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The Retention of Goitrogens in the Blood
and Tissues of Several Domestic Animals

G. W. PIPES and C. W. TURNER

INTRODUCTION

Duringthe past several years the investigation of simple organic
compounds which inhibit the normal function of the thyroid gland has
openedup new and fascinating opportunities for study in the field of endo-
crine chemistry. Through the use of these compounds, which produce
what has been termed a “chemical thyroidectomy”, our knowledge of the
physiology and biochemistry of the thyroid has been greatly increased.
The experimental use of these drugs has permitted an insight into the
biosynthesis of thyroxine by the thyroid gland.

One of these goitrogens, thiouraecil, has made possible quantita-
tive studies of thyroid secretion rate and has elucidated the normal re-
lationship of the thyroid gland to the processes of growth, reproduction
and lactation.

Recent research has shown that inhibition of thyroid function in
young, rapidly growing animals results in retarded proteinaceous growth
and the accelerated deposition of fat. Goitrogenic drugs may bring us
one step further in directing the endocrine functions of domestic animals
into more efficient and profitable channels,

Since thiouracilis a valuable research tool and shows great pro-
mise as a fattening agent for livestock, it would be of interest to better
understand its rate of absorption from the digestive tract and its reten-
tioninthe tissues. If goitrogens are to be of practical importance in the
fattening of livestock, it is essential to know if these compounds are pre-
sent in the tissues in significant amounts to make the flesh unsafe for
human consumption.

The objects of the present study were:

1. Toinvestigatethe rapidity of absorption of several goitrogens
from the digestive tract.

2. To investigate the diurnal concentration of these compounds
in the blood stream during oral administration.

3. To determine the goltrogenic activity of tissues from animals
fed thiouracil and other goitrogens.
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THE RELATIONSHIP OF CHEMICAL STRUCTURE TO GOITROGENIC
ACTIVITY

It has been demonstrated that many derivatives of aniline and of
thiourea inhibit the synthesis of the thyroid hormone by the thyroid gland
(Mackenzie, Mackenzie, and McCollum, 1941; Richter and Clisby, 1941;
Kennedy, 1942; and Mackenzie and Mackenzie, 1943).

Astwood(1943a), froma study of 106 compounds of related struc-
ture, selected thiouracil for further investigation, on the basis of its high
goitrogenicactivityand low toxicity. Since this time thiouracil has been
investigated extensively, (Astwood, 1943b; Paschkis, et. al., 1944; and
Rawson, et. al., 1944a) and has been found to possess marked advantages
over thiourea and certain other goitrogenic agents employed in the past.

Since earlier studies indicated that the more active goitrogens
could be considered to be derivatives either of aniline or thiourea, much
investigational work has been concentrated on compounds possessing
these groupings or closely related structures. The studies of McGinty
and Bywater (1945a), Bywater, McGinty and Jenesel (1945), McGinty and
Bywater (1945b), and Astwood et. al. (1945) has lead to a better under-
standing of the relationship of chemiecal structure to goitrogenic activity
and has resulted in the discovery of goitrogens of increased potency.
These investigators, through the use of quantitative dose-thyroid response
methods have beenable to make comparisons of the activity of many goi-
trogenic compounds (See Table 1). In these studies thiouracil was given
a value of 1.0 by Astwood and 100 by McGinty. The rat was used as a
test animal by these investigators.

Thioureas. -- Twenty-two derivatives of thiourea studied by Ast-
wood, et. al. (1945) were found to be less potent and more toxic than thi-
ouracil. The replacement of all four hydrogens of thiourea by methyl
groups as in tetramethyl thiourea enhanced activity. The diethyl, iso-
propyl and diisopropyl derivatives were found to be the most potent of
the open chain compounds, but the substitution of large constituents on
the thiourea molecule as illustrated by diheptylthiourea resulted in de-
creased activity. The presence of polar groups such as amino or car=-

bonylattached to either of the nitrogen atoms of thiourea or substitution
on sulphur atom reduced the activity. (See thiourea derivatives, Table 1).

McGinty and Bywater (1945a) have suggested that ring closure
may produce greatly increased activity as is shown by comparison of

proplonylthiourea and thiouracil. H
H O l
|1l N=C=0
N—C /
5= / \c % :C\ /C“H
- 2
\ / -
Propionylthiourea (0.14) Thiouracil (1.0)

Astwoodet. al., (1945) report that dithiobiurea, a compound con-
taining two complete thioureylene groups, was completely inactive. An
equally striking observation was the inactivity of sulfanilylthiourea, a
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TAELE 1. -- COMPARATIVE ACTIVITY OF GOITROGENIC COMPOUNDS
'?
450
3 4
I 2 3 / \ / \ /
=N—(§—M= S=C=2 5C— S=C 2
S \ I 6 / \ I8 / \
o e ¥
H H H O
Thiourea Thiouracil Thicharbituric acid
Estimated
Compound Formula Activity
Thioureas Thiouracil = 1.0 Investigator
0.12 i*
Thiourea NHoCENHg 0.09 2
1, 1, 8,3-tetramethyl {cHS}zncsmcnsjz 0.3 1
thicurea
1,3-disthylthiourea CyHSNHCSNHC oHS 0.4, 0.47 1,2
1,-isopropylthioursa CSHECH{C )] 0.4 1
1,3-diheptylthiourea c-;ﬂ’ 87%1155 0.01 1
1,3-diacetylthiourea CHg DHHCSNHCQCH;; 0.01 1
1,3-dlaminothiourea NHoNHCSNHNHg 0.03 i
2-ethylisothioureasulfate (NHoC(SCgHS)NHy HpS0y 0.01 1
1-sulfanilythioursa NHCSNHSO 0.003 1
1-propionylthicurea CEHECONI-Icgﬂﬂg 0.14 2
2,5-dithiobiurea NEZCSHHH'ECENH} 0.01 1
Thicuracil 1.0 182+
Dihydrothdouracil (5)-CHg (6) Hg 0.08 1
S=methylthiouracil (5)-CHg 0.7 1
S-ethylthiouracil (5)-CaHg 3.5 1
5-isopropylthiouracil (5)-CH(CHg)g 2.5 1
6-n-propylthiouracil (8)-CHg CHy CHg 11.0 1
6-isopropylthiouracil {EJ-CHziﬂﬁaig 9.0 1
G-ethylthiouracil (6)-CHsy CHg 8.0 1
G-n-butylthiouracil (6)-CHy CHg CHq CHg 3.0 1
f-n-amylthicuracil (6)-CHg CHg CHo CHg CHg 1.3 1
G-n-hexylthiouracil 3’{-CH2 CHs CHg CHg CHy CHg 0.18 1
§,~methyl-G-ethylthiouracil {5)-CHg (6)-CHg CHj 0.8 1
5,6-trimethylensthiouracil (5,6)-CHg CHs CHa- 0.3 1
§,~methyl-2-ethylthiouracil (2)-8CqHg {Ef-c.‘Ha 0.03 1
Thiobarbituric acld 0.0 T
0.003 1
5,ethylthicbarbituric acid (5)-CHg CHg 0.003 1
§,5,diethylthiobarbituric acid {5}-632 CHg,-CH 1.7,1.23 1,2
(5)-CH2 or 2ny Jonycr cHy 1.0 1

(1)*Astwood et al. (1945)
(2) MeGinty et al. (1845)
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TABLE 1 (CONT.) COMPARATIVE ACTIVITY OF GOITROGENIC COMPOUNDSE

H-Cz H-Cz= H-C=
\I £ \l 5 | 5
N—C—H 5—(;.'—H -
| |
H H H
Imidazoles Thiazolines Oxazolines
Compound Formula Estimated
Activity
Thiguracil = 1.0 Investigator
Imidazoles
2-mercaptoimidazole N-HC[SH)NCHCH 1.5 1
2-mercaptobenzimidazols NHCEHNC gH4 0.5 1
1 " 1.16 2
Thiazolines
2-mercaptothiazoline SC({SH)NCHpCHy 1.3, 1.31 1,2
5,5,-dimethyl-2 mercapto- | SC(SH)NCH,C(CHglg 0.3 1
thiazoline
Oxazolines
‘Z-mercaptooxazoline OC[SH]NCHgLHg (%3 1
5,5-dimethyl-2 mercapto=- .
oxazoline OC(SH)NCH2C(CHglz 0.4 1
H c—C
\ /e 3\
N=Ci 4C
/ \e s/
H Cc=C
Amino Benzene
Amino Benzene derivatives
4, amincbenzole acld HgNC gH4COOH 2,1
4,4,diaminodiphenylmethane | HyNCgH CHoC gH NHy 0.25 1
Bis-{4 dimethyla minophenyl)
methane (CHg)aNC gH4CHaC gH4N(CHglp 0.25 1
2-amino-5-sulfanilythiazole | HNCgH 505 CCHNCNHgS 0.18, 0.25 2,1
mizole
S&mm} H,NCgH,30,NH CNCHCHCHN 0.1 .

{1)*Astwood et al. (1045)
{2) McGinty et al. (1045)
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compound that contained within its molecule both the thiocarbamyl and
the aminophenyl groupings, the only structures known to possess goitro-
genic activity.

Imidazoles, Thiazoles and Oxazolines.--These workers have also
demonstrated that five membered ring structures containing a thiourey-
lene group may possess greater potency than thiourea (see Imidazoles,
Table 1). Of the ten compounds studied in this series, 2-mercaptoimida-
zole was the most active.

The substitution of a nitrogen atom of the thioureylene group ina
five membered ring by a sulfur or oxygen atom did not destroy the ac-
tivity as was shown by 2-mercaptooxalzoline (see thiazoles and oxazo-
lines, Table 1). The goitrogenic activity of these compounds indicates,
as has been suggested by Astwood, that the essential structure for goi-
trogenéc activity is not necessarily the entire thioureylene radical, but

f

aN -C - X grouping where X isan O, S or N atom.

Thiouracils.-- The thiouracil derivatives studied by these inves-
tigators revealed some interesting relationships of structure to activity.
Dehydrothiouracil which was found to possess approximately one-tenth
the activity of thiouracil demonstrates the importance of the double bond
between carbon atoms 5 and 6. Substitution on the carbon at position 5
by an ethyl group produced increased activity, but the substitution of a
methyl or isopropyl side chain at this position resulted in decreased ac-
tivity. The replacement of hydrogen atoms at carbon 6 by hydrocarbon
substituents produced striking results. At this position the substitution
of a propyl group produceda derivative which was claimed to be 11 times
as effective as thiouracil. Longer hydrocarbon chains at position 6 re-
sulted in progressivelydecreasing activity. The substitution of hydrogen
at both the 5 and 6 positions by hydrocarbon side chains produced com-
pounds possessing less activity than those substituted at 6 alone (see
thiouracils, Table 1). Asinthe thioureas, the replacement of a hydrogen
onthe nitrogenatoms by a polar group or substitution on the sulfur atom
resulted in decreased activity. The more effective compounds in this
group exhibited greater toxicity than thiouracil, but toxicity increased at
a slower rate thanantithyroidactivity. At physiologically equivalent dos-
ages many of these compounds were found to possess far less toxicity
than thiouracil.

Thiobarbituric aclds.-- The next modification of the thiouracil
structure investigated by these workers was the effect of a carbonyl group
at position 6 (see thiobarbituric acids, Table 1). The resulting thiobar-
bituric acid wasfoundto be inactive and since this compound can be con-
sidered to be the keto form of 6-hydroxy thiouracil which had already
beenshownto lack goitrogenic properties, this observation was not sur-
prising. However, when both hydrogens at position 5 are substituted by
ethyl groups, the resulting compound is found to be more potent than thi-
ouracil. Aswas suggested by Astwood et al. (1945) this activity may be
due to the fact that enolization can no longer take place.

Aminobenzene derivatives.-- All of the compounds discussed so
far can be considered to be derivatives of thiourea. The second active
structure, the aminobenzine series, has also been investigated by Ast-
wood et al. (1945). All active compounds in this series possessed an
amino group attached to an aromatic ring. Sixteen benzene derivatives,
lackingan aminophenyl group, were found to be inactive. This strongly
suggests that the goitrogenic properties of these compounds are produced
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bythe aromaticamino group. The most effective compounds of this type
were 4,4 diaminodiphenylmethane and its derivatives. These drugs were
found to be about twice as effective as thiourea and one-fourth as effective
as thiouracil.

Sulfadiazine was found to be the most active of the sulfonamides
as had previously been demonstrated (Astwood, 1943a).

The relationship of acidity or ease of oxidation to goitrogenic ac-
tivity has not been studied in the derivatives of thiourea, brt since many
of the more active goitrogens are weak acids and also may act as anti-
oxidants, these possibilities should be investigated. As has been shown
by Gyorgy et. al.,, (1943), thiourea acts as an antioxidant in the presence

of water, and may exist in enol and keto forms. |-I|
H=S-C < S s=C
\
N—H N—H
! I
(enol) (keto) M

It is interesting to note in this respect that the studies of Astwood
et al. (1945) have demonstrated that substitution on the sulfur atom of
thiourea or thiouracil destroys goitrogenic activity. However, tetrame-
thyl thiourea is among the most potent of the thioureas, and yet no hy-
drogen is available for enolization.

Taurog, Chaikoff and Franklin (1945) attempted to find the molec-
ulor structure essential for the inhibition of the in vitro conversion of
inorganic iodine to thyroxine by thyroid tissue. These workers investi-
gated forty compounds related to the sulfonamides and found a definite
correlation between ease of oxidation and inhibitory activity. A free
amino or free aromatic hydroxyl group was found to increase inhibitory
activity. The acetylation of an amino group was found to reduce the ac-
tivity.

While the comparative activity of goitrogens has not been exten-
sively investigated in animals other than the rat, Vanderlaan and Bissell
(1946) claim that these drugs possess approximately the same relative
activity in the chick. As related to thiouracil, the comparative potency
of the compounds studied by these investigators were found to be 6-pro-
pyl thiouