
that cretimsm only occurs on a large scale m those endemuc areas where
inbreeding has favoured a2 build up of genes which affect thyroid function
adversely The classical endemic goitre areas were mostly narrow valleys
among the high mountains having httle contact waith the outer world
The observation that duodotyrosine may be present in the blood of endemic
cretins™3 favours this suggestion, sodine deficiency alone could not account

for thus finding
In non endemic areas cretins generally have no goitre  In such cases
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the thyroid has usually failed to develop Occastonally a tiny fragment of
thyroid may be present 1n the base of the tonguetes? 1630 probably it was
unsble to expand to an adequate size wmn that situation

In a review of cretins drawn from varsous parts of the North Amencan
contwnent, Osler??® noted that a minority had goitres  Cases of this type
have 1n recent times been very extenstvely investigated by isotopre and
chromatographic techniques The subject has been extenstsely reviewed
by Lelong et af %4, Stanbury and Querido*?® and Stanbury and McGirr
1822 Inalarge proportion of the reccrdcd cases there 1s a famihal incidence
of the cond and Y 1 among the parents  From
the genetic point of view the most mformzm\ ¢ group of cases 1s that studied
by Hutchuson and McGirr??® 1n south west Scotland These cases all
denved from a famuly of itnerant tinkers whose pedigree has been traced
back to an Irish immugrant who marned hus Scottish cousin 160 years ago
The family was 1solated from the rest of the commumty and there was
much mntermarnage 1n the second and third generations  all the affected
children were born of normal but consanguincous parents There seems
fittle doubt that in thus family goitrous cretimism 18 caused by a recessne
gene  Such genetic data as are available about cascs from other parts of
the world are compatible with the same hypothests

From the biochemical aspect Stanbury has differentiated three types of
defect leading to gortrous cretimusm (1) farlure to form any organte 10dine
contaming ¢ compounds (u) farture of 10dotyrosines to couple together to
form and thy , and () absence of the enzyme
(deodnase) which breaks down unused 1odotyrosine radicals and so makes
their 1odine available for re utilization as 1odaide  The first group 1s easily
recognized for thiocyanate or perchlorate causes the discharge of all
labelled 1odine held within the thyroidiszo 1517 1526 131 805 J¢ seems
probable that in these cases the enzyme responsible for the oxdation of
todide 1s missing  Stanbury s explanation of the second type 1s plausible
but as yet unproved one case described by Stanbury ef al 2525 and one by
Werner ef al1707 appear to belong to this group The hypothesis 15 that
1n such cases 1odotyrosines are formed normally but that the enzyme which
enables them to couple 15 missing  This enzyme has never been positvely
wentified, so that the hypothesis 1s not at the present time durectly
venfiable The observation that at thyroidectomy after a dose of 311 most
of the labelled sodine 1 the thyroid was present as mono and duodo-
tyrosine supports Stanbury s views

Stanbury s hypothesss that 1n the third group of cases gottrous cretinism
zesults from lack of detodinase 1s extremely mgenious but not y et supported
by fim evidence The agreed facts are as follows 1 the normal
lhyroxd mdotymsme and 1odothyronine radicals are formed within the
g le  Not all the od are able to couple to

M
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form 1odothyromnes, so that when proteolysis occurs both these two
types of compounad are released All the free sodotyrosines are brohen
down by the desodinase which 13 demonstrably present, sodide bewg
released and se entering the synthetic cycle No sodotyrosines ecape
from the thyrotd so that it 1s not surprising that no speafic detodinating
enzymes have been demonstrated elsewhere 1n the body  But if 1odo-
tyresings are iyected mtravenously in a normal subject they are rapidly
broken down and their 1odine 1s excreted n the umne as todide, or
taken up by the thyroid for hormone synthests Stanbury s hypathesis

pp that these arrang have brolen down to such an evtent
that an 1odne deficrency arises which ts 5o gxtreme as to cause goHrous
cretiism  Thus Rypothests seems improbable because (1) 1t 15 doubtful
whether any degree of 1wdine defictency short of absolute could cause
cretimsm (though st might well cause goitre alone) {u) 1t mvohes 3
simultaneous breahdown of what are probably distinet mechanmisms 1¢
deiodination 1n the thyroid attnibutable to a spearfic enzyme, and detod:
nation elsewhere due to a more general metabolic activity of ussues
Nevertheless Stanbury has brought forward a certasn amount of evidence
n favour of hus hypothesis of which by far the most substantal part 18
the demonstration i a single case of goitrous cretmism, that the thy rad
detodinase was absent!®®®  His conclusions concersing the apparent
nability of gottrous cretins to deradinate labelled witeas enous todoty £0s1eS
3% 3 are based on chromatographic methods which are vpen to enticism
(see p 148) further NMosier e al 1137 have shown that two gortrous cretins
became able to derodinate normally when treated wath thyroid extract.
Inability to detodinate 10dotyrosines penpherally may merely be a secon
dary effect of hypothyrordism

At the present tume st seems best to divide gotrous cretins wto only
two groups those who cannot make orgame 1odine compounds of any
sort and those who can make 1odotyrosines but have difficulty in cony erting
them into sodothyromnes In both groups there 1s satisfactory evidence
that the defect 15 g Wy d d and p 1ve evidence that
1t manifests tself biochenueally as an enzyme failure It 1s perhaps worth
bearing m snd that the brochemtcal defect does not mecessanly smply
absence of an enzyme In Stanbury s fisst type, for snstance a metabohe
abnormahity outside the thyrord might pernut a build up of a substance
havsng thiourea like actnty The analogy of other mborn errors of meta
bolism suggests that st would be unwise to assume without direct evidence
| that the pnmary iochemical abnormalitys necessanly located in the thyroid

(d) Goutre with Congemial Deafuess

Deaf mutism 15 fly an P of ends goitre
Clements® has pomnted out that 1t 18 not necessanly 3 result of 1odsne
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deficiency the 1solated populations of the mountain valleys where endemic
goitre classically occurs would be subject to pertodic epidemics of rubella
among the adults Maternal subella during pregnancy 15 now a well-
d cause of congemtal deafs ‘The same situation would also

predispose the population to genetic defects as a result of inbreeding
including nhented forms of deafness

The refationshup of deafness to goitre 1s hard to disentangle 1 an
endemic goitre area where by definition, almost everyone has a gotre
That there can be some sort of genetic connection between the two con-
ditrons emerges clearly from the cases of sporadic goitre with congenital
deafness described by Bran?® Deraemacher?$# Thieme!#* and Morgans
and Trotter'® In all the published cases two or more siblings were
affected but not their parents  All cases had both deafness and goitre,
nether defect occurning singly  All the goitrous subjects were euthyrod
and had developed normally There 1s therefore no question of the deaf
ness being a result of thyroid deficiency  Both defects seem to be the result
of a single defective gene which appears to be recessive 1n the families so
far described It 15 however not obvious how a single gene defect could
affect structures so embryologically remote as the acoustic nerve and the
thyroid gland Perhaps the only connection 1s biochemical an enzyme
block elsewhere might enable metabolites to build up which could affect
both structures In Morgans and Trotter §11 two cases the admsmstration
of perchlorate partrally discharged rodine from the thyroid, they therefore
seemed to have a mmnor degree of the same sort of defect as Stanbury s
first type of gortrous cretin [t 1s concevable that as the result of an enzyme
block 1n another tissue a metabolite with a thiourea lihe action had been
released 1nto the circulation  thus would affect the thyroid m the manner
observed by Morgans and Trotter® The same enzyme bloch might have
a comparable effect on the acoustic nerve perhaps acting through a quite
different metabolite Some such theory seems to be required by the genetic
evidence which ponts to a single gene defect as the cause of two embryo
logically unrelated lesions

(e) Sporadic Gotre

Sporadic goitre 1s eight times more common 1 women than 1n men??5®
In thas ¢ duffers from endemuc goitre drug gontre goitrous cretinism and
goitre with congemtal deafness in all of which conditions the sex ratio 1s
approxumately one to one  Endemuc goitre hardly provides a fair com
parsson since if practically all the population 1s affected the ratio can
scarcely fail to approach umity The other conditions provide a reasonable
analogy from which to argue  Since antithyroid substances and genetic

defects affect men and women equally nesther can be the whole explanation
of sporadic goitre



166 ROSALIND PITT RIVERS, JAMSHED R TATA

Sporadic goitre 1n contrast to drug goitre and goitrous cretism 15
never associated with hypothyrordism  Thus at once suggests a different
underlying h and a closer rt bl to endemic goitre  In the
cases of endemic goitre studied by Stanbury e al %% serum protemn
bound 1odine was normal The thyroid has an almost unlumited capactty
to compensate for 1odine lack but 1s less successful at overcoming enzyme
defects There would therefore seem to be a prima facte case for supposing
that sporadic gottre 1s also the result of 10dine defictency, particularly as st
18 never posstble to draw more than an arbitrary line between sporadic and
endemic goitre  Thus hypothesis 1s more directly supported by the obser
vations of Burrell and Fraser?4® Five to tw enty per cent of cases of simple
goitre 1n areas lihe London have an abnormally high uptake of radioactive
1odine but uptahe 1s reduced to normal by a short course of treatment with
small doses of potasstum 10dide

The main difficulty encountered 1n applying the 1odine defictency hypo
thesis 1o sporadic goitre 15 the need to explain why only a relatively few
people, presumably consuming similar diets develop goitre m non
endemic areas The most obvious explanation would be that their diets
are not m fact sumilar 1n respect of todine This 15 an explanation which
could be but has not been tested in the field for though many com
pansons of the 10dine uptakes of mhabitants of different regtons have been
made no one seems to have compared the 10dine consumption of goitrous
and non-goitrous subjects all Itving 1n the same area A hint that there may
be differences comes from the observation by Cochrane Maall and Trotter
(unpublished) that people with gottres eat significantly less fish than
randomly selected non goitrous subjects Living m the same area Never
theless differences mn dietetic habats can scarcely be the whole explanation,
for they do not account for the remarkable sex difference It seems likely
that persons with sporadic goitre are 1n addition losing 10dine by some
route not yet defined, possibly by the kidney for Cassano et al 2¢* have
reported abnormally high renal clearance rates for 10dide 1n eight subjects 4
with sporadic goitre This observation does not of itself explain the greater
susceptibility of women, and 1t would seem worth wlule to enquire whether
there 1s any excessive menstrual loss of 1odine 1 females with goitre

However 1odme d may be produced 1t 18 probably the major
cause of sporadic goitre There may well also be ancillary causes  Genetic
factors are particularly hard to disentangle when there 1s a strong suspicion
that famihal dietetic habits are themselves volved m the aetiological
situation  Eugster® 1n lus massive study of twins with goitre found that
the mawn influences at work were environmental ‘Tlus was Switzerland
genetic factors mught be easter to study 1n a non endemic area  An odd
observation 1s that persons with sporadic goitre are less often able to taste
phenylthiourea than normal persons?®, the ability to taste this and other
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antithyrord substances 1s ihenited 1 a well defined manner™® It would
be of considerable interest to hnow whether differences mn the renall
excretion of 1odide are inhersted, as defects of tubular reabsorption
often are
‘Though the g of g b 1n the diet 15 unlikely to
be of major importance 1t probably contnibutes to the production of gaitre
1n spectal circumstances  McCarrison s10%¢ experiment secmed to show
that polluted water can cause goitre though the odd feature was that the
goitres appearcd 10 as short time as 10 days  Hettche? has wsolated a
gortrogen from polluted water and identified 1t as urochrome  Steyn
et al 154 think that an excessive ntake of fluonde may cause goitre 1
some parts of South Africa. Taylor?®*t has suggested that too much
calesum may be a contributory cause of gottre  Astwood et @l 7 solated
5 vinyl 2 thigoxazolidone (a thiourea dervative) from swedes  Astwood*®
has d d the possibility that this sub may be a cause of gortre
In swede and turmp roots 1t 1s present 1n mactive combination, from which
1t can be relased enzymucally on soaking tn water Cooking destroys the
enzyme, so that these roots are only goitrogenic when caten raw This
substance has not been found 1 cabbage leaves but Suk?$$? presented
epidermological evidence that an excessive 1ntake of cabbage was respon-
sible for the high goitre incidence 1n certamn Carpathuan villages  Clements
and Wishart?*® tried to explan an d inad of gotre 1n chuld
1n parts of Tasmania 1n spite of 10dine prophylaxis The increased gotre
d ded with the d of a free mulk scheme for school
children To mees the extra demand for mulk farmers had taken to feeding
their cows on chou moellter (a type of kale) Clements and Wishart showed
that mulk from these cows mhibited 31 uptake in man
Most of these nstances of goitre supposedly due to the
of antithyroid substances occurred 1 special circumstances and
do not seem relevant to present day conditions m this country 'The
possibility that mulh from cows fed on brassica crops {or with rape sced
may be goitrog; mught however be relevant and should
be investigated
So far attention has been directed to the possible primary causes of
sporadic gotre It 15 alse worth considerng whether there 1s not m
addition some mechamsm at work which makes a gaitre—whatever 1ts
ongnal cause-—-self perpetuating  Clintcal evidence favours this hypo
thesis ‘Taylor#® has shown that goitres start as 2 simple diffuse hyper-
plasia of the thyroid but over the course of years alternating cycles of
degeneration and regrowth affect small areas of the gland independently
The result 1s a very heterogeneous structure—the nodular goitre  In
general Taylor points out goitres 1n thewr diffuse stage can be suppressed
by the admumstration of thyroxine but nodular goitres cannot Thus
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Sporadic goitre, 1 contrast to drug goitre and goitrous cretinism, 15
never associated with hypothyroidism  Ths at once suggests a different
underlying mech and a closer resemblance to endemic goitre  In the
cases of endemic goitre studied by Stanbury et al1%? serum protemn
bound 1odine was normal The thyroid has an almost unhmited capacity
to compensate for 10dine lach, but 1s less successful at overcoming enzyme
defects There would therefore seem to be a pruma facte case for supposing
that sporadic gotre 1s also the result of 1odine defictency, particularly as it
1s never possible to draw more than an arbitrary line between sporadicand
endemic gottre ‘Thus hypothesis 1s more directly supported by the obser
vations of Burrell and Fraser?4® Five to twenty per cent of cases of simple
goitre 1n areas like London have an abnormally high uptake of radioactive
1odine but uptake 1s reduced to normal by a short course of treatment with
small doses of potasstum sodide

‘The man difficulty encountered 1n applying the todine defictency hypo
thests to sporadic goitre 15 the need to explain why only 2 relamely few
people presumably consuming sumilar diets, develop goitre n non
endemic areas The most obvious explanation would be that their diets
are not 1n fact stmular 1n respect of 1odine Thus 1s an explanation which
could be but has not been, tested in the field for though many com
pansons of the 1odine uptakes of mhabitants of different regions have been
made no one seems to have compared the 10dine consumption of goitrous
and non goitrous subjects all living in the same area A hunt that there may
be differences comes from the observation by Cochrane, Miall and Trotter
(unpublished) that people with goitres eat sigmificantly less fish than
randomly selected non goitrous subjects living mn the same area Never
theless differences in dietetic habats can scarcely be the whole explanation,
for they do not account for the remarkable sex difference It seems likely
that persons with sporadic goitre are 1n addition losing 10dine by some
route not yet defined posstbly by the kudney, for Cassano et al ** have
reported abnormally high renal clearance rates for 10dide in exght subjects
with sporadic goitre This observation does not of itSelf explain the greater
susceptibihity of women and it would scem worth while to enquire whether
there 15 any excessive menstrual loss of 10dine in females with goitre

However 1odine deficiency may be produced it 1s probably the major
cause of sporadic goitre  There may well also be ancillary causes Genet1c
factors are particularly hard to disentangle when there 1s a strong susprcion
that familial dietetrc habits are themselves mvolied 1n the aetological
stuation Eugsterts® 1n his massive study of twins with gostre, found that
the marn influences at work were environmental This wasin Swatzerland,

genetic factors mught be easter to study 1n a non endemic area  An odd
observation 1s that persons with sporadic goitre are less often able to taste
phenylthiourea than normal persons™?, the ability to taste this and other
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picture needle biopsies are not an adequate substitute for full scate
sections  Lymphadenord gortre 55 often called “Hashumoto s disease or
Hashimoto s thyroihitis”  These terms seem to the writer to be accept-

able alternatives 1n spute of the tendency of certain punists to wsist on
strict conformuty with Hashumoto's onginal desciption  Struma lympho-
matosa ' 15 another synonym 1n current use

Skallern et ol 147% and Goudie et al *93 consider that spontancous myxoe
dema and lymphadenord goitre are aetsol lly related The potnts in
fasour of this hypothesis are (1) both occur predominantly in muddle aged
females, (1) hypothyrordism 1s by di a feature of sp
myxoedema and occurs sooner or later 1n nearly all cases of lymphadenord
gowre () the hstological picture 15 very sumlar 1n the two diseases,
though 10 some cases of myxoedema the process has reached the stage of
complete fibrous replacement of all thyroid tissue in less advanced cases
the lustological picture may be indisttngushable from that of lymphadenoid
goitre (1v) 1m both diseases 1211 uptake cannot be increased by thyrad
stimulating hormone (TSH) (v) hugh erythrocyte sedimentation rates and
abnormal serum flocculation tests hase been found 1n a high proportion of
patients with both diseases (1) antibodies to thyroid extracts while com
moner m lymphadenoid goitre also occor in spontaneous myxoedema A
further argument which seems to point i the same direction 18 that cases
are not infrequently encountered 1 which 1t 1s difficult to say whether

P myxoed or lymphadenoid goitre would be the more

appropriate diagnosis  In these cases there 1s a greater or less degree of
hypot! d d with a just palpable very firm thyrod The
shight degree of thyroid enlargement scarcely justifies the name of goitre
yet 1s not compatible with the usual 1dea of the atrophied thyroid of
spontancous myxoedema

On this view the only materal difference between spontaneous myxoe
dema and lymphadenoid goitre would result from differing responses to
oversecretion of TSH by the pitwitary {which will inevitably follow a fall
i the level of arculating thyraid hormone)  Spontaneous myxoedema
wdicates a failure of the thyroid to respond to TSH by enlargement
whereas lymphadenoid goitre could be regarded as partially compensated
hypothyrosdism It 15 interesting to note that compensation 1s commonly
only pactially ful as pased with the ad to environ
mental todine defk by thyrotd enlarg

‘When obwious clinical bypothyroidism 1s present the uptake of 131] by
the thyrord 15 low and may even be undetectable Very low uptakes are
commoner when the thyroid 1s not enlarged but may occur even 1 the
presence of a gortre  Normal uptakes are a common finding in lymphade~
notd gotre but may also occur with mild degrees of hypothyroidism even
1n the absence of a goitre 1n such cases there is no response to 10 ummts of
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difference 1n behaviour of the two stages of goitre may be reflected in the
altered biochemucal behaviour of nodular goitres  Putt Rvers et ol 1399
showed that these goitres contain less thyroxine relative to rodotyrosines
and less duodotyrosine relative to monotodotyrostne  Trunnell and
Wade?*#* made similar observations in two nodular goitres and suggested
that they mdicated a reversion towards a more primitive type of synthesis
They also showed that during embryologtcal development of the chick the
thyro:d 1s first only able to concentrate 1odide then becomes able to make
monoodotyrosine, then duodotyrosine and finally thyroxmne It seems
reasonable to suggest that a long period of continual production of new
thyroid tissue might eventually result 1n a cell population part of which
was inmature biochemically

It seems to the present writer that the most plausible hypothests con
cerming the aetiology of sporadic goitre would be summarnzed as follows
the major mitiating factor 1s 1odine deficiency, determined partly by food
habats and partly by differences 1n 10dine uniization, minor contributory
causes may be the mgestion of goitrogens and genetic factors whose mode
of action cannot be specfied the process of goitre formation, once
mtiated has an inherent tendency to be self-perpetuating owing to the
mability of a tissue to reproduce itself indefimtely at 1ts highest level of
functional activity

(II) SpoNTANEOUS MYXOEDEMA AND LYMPHADENOID GOITRE

Spontaneous myxoedema 1s used to mean acquired hypothyroidism
without goitre The condttion 1s often known as ¢ primary myxoedema’
to distinguish 1t from hypothyroidism secondary to pituttary failure

Lymphadenoid goitre 1s applied to a type of goitre (usually diffuse)
1n which histological examination shows nfiltration by Iymphocytes and
plasma cells a vaniable increase n fibrous tissue destruction of acinar
epithelum with an increase 1n cell height and the presence of large
oxyphulic ( Askanazy ) cells Some authors have laid down varous strict
¢ntena for the d of this cond; but these p ts have
Lttle value since they were made wmn 1gnorance of the aetiology of the
condiion  Recent work suggests that an mmmunological process may be
the cause of this type of goitre and therefore the infiltration with lympho
cytes and plasma cells would seem to be the most significant Iustologreal
feature At the present time when rapid progress 1s bemng made mn our
understanding of this condition 1t would seem madvisable to insist too
ngdly on the presence of this or that histological feature before the
diagnosts 1s permitted It may well be that the ultumate diagnostic crterzon
wll be serological rather than hustological In any case with the present
tendency to treat patients with this disease medically histological matertal
1s now seldom available  Owing to the great variability 1n the hustological
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untreated cases the antibody level in the serum 1s very hugh sometimes as
much as 5mg of antibody protemn (agamst thyroglobulin) per ml of
serum®7 and 1s reflected 1n a high level of circulating gamma globuhn,
with the usual accompamments of a hugh erythrocyte sedimentation rate
and dbnormal flocculation reactions 1t seems likely that these extremely
high antibody levels are responsible for part at least of the pathological
changes 1n the thyroid  Stnce one of the two antigens 1s believed to be
intracellular it seems reasonable to expect that the corresponding antibody
would be the more damaging This would lead to rupture of the acim
with release of thyroglobulin tnto the circulatton and antibody formation
agamnst tlus component Formation of antibodies against thyroglobulin 1s
ble, since this sub: would not be 1n direct

contact with blood dunng foetal life and tolerance to 1t would therefore
not develop The idea that the thyroid changes in lymphadenod
goitre result from an auto immune reaction 1s supported by Rose and
Witebsky s137% demonstration that rabbits can form anubodies against
rabbit thyroid extracts and when immunized 1n this way tend to develop
destructive thyroid lesions with some cellular mfiltration  The thyroid
of a dog treated 1n this way 1n Witebshy s laboratory showed 2 hustologtcal
picture strongly resembling that seen 1n human lymphadenoid goitre  In
the rabbit and dog espeniments Freund adjuvants were used to secure
high antibody levels Since these materials can themselves cause immuno
logical reactions the experiments of Rose and Witebshy#?® cannot be
tahen as showing that an increase in arculating antithyroid antibodies 1s
alone sufficient to cause the thyroid lesions  Some other mechanism may
also be required  Smularly 1n the human cases the simple view that non
specific damage to the thyroid releases antigen waith the result that antt
bodses are formed and react back on the thyroid 1s likely to require
modificatton Probably some as yet unspecified factor must be present to
enable antibodies to be formed 1n sufficient quantity or for the thyroid
to react to them 1n 2 special way A case of Addisons disease with
lymphadenoid goitre described by Morgans'i9® seems to point n the
second durection when treated with physiological doses of cortisone thuis
patient s large gom’e almost dxsappeared although the level of curculating
antibodies d lugh Ly ytic infil of the thyroid 1s
commonly found 1 Addsen s diseasetdss

Although the precise mechamsms at work are stifl uncertan 1t 1s fair to
conclude that antibody formation 1s an essentsal factor in the development
of lymphadeno:d goitre  Antibodies are also formed 1n a proportion of
cases of spontaneous myxoedema®s? €03 3820 Although the titres are
usually lower than 1n cases of lymphadenoid goitre 1t seems reasonable to
suppose that a sumilar process 1s at work here also  In some of the cases
the acuve stage of the disease may have occurred n the distant past so 1t
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‘TSH intramuscularly, a dose which induces a brish increase m 311 uptake
1n normal subjects Cases of lymphadenord gortre are sunilarly unrespon
stve to TSH, whatever the mitial uptake?® 338 In lymphadenosd goitre
3] uptake may be above normal limits The rate at which thyroid radio
activity subsequently declines 1s also abnormally rapid in lymphadenoid
goitre®®®  Ths finding and the lack of response to exogenous TSH can
be tahen as indtcations that the thyroid 1s already exposed to strong TSH
stumulation from the patient s own prtustary

In one instance a lymphadenoid goitre was examined chromatographic
ally by Pitt Rivers {reported 1n 38%) and showed an abnormally low pro
portion of thyroxine 1odine Thus suggests a biochemcal deterioration in
function similar to that found 1n nodular goitre The process may have
progressed even further 1n the case of lymphadenoid goitre, for Morgans
and Trotter!'% found that perchlorate given 1 hr after 1321, usually caused
a brish discharge of radicactivity from the thyrosd This was taken to
indicate a partial thiourea like block simular to that found m Stanbury s
first type of goitrous cretin, and in the goitre with congenital deafness
syndrome It 1s not possible to say whether this todination defect 15 caused
by the destructive (perhaps immunologscally induced) process 1 the
thyroid or whether it represents a biochemical nadequacy (posstbly
genetically determined) which preceded the histological changes usually
regarded as typrecal of lymphadenord goitre

The most inportant ad i our understanding of these
came with the demonstration by Routt ez al 1374 that the serum of patients
with lymphadenord goitre contans anttbodies to antigens present in thyx od
extract These antibodies can be demonstrated by precipitin tanned
sred cell or compl fixation techmques The antibodies are specaficall
directed agamnst thyroid tissue since they do not react with extracts of other
organs and are true auto antibodies since a patient s serum may react
with is own thyraid?™! 173¢  Two distinct antigen antibody systems /
may be involved m lymphadenoid goitre one gning strong precxpmn.\
reactions but weah complement fixation 1n which the antigen 15 almost
certainly thyroglobulin the other giving strong complement fixation but/
weak precipitin reactions which 1s as yet unidentified*®#* Both antigens
can be found i any human thyroid gland, but the second (umdem.\f\ed)
antigen may be present in greater quantity in toxic diffuse goitres White s
1712 gtudies with fluorescein labelled antibody showed the mamn body of
antigen to be in the colloid but there was also some in the acmnar cells
Our observations have shown that whereas thyroglobulin can readily be
removed by soaking thyroid slices m saline, the other antigen remains
behnd, suggesting that 1t 1s located i the cells  Virtually all cases of
lymphadenold goitre have one or both of the :mtlbodl‘;:s n their serum,
though the Jevel declines markedly after a radical thyrordectomy  In some
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description which was based on only three patients and could not possibly
include all the manifestations of this very vanable condition

Another problem of defi diately presents itself namely
whether hyperthyroidism occurnng i a patient with a pre existing nodular
goitre (secondary thyrotoxcosis tosic nodular goitre Plummer s disease)
should be included under the general heading of Graves disease This
question has been debated for a long time and still remamns open  The
evidence both for and agmnst the 1dentity of the two types of hyper
thyroidism seems basically unsatisfactory and not worth presenting mn
detait An arbitrary decision has therefore been taken to exclude from this
section those cases ordwanly referred to as secondary thyrotoxicosis or
toxic nodular goitre  Esen after disposing of this question m a somewbat
high handed fashion the problem of assembling 1n any coherent form the
few scraps of useful information we possess about the causes of Graves
disease 1s sufficiently formidable and will be dealt with piecemeal under
separate headings

Eprdemtology

When aetiology 1 wholly unknown epidemiological studies often give
the first useful clue They have failed to do so in the present instance
partly because they have been seldom attempted partly because of the
formidable diagnostic problems 1nvolved  As soon as one attempts the
apparently simple task of ascertasning the inaidence of thus condition 1n a
defined population 1t becomes apparent that a large proportion of possible

ples have had thyroid performed for what may or may not
have been Graves disease in different hospitals and at varving times and
that no amount of research will enable a firm retrospective diagnosis to
be made

The most comprehensive attempt to plot the distribution of Graves
disease was made by Sallstrom (quoted m #3) who reviewed hosprtal records
from the whole of Sweden His conclusions were unfortunately meagre
There was a tendency for the condition to be more frequent 1n urban than
1n tural areas but thete was also a correlation between the inadence in
any gwen town and that 1n the surrounding countryside The incidence
of Graves disease was mot correlated with that of simple goitre but
appeared to be more frequent 1n areas with a contnental as opposed to a
mantime chmate

‘The only other major epid logical contribution 1s also Scandinavian
Iversen s803 very thorough study of the remarkable epidemic of Graves
disease which occurred 1n Denmark at the end of the Second World War
His survey was based like Sallstrom s, on hospital statistics covening the
whole country with more detalled studies 1n Copenhagen itself There
seems no doubt that the incidence of Graves disease increased by a factor
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18 not surprsing that anttbodies are not found as consistently as m
lymphadenord goitre

When hypothyroidism 1s encountered 1n the cline 1t 1s almost always
possible to discover a definite thyroid lesion caused either by disease
(spontaneous myxoedema lymphadenoid goitre hypopiturtarism) or by
therapy (antithyrowd drugs thyroidectomy or irradiation) Tn mud cases
141] uptake may fall within the normal range, but does not respond to ;
exogenous TSH4% It 1s however theoretically possible that the same
symptoms could be caused, not by falure of the thyroid to make 1ts hor
mones but by falure of the pertpheral tissues to respond to them No
gross case of myaoedema has yet been reported without erther a thyroid
or a piturtary leston  Kurland ef al 82 have however recently describeda
syndrome 1 which the response to thyroid hormones 1s alleged to be
madequate These cases have low BMR s but normal 1411 uptakes and
normal PBIs they are said to have non myxoedematous hypometa i
bolism  and are alleged to respond to triodothyronine but not to thyrox
me In a further attempt to define this syndrome Kurland et al 8! have
studied the metaboltsm of injected labelled thyroxine The turn over rate
of the labelled material was slightly greater than 1n normal subjects but
the total quantity of thyroxine degraded per day appeared to be virtually
1dentical 1n the patients and the controls The differences observed do
not seem to be sufficiently pronounced to define the syndrome of non
my»xoedematous hypometabolism 1n a useful way It mught have been
more helpful if the response of these cases to truodothyronmne (and thetr
failure to respond to thyroain) had been more securely established by
a double blind trial From both practical and theoretical pomnts of view
1t seems hughly desirable to establish beyond any doubt whether there are
people who denve benefit from tritodothyronine but not from thyroxne
This has not yet been done

{IIT) GravES Discase

In discussing hyperthyroidism and allied condrtions considerable diffi
culttes of n lature are again ed Thus 1s an sndicatron of our
fundamental ignorance of the aetiology of these states It seemed best to
use here the term Graves disease tn order to include those cases with
typeal eye signs but normal thyroid function which cannot properly
be included under terms such as hyperthyrordism  thyrotoxicosts or toxi¢
goitre Eaophthalmuc goitre 1s not a useful description since we need on
occaston to include cases having nesther a goitre nor exophthalmos There
are objections also to the use of Graves disease  since the condttion WS
ongmally described not by Graves but by Parry but on the whole this
seems the most useful term provided 1t 15 understood that all cases under
¢his heading do not necessanily have to conform to Graves ongun:
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was to strengthen the case for regarding Graves disease and toxic nodular
gottre as logically distinct cond Y

These and other studies have shown beyond doubt that some type of
genetic abnormality 1s one of the factors causing Graves disease Pre-
sumably what 15 nhented 18 some type of predisposition to the disease,
which only becomes manifest as the result of the operation of some

defined 1 lus Lattle progress 1s likely to be made 1n
genetic studies of this condition until we have some way of recognizing
this state of predisposition  What should be sought for 1s some demon
strable abnormality 1n patients with Graves disease which 1s not 1tself a
direct e\ of hyperthyroud Exophthalmos and localized pre
tibial myxoedema might provide possible clues, since they can sometimes
appear before the thyroid becomes overactive and do not respond to
thyroidectomy or antithyroid drugs The common occurrence of vitiligo
in patients with Graves disease might provide another clue this condition
also does not seem to be affected by the actual state of thyroid function
The studies of Inghar et al 7% are potentially of great importance They
showed that euthyroid relatives of pattents with Graves disease have an
increased uptahe of 3 and an increased rate of breahdown of labelled
thyroxine when compared with controls This finding suggests that an
augmentation of the rate of metabolism of thyroxine may precede any
clinical signs of hyperthyroidism and might be the primary disturbance of
function 1n Graves disease If so this would be the type of abnormakhity
to study when genetic factors are being investigated

Climical Course

Graves disease has been under close clinical observation for well over
a century without any notable contributions to our knowledge of its
aetiology However a small number of facts about the disease have been
collected which will have to be taken into account 1n any final explanation
of this disorder One 1s the preponderance of women in Graves disease
(as 1n sporadic simple goitre spontancous myxoedema and lymphadenord
goitre) the reported male/female ratios vary between 1 4 and 1 10802
Another 15 the clinical course of the disease  When patients with Graves
disease are treated with antithyrord drugs hormone production by the
thyroid 15 held down to normal levels but the underlying stimulus to the
gland 15 not modified g and then stopping the antithyroid
drug 1t soon becomes obvious whether this sumulus 1s still active or not
Observations of thus type!®?” have shown that Graves disease s commonly
episodic  Active phases lasting a year or two often alternate with rems
sions lasting several years In some instances the imterval between active
phases may eaceed the period of observation so 1t 1s possible that some
pattents have a single brief attack only remaining euthyroid for the rest
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of between three and four during the years 1942-44, falling steeply 1
1945  There would appear to be an obvious connection here with the
German occupation of Denmark, but Iversen was not able to pin down
the nature of the mechanssm at worh The expenence of Denmark con

trasts with that of Belgium, where the incidence of Graves disease declined
dunng the same period Iversen suggested that these events were m some
way related to the very large changes 1n nattonal diets resulting from the
occupation  That in Belgium approached starvation level, whereas 1
Denmarh the total caloric intake was not greatly lowered There were,
however, big qualitative changes and Iversen thought that one possibility
was a decline 1n antithyroid substances normally present 1 the diet, he
cited the complete cessatron of imports of soya bean products as a possible
example Since it has never been shown that antithyroid substances occur
1n significant quantities n any ordmary diet Iversen’s suggestion remains
an untested hypothesis

Genetics

The major contribution to our knowledge of the hereditary bass of
Graves disease also comes from Denmark, where Bartelst?s made a com
prehensnve study of the relations of patients with erther Graves’ disease
or toxic nodular goitre In the former condition he found evidence of 2
farmilial disposition 1n 60%, of the cases There was a significant increase
1n the madence of Graves disease compared with a control populaton
not only among the sisters and mothers but also among the aunts of the
patients with Graves disease Bartels thought the last finding was good
evidence that the ncreased famihial incidence resulted from genetic rather
than environmental factors A surpnsing feature was that relatives of
patients with Graves disease had an increased inctdence not only of
Graves disease but also of stmple goitre and myxoedema He concluded
that the data were compatble with the hy pothesis that one or more recessive
genes were able to cause an underlying mstability of the thyroid which
could express itself in different ways and which had a penetrance of
70-80% 1n women, but much less 1n men

A sumilar study 1 England by Martin and Fisher1037 1028 gpain led !o’
the suggestion that a recesstve gene was a factor 1a the actiology of Graves
disease  Although this study also disclosed an apparent excess of cases of
simple goitre among the relatives of patients with Graves disease the
authors thought that the more significant feature was that an excess of
cases of Graves disease was found among the relatives of pattents with
Graves' disease, but not among the relatives of patients wth toxsc nodular
goitre  Therr 1 was that the mfl of hereditary factors was
clearly demonstrable 1n Graves disease but remained 1 doubt so far as
nodular goitre (toxic or non toxic) was concerned One result of this study




DISCASES OF THE THYROID 177

function of guinea prgs thyroids as compared either with pitwitary
extracts or serum from hypothyroid patients One possibility which
has to be considered 15 that serum from cases of Graves disease contains
a thyrod stunulating factor which 15 not derrved from the pitustary /

Patients with Graves disease who are overtreated with antithyroid drugs
to the pomnt of inducing hypothyroidism react with an increase mn the size
of their goitres  Thus 15 a perfectly phystelogical response on the part of
the pitwitary and indicates that the output of TSH can be increased 1n
these cases  Therefore the output of TSH cannot have been maximal
before hypothyroidism was induced  Nevertheless 1t may have been
sufficiently hugh to stmulate the thyroid

When patients have recovered from the hyperthyroidism of Graves
disease either as a result of partial thyroidectomy or following a course of
treatment wath antithyroid drugs their '31f uptake responds normally to
thyroxine!™ or to thyroid extract' ® The relatives of pauents with
Graves disease even though they have a hugh imtial uptake also respond
nommally #* These observations do not indicate any constituttonal mabihity
of the prtustary to respond to thyroid hormone which might precede or
outlast the active phase of the disease

Present wnformation about the state of pituitary function 1s ambiguous
and leads to no clear conclusion It seems to the present writer that
exsting evidence 1s shightly but by no means decisively i favour of the
view that the pituitary 1s functioning normally m this condition thyroid
stimulation being caused by some other agent ‘The fact that we only know
of one substance which has this effect does not eaclude the possibility that
others exist  Another possibility 1s that the thyroid becomes in some way
sensitized to TSH

Exophthalmos

Exophthalmas 15 the best recogruzed of a series of bizarre changes 1n
the eyes and surrounding tissues which often but by no means invariably
accompany Graves discase The essential lesion appears to be an increase
mn the retro orbital contents As well as actually pushing the eyes forward
this often leads to swelling of the subcutaneous tissues above and below
the eyes and to conjunctival oedema (chemosts) and 1s often accompanied
by a greater or less degree of ophthalmaplegia Al these changes commonly
oceur together and appear to increase or decrease independently of the
state of thyroid function

The situation 1s further comphcated by the occurrence of yet another
eye sign namely hd retraction or spasm of the upper eyelld Ths
phenomenon causes a widenng of the palpebral fissure giving an appear-
ance often erroncously recorded as exophthalmos Lid retraction occurs
In two contexts as an of ophthalmoplegia (an attempted

P P PlEg
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of their lives  Ina minonty the hyperthyroid phase appears to be unremit
ting and may last at a more or less constant level for many years perhaps
for the duration of the pattent s Iife

In the eprsodic type there 15 a tendency for relapses to be more frequent
n the spring than at other times of the year119s

Pitutary Function
The only substance known to cause enlargement and overactivity of the
thyroid 1s the thyrotd stmulating hormone (TSH) produced by the
antertor pituitary It has therefore often been postulated that excessne
production of TSH nught be the immediate cause of Graves disease
Thus hypothesis has been made more attractive by Harris and Woods 7
demonstration that electrical stumulation of the hypothalmus of cortisone
treated adrenalectomized rabbits increases thyroid activity This study
has shown that there 1s a possible pathway by which events within the
brain might influence thyrowd function but the conditrons of the eapert
ment were somewhat arttficial, m that the effects of simultancous release
of adrenocorticotrophic hormone (ACTH) had to be nullified by adrenalec
tomy and 1t 1 uncertain how far the conclusions can be apphed to man
Considerations of this type have led to many attempts to measure TSH
1n the blood and urine of patients with different types of thyroid disease
The methods and results have been reviened by Adams and Purves®®
No technique at present available 1s capable of detecting TSH consistently
1 the serum of normal indiiduals although on physiological grounds 1t
must be assumed always to be present On the other hand TSH s as a
rule easily demonstrable both 1n blood and urmne of patients with primary
hypothyroidism  In Graves disease results have been mconsistent but
TSH has certamnly been demonstrated in the blood of some cases? ®
ss6 581 Adams and Purves! point out that these results may be sigmficant,
even if the amount of circulating TSH cannot be shown to be greater than
1n normals since the high levels of circulating thyrotd hormone in these
cases ought to have mhibited the production of TSH altogether Studics
with radioactrve 1odine potnt 1n the same direction the mere fact that high
uptakes of 241 can coexist with high levels of circulating thyroid hormone
| can be taken as evidence of disturbed prtustary-thyroid relations in Graves
disease Moreover the ad ration of add 1 of hormone
exther as thyroid eatract or as truodothyromne does not decrease the high
131] yptake of Graves disease! 9 17¢  These findings are compatible
with two alternative hypotheses esther the prtuitary has ceased to respond
to thyroid hormone or the thyrord 1s being stimulated by some other
agent which operates without regard for the level of circulaung thyroid
hormone Adams and Puries® found some mnteresting differences 1n the
ume relations of the effect of serum from exophthalmic patients on the
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munnow differed somewhat from those seen when antenor prtwtary eatracts
were admnistered

The nature of the increase 1n orbatal contents 1n exophthalmos also
remains in some doubt, Rundle and Pochun!4! showed that some 70% of
the 1ncrease 1n orbital contents was attributable to fat a rather remarkable
obsers ation 1n a disease assoctated with wasting Many observations dunng
the course of decompression operations on the orbit have shm\'n thnl n
the severest forms of exophthalmos (so-called L
the pathologteal pxcmre 1s complicated by gross oedema of the orbatal

dary effect of interference with venous

drainage Another lme of inv estxgauon by Asboe Hansen et al %% showed
that the skeletal muscles of patients with progressive exophthalmos con
tamned d of a hyal tve aad
sacchande  On the assumption that a sumilar matersal 15 depostted in the
ocular muscles the authars suggested that this finding mught account for
ophthalmoplegia and perhaps also for the increase 1 orbital contents
Laurent and Scopes®™* reported that local injections of hyalurontdase
caused marked tmprovement 1n a case of progressive exophthalmos
Localized Pretibial Mysoedema

The deposition of a muanous matenal in the deeper layers of the shin
of the lower part of the legs 1s another curious phenomenon associated
with Graves disease Inats climcal course pretibial myxoedema resembles
exophthalmos 1n that 1t vartes more or less independently of the state of
thyrod function yet with a tendency to increase if the state of hyper-
thyroidism 1s abruptly controlled!®*  Like exophthalmos (with which it
1s commonly associated) 1t has a relatively high incidence 1n males wath
Graves disease Histologrcally the deposition of mucin 1n areas of pretibial
myxoedema 1s sumular to but much more intense than the changes seen 1n
the shin 1n generahized myxoedema Watson and Pearce’®%® showed that
the slin mn pretibial myxoedema contains a marhed excess of acid muco
polysacchandes As mught be anticipated from this finding the injection
of hyaluronidase into the lesions causes a temporary decrease in size
609 1083 At the present ume the sigmificance of this observation 1s obscure
but 1t provides along with evidence previously quoted a hunt that more

detaled studies of mucopolysacchanides 1 thyroid disease mught be
lre\\ardmg

Emotional Changes

Patients with Graves disease are emotionally unstable They are readily
provoked to tears or to outbursts of temper and they worry over trivialities
All their reactions are rapid and highly charged with emotion  These
psychological changes may be the cause of the disease or its effect or a

combination of the tvo  The mere clinical observation of patients has not
N
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compensation for loss of upward movement of the eyes) and by itself
when 1t seems to be more directly related to thyroid function, 1n that st
usually disappears after partial thyrordectomy¢ 0

The effect of controlling hyperthyroidism (erther by antithyroid drugs,
partial thyrotdectomy or radioactive iodine) on exophthalmos and its
assoctated s1gns 1s 1n any individual case, largely unpredictable While in
some cases an actual improvement has been recorded, the more frequent
sequel to treatment drected against the thyroid 1s progresston of the eye
condition  For this reason physicians expertenced 1n the treatment of
Graves disease tend to use antithyroid measures with some caution 1n the
presence of any of the signs assoctated with exophthalmos These signs
may appear for the first tme before there 1s any mdication of thyrod
activity, or not until treatment has brought about a condition of euthy
roidism or hypothyroidism  Cases with gross exophthalmos are almost
always treated with thyroid extract but current opnron40® 3815 that this
treatment has hittle effect on the eye condition except perhaps n cases
with hypothyroidism  Irrespective of treatment the general tendency s
for exophthalmos to progress for a period of something like 6 months
afterwards becoming stationary or very gradually receding

The tendency indefimte though it 1s, for eaophthalmos to vary mversely
with the state of thyrotd function has naturally suggested the 1dea that the
agent causing the eye condition might be TSH, or an associated substance
secreted by the antertor pitwitary A great many expertments have shown
that something resembling human exophthalmos can be produced n 2
variety of experimental ammals by the mnjection of pitustary eatracts The
resemblance may be no more than superfictal since the bony orbit of
man differs from that of other amumals 1n being complete hence the
mechanucal factors causing the proptosis may be quite different Dobyns
and Steelman3®? consider that the factor in anterior pitustary extracts
which causes exophthalmos i the Atlantic minnow (Fundulus) 1s quite
distinct from TSH  Expertmental observations on exophthalmos are as
confusing as the cluucal data and neither pornts to any clear concluston

Observations on TSH activity 1n the serum of pattents with progressive
exophthalmos Iikewise cannot be described as more than nconclusive
Gullitand and Strudwick’® for wnstance found that TSH was more fre
quently present and in larger amounts 1n patients with Graves disease
when exophthalmos was also present The correlation with the chnical
state was howeser not as close as would be expected if TSH were the
principal agent causing exophthalmos The absence of exophthalmos 1n
ents with spontaneous myxoedema 15 presumptive evidence that TSH
Dobyns and Wilson?®? have found
p 1n the serum of patients with pro
rc eye signs but the time relations of the reaction of the Atlantic

patu
cannot be the sole operatrve factor
P, 4 .

an
gressiv
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These remarhs are not intended to disparage attempts to find a psycho
somatic explanation of the aetiology of Graves’ disease Thus remains 2
pcrf:ctly possible explanalmn, particularly since Harns and Woods %

ofa 1 1 pathway g the hypothal to

the thyroid by way ‘of the pitwtary  All that it 1s intended to point out 15
that satisfactory evidence m favour of the psychosomatic hypothesis 1s
more d:ﬂicult to obtain than mught appear at first sight and that the
of evid at an dotal level 1s not likely to be

rewarding
Tmmunological Findings

It 1s well known to pathologists that the thyroid of patients with Graves
disease often shows some degree of wfiltration wath lymphocytes  Occa
sionally the process 1s extensive and large areas of the gland have an
appearance ndistinguishable from that of lymphadenoxd gotred# Levitt?ét
pownted out that when large bers of p yroids are studied
they can be arranged in a continuous ‘sentes wath purely hyperplastic
changes at one end and the full picture of lymphadenoid goitre at the
other His deduction that indiv xdual thyrords gradually evolve from the
hyperplastic to the lymphadenoid stage 1s probably fied butitis
difficult to avoid the inference that Graves dxscase and lymphadenoid
goitre share some as yet undefined pathologscal process

As well as these histological sumilanties patients with Graves disease
often have antibodies to thyrotd extract in their serum which appear to
be the same as those found in the serum of patients with lymphadenod
goitre though the titre 1s usually much lower These antibodies were
detected by complement fixation 1n four out of ten patents with Graves
disease by Trotter ef al 1%¢* and 1n 629 of a much larger series by Goudie
et al 9 The significance of thus finding 18 at present obscure It may
mean that the hyperplastc thyroid is pzmculaxly liable to release antigens
1nto the 1 with y formation or 1t may be
that there 15 some deeper cannection b:t“een the aetiology of Graves
disease and lymphadenoid goitre

Conclusions

Graves disease has been intensiely investigated for a long ttme but
we know httle about 1ts causation Presumably this means that the investi-
gations have been from the aetiological point of view wrongly umed It
) cenmnly true to say that the  greater part of the work has been focused
on the physiol g from thyroid overactivity
Such studies have greatly d our X ledge of the at
work 1n the hyperthyroid patient but while this knowledge 15 certainly
valuable for 1ts own sakc 1t has necessanly httle bearmng on the funda-

mentals of logy pts to di whether or not TSH 1s the

<
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solved this probl The ad ratton of thyroid extract to otherwise
normal subjects cectamly causes some psychological changes 1n the same
general direction, but in the opinion of many experienced observers never
quite reproduces the emotional instability of the natural disease It s
difficult to evaluate the trustworthiness of such opmions, and equally so
to dectde whether the pauent with Graves’ disease, whose hy perthyroidism
has been adequately treated, really reverts to psychological normality
Many clinicians think that they do not, but in a careful study Martini®3
showed that 1 some app ples the symp whuch p d
after a ful thyroid y were Iy 1atrogemic, for wmstance,
nsufficient or inadequate reassurance about the state of the heart had led
to the creation of a cardrac neurosis It 15 perhaps not suffictently remem

bered that patients seldom emerge psychologically mtact from any severe
illness and 1ts attendant treatment The fact that patients are not always
emotionally notmal when hyperthyroidism has been corrected 1s not
necessarily evidence that they were not emotionally normal before hyper

thyroidism began The only satisfactory solution would come from the
psychological examination of persons destined to develop Graves’ discase
1n the future if they could be 1dentified Some fragmentary nformation
of this type 1s supplied by the observations of Fitz#$? who had records of
thirty three people examined routinely before the development of Graves

disease  He was unable to detect any physical or psychological features
swhich would have enabled him to predict the subsequent occurrence of
Graves’ disease  He concluded that Graves disease 13 a medical mis

adventure which may befall anyone *

Parry s'198 second case of what we now call Graves disease was a young
woman who was thrown out of a wheelchair coming fast downhill on
April 28 1803 From then on she became subject to palptations, and a
fortmght later her thyroid became enlarged This type of anecdote has
been repeated countless times 1n the literature as evidence that Graves
disease can be caused or precipitated by emotional upsets of very vaned
types In fact this type of evidence has httle or no value Patients are
nat ly seen days who undoubtedly have Graves® disease,
but who are quite of any symp lting from st they have
been diagnosed by alert clinicians either at routiye examunations after an
1ncidental minor illness or sometimes from observation at a soctal meeting
Parry s young lady mught, for all we can tell, have had Graves disease for
many months or years before the bath chair ran away with her To
complicate the 1ssue still further patients with Graves disease of which
they are not aware, are likely to react with unusual vigour to any emotional
upset, and they share with doctors a human tendency to attnibute discase
to any striking and unpleasant event which happened to precede thew

symptoms
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these observations can be summed up by the hypothesis that for tumour
formation m the rat two factors are required (1) some change 1n the
bolism or genetic ton of the thyroid cells and (2) stimulation
of cell diviston by TSH
"This hypothesis 1s 1n some degree applicable to human thyroid cancer
The only instance in which an mtiating stimulus has been tdentified comes
from the United States where wrradiation by X rays 1 infancy has been
followed by thyroid cancer 1n later childhood 1n what seems a sigmficantly
large number of instances The evidence has been well reviewed by
Duffy%? Controlled studies by Siumpson et al1t¢® and Simpson and
Hempelmann'*®? have shown a significant excess of thyroid tumours 1n
children who had been 1rradiated tn infancy for supposed thymic enlarge
ment as compared with their non 1rradiated siblings  On the other hand
Quimby and Werner!251 concluded that thyroid cancer rarely occurs in
adults who have been treated with X rays for Graves disease On the
average the radiation dose recewved by the adults thyroids was much
greater than that recerved by the children's There s at present no evidence
to suggest that arradation with '3 for Graves disease causes thyroad
cancer 1n the adult although further expertence will be required before
this possibility can be excluded At first sight these observations suggest
that the child s thyroid must be much more radio sensitsve than the adult s
This may well be true but two other possible explanations need to be
considered  One 1s that the thyroid 1n Graves disease 1s particularly
resistant to the carcinogenic effects of radiation The other suggested by
Domach®® s that the child s thyroid 1s under much stronger TSH stimu
lation than the adults He pomnted out that the human thyroid enlarges
by a factor of about four between the ages of 1 and 12 years From this
pomt of view 1t could be smd that all chuldren have goitres In the adult
on the other hand the thyroid cells probably do not divide unless a goitro
gearc stimulus ts present It 1s generally held that thyrord cancer 1s com
moner 1 endemic gotre arcas although the evidence 1s by no means
clear cut?®® However 1t ts certainly odd that there 15 not an excessive
mncdence of cancer among cases of Graves disease where the thyroid
cells are undoubtedly being stumulated to divide
There 15 some evidence to suggest that the promoting action of TSH 15
required throughout the growth of some tumours In rats some of the
tumours appearing after goitrogen treatment could only be transplanted
mto thyrosune deficient animals but with serial transplantation some of
the derived tumours became independent of the hormonal statel24?
Cnle?s! has collected 1nstances of human thyroid cancers which appeared
to be dependent on thy defi y for thewr growth In some cases
cancers have apparently been stimulated into rapid growth by surgical or
iradiation ablation of the thyroid In a few instances metastases of
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ummediate cause of the hyperthyroidism of Graves disease belong to much
the same category for the solution of thus undoubtedly important problem
13 unlihely to tell us much about the underlying causes of the condition
It would seem that some wholly new approach 1s required To the present
writer 1t appears evident that the most hopeful object of study 15 the person
who 1s gomng to develop Graves disease i the future At first sight such
a study would appear to require supernatural gifts of drvination but this
ts not necessanly so The genetic evidence 15 admattedly sketchy, but such
as 1t 1s 1t points towards recesstve mhenitance of a liability to develop
Graves discase If we accept this conclusion 1t follows that an mherted
tendency to Graves discase 1s present in 25%, of all affected sibshups The
siblings of cases of Graves disease therefore constitute 2 population 1n
which the active disease will certamnly appear 1n 2 high proportion mn the
course of tume, and should therefore be suitable matertal for nvestigation
from several different angles Among the possible approaches would be
determination of thyroxine disappearance rates, studies on mucopoly

sacchanide metabolism, serological 1nvestigations and persenality studies

and there are other possibihities An essential feature of this type of
nvestigation would be a long term follow up for active Graves disease
may appear at any age For this reason 1t would be a formidable under

taking to complete Nevertheless the immediate results alone could be
expected to provide data of considerable genetic interest

(IV) TryROID CANCER

The distinction between factors which imtiate neoplastic change 1
a tissue and those which promote the development of an actual tumour
1n tissues so predisposed, 1s well illustrated by studies on the thyroid®
Buelschowshy'®® 1n relatively short term expenments on rats showed that
the combination of a carcinogen (2 acetamidofluorene) and a gotrogen
(allytthiourea) produced a Jarge crop of thyroid tumours, whereas neither
agent alone did so  Later studies by Hall and Brelschowsky®s® showed
that 1f the carcinogen was given early m a course of treatment with a
goitrogen tumours developed much more raprdly than in controls treated
with the goitrogen alone but after 11 years treatment the number of
tumours was about the same 1n the two groups Bielschowshy?®® was also
able to produce thyrotd tumours quute rapidly by subtotal thyroudectamy
together with a carcinogen thus d g that any causing
increased TSH production would promote the growth of tumours

Dontach?®8 38® has demonstrated a similar synergism betw eenirradiation
of the thyroid by radioactn ¢ 10dmne and ncreased TSH secretion mduced
by treatment with a gortrogen  In lus experiments the goitrogen alone
induced tumours, and so did radioactive 10dime by itself, but tumour size
was greatly d when both agents were included  All

and freq
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(I) Assay MerHoDS

(@) Chemucal Estsmations

THE chermecal determination of 10dine 1n desiceated thyrord and other
buological material has been reviewed by Pitt Ruvers!*#! and by Charlot
and Bezier®® and readers are referred to these authors for descniptions of
the earlier methods The estimation of protein bound 1odine 1n serum
has been intensively mnestigated 1n recent years and 1s now carried out
by a variety of modifications of Chaney s32% method The determination
entails ashing of organic matenal with acid (chromuc chloric, acd per-
g or alhah, the red of 1odine to 1odide and 1ts colorimetnic

g from its catalytic action on the rate of reduction of

ceric sulphate by arsentous acsd  Many of these modifications are quoted
by Peters and Man® 12 probably the most commonly used are those of
Man and co workers““ of Barker'®? and of Zak ef al27%* More recent

d for the deter of 10dtne are found 1n
BE5 207 €43 989 ll! 485 810 1411 1606 8 481 1561 189 1113

(b) Brological Assay

Many phystological responses have been used for the quantitative deter
mination of thyroidal potency®? 1282  Some of these methods are of
historic interest only and today the following five methods are i most
general use the amphibian metamorphosts test the increase m metabolic
rate of small laboratory animals the resp of the myxoed
human subject the mouse anoxia test and the goitre prevention test These
will be briefly descnibed

(1) Amphibtan metamorpham test—Gudernatsch®® 661 first showed that

phosts 1n tadp could be 1 d by the ad) ration of

thyroid sub the e rel hip between dose of thyroid

and resp was established by Gaddum?®s¢ who showed that the decrease
1n body length was roughly proportional to the amount of thyroid admins

stered  Wokes'?® showed that the response was Linearly related to the

logarithm of the dose Shellabarger and Godwin?45¢ also use the overall

185
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relatively well differentiated tumours have regressed dunng treatment with
thyroid extract In none of these cases has the causal relationship between
treatment and the behaviour of the tumour been established beyond doubt,
but 1n a few the time-relationships are very suggestive From the practical
pomt of view the evidence 1s certamly strong enough to dicate the
potential danger of allowing any patient with thyroid cancer to become
hypothyroid for any length of time, but scarcely strong enough to
encourage the clinicran to rely on thyroid extract as the sole treatment of
a thyroid cancer

For more detailed discussion of the actiology of thyroid cancer the
reader 1s referred to articles by Schlumberger® # Rawson and Benua'*™,
Leathem®'” and Dontach3%
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metabolic effect, compounds are also given by mntramuscular mjection or
by the oral route, 1n single repeated doses In the assay of compounds
which are rapidly metabolized the greatest apparent potency will probably
be shown after oral admimistration assumng that the compound s
absorbed from the gastro-intestinal tract

(1v) Mouse anoxia assay—Duran s41° observation that the sensitivity of
rats to oxygen deficiency was increased when they were made hyperthyroid
forms the bass of an assay of thyroidal potency, Smith ¢f al 1488 showed
that the survival time of mice 1n closed jars was inversely proportional to
the logarithm of the dose of todinated casein admunistered this method
therefore estimates the rate of oxygen utihzation This assay 1s very
simple and has often been used for this reason?i? 16 4 569 45 1563

(v} Goutre prevention assay—Dempsey and Astwood?** showed that the
hyperplastic changes produced by thiouracil feeding could be reversed by
admunistration of thyroxine and that the decrease 1n thyroid weight was
related to the dose of thyroxme The assay 1s carned out as follows
Rats are guven thiouracil or propylthrouracil in the food or drinking water
the control ammals recenve no further treatment groups of the expert
mental ammals are given graded doses of the standard compound (thyrox
ne) and of the test substance After 10 days the ammals are weighed
and lilled and their thyroid glands are removed The thyrord weights in
the various groups (expressed as a percentage of body weight) are plotted
agawnst the doses of admunistered thyromne and test compound This
assay 1s based on the suppression of thyrotrophin release from the pituitary
and potencies obtained by this method will not necessanly enable one to
predict activity in metabolic assays although the two types of test do tn
general gne similar results  Because of its ssimpliaty the gostre prevention
test 15 now widely used$1o 5@ 309 1620 77 ear 1223 1224 132 299 82
1458 1233 1442 ©Myssett and Pitt Rivers'??? have calculated the relative
potencies of thyroxine analogues by the slope ratio method of Finney154
and the parallel line method and have shown that both calculations lead
to sumular values

(IT) Some PHySICAL PROPERTIES OF THYROID HORMONES AND
ReLaTED COMPOUNDS

Tables IX and X present data of practical usefulness on some physical
constants for thyroxine and structurally related compounds Some of
these values have been obtamed by us the rest are taken from the literature
For details of methods and further information the reader 1s referred to the

following papers 1791 583 327 204 141 120 9 00 285 1221 1341 e3r &7
902 1564 1348 42
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decrease m tadpole length for the assay of thyroidal activity 1 a method
in current use today (see 1°°7)  Other cnitena have been employed, such
as the appearance of front imb buds?4 355 and the decrease 1n width of
the tail of the bullfrog, Rana cateshiana®** The most commonly used
species are Rana temporana Rana pipiens and Xenopus laevss

The response of amphibia to thyroid hormones and related compounds
1s less specific than responses in mammals and for this reason several
workers have criticized this method of assay, nevertheless 1t has a consider
able usefulness for the following reasons (1) amplubta seldom respond to
a substance which 1s totally mactive in mammals, so that a qualttatnve
assessment of potency can be obtamed from this test, (2) the assay can be
performed on large numbers of tadpoles (3) cheaply and (4) rapudly
Hence the amphibian metamorphosis test affords a convenient method for
the preliminary screening of compounds related to thyroxine

(1) Elevation of the metabolic rate in laboratory ammals—Mprch#
showed that CO, production was ratsed 1n mice to which desccated thyrod
had been administered 1n the same year Gaddum?®ss studied the effect of
thyroxine on oxygen consumption 1n rats  The closed and open circust
respirometers used 1n these experiments were described by Morch!!®! and
by Richards and Collison1® (see also 1596 219) these types of metabolism
apparatus are sustable for the smaller laboratory animals (guinea pigs rats
and mice) The sensitivaty of rats to thyroid and thyroid hormones 18

ably enh d by thyroid y975  Determmations of oxygen
consumption can be made on single anumals?® 722 88 1625 1334 or on
groups of ammals'o°* 758

The route of ad: ration of test pounds 1s of great importance
1n these and other assays 1n general intravenous intramuscular intra
pertoneal and subcutaneous njectons result i a mantfestation of greater
physiological activity than does oral administration#0? 560 3100 4 2

Assays of thyroxine hike activity by this method generally give values
sumlar to those obtained mn humans

(1) Response of the basal metabolic rate (BMR) of myxoedematous patients
—From the clinical standpont the nise in the BMR of mysoedematous
subects after the administration of thyrord hormone analogues affords the
best method for the determination of their potencies relative to thyroxine
79 1325 1004 1084 The assay of the newer thyroxine analogues (especially
triodothyronine) 1n humans has been extensively studied both n relation
to therr overall metabolic effects and their latent periods of action?®*
1275 65 951 300 1368 1638 5B7 1733

In the determination of the latent period of action of a compound 1t
will be admmstered by the route from which 1t will be most rapidly
distributed to the tissues 1e intravenously In studies on the overall
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(III) PURIFICATION OF THYROGLOBULIN

The method of punfication of thyroglobulin now most generally used
1s that of Derrien, Michel and Roche?™®* This consists of extraction of
shiced thyroid tissue with 09% sodium chloride solution 1n the cold,

followed by precip by add of Iphate to a con-
centration of 429, The p 1s collected, ded sn 45%
ammonum sulphate and brought back to 37% by nddmon of water  After
centrif the msoluble matter 1s d. Iph 1
then added to a concentration of 419, of the b

18 din hate at 37%, of saturation and centnifuged,

the precxpxtatc 18 agan discarded The solution 15 then dialysed after
which thyroglobulin 15 precipitated with acetone or alcohol  These authors
have also used 2 3 5 M potasstum phosphnte buffer at pH 6 5 instead of

Iphate for the p lobulin  The product

s0 obtaned 1s heterogeneous “The validity of the method has been checked
by labelling thyroglobulin with 13113822

Robbins, Wolff and Rall’**** have shown that the thyroid contains
todinated proteins that are not salted out by the above procedures using
fracuonal centrifugation and salting out procedures

Simple methods for the partial punfication of thyroglobulin have been
described by McQuillan et al 9 hroc, Phillips et al *2, Alpers ef al ®
and Tata et al 1577

Earher methods for the purification of thyroglobulin can be found in a
review by Roche and Michelt3st
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TasLE IX
Pol Itraviolet ab and the
of the phenolic OH of th and related d:

Polarographuc analysis UV absorp A t pR

Compound half wave potentials | 100 maxma ng ;’:cr:wﬁc
(volts) wavelength oH

()
L Thyroxine —112 —140 —170* 231 325 645
3 5 3-Trmodo L~ - 227 315 840
thyronine

3 5 Duodo L thyronmne —118 —136 300 930
L-Thyronne —_ 295 960
3 5 Duodo L tyrosine —~151 -170 310 650
3 Yodo L tyrosine —_ 300 870
L Tsrosine — 290 1000

* There 1s much vanation i the valucs abtamed by different workers for the first
half wave potential of thyroxinet4™ 00 125

TasLe X
Ct L bl of tt and related ds
Relative R values
e d
Solvent I Solvent II | Solvent ITX
L Thyroune 078 050 042
3 5 3 -Truodo L thyronine 080 069 050
3 3 5 Truodo b1 thyronine 075 Q45 048
3 5 Duodo L thyronine 080 076 050
3 5 Duodo pL thyromne 078 050 038
3 3 Duodo pL thyronine 078 050 042
3 Iodo pL thyronine 080 062 050
3 Jodo pL thyromne 075 045 047
L Thyronine 070 058 042
3 5 3 5 ~Tetraiodothyropropionic 087 069 060
aad
3 5 3 -Tmodothyropropionic acid 088 080 076
3 5 3 5 ‘Tetraiodothyroacetrc acid 087 068 060
3 5 3 Tmodothyroacetic acid 0389 080 074
3 5 Duodothyroacetic actd 090 086 073
Glucuromide of L-thyroxine 010 018 016
Glucuronide of 3 5 3 truodo L 010 018 620
thyronune
3 5 Duodo L tyrosine 050 008 024
3 Jodo L tyrosine 035 013 030

Solvent I = # butanol acetic acid water (78 10 12)

Solvent II =  butanol dioxane (4 1) saturated with 2v NH,
Solvent I1I == collidine water {100 35 5)—Ammona as vapour phase
Solvent flow ascending Whatman No 1 paper T=18 £3 C
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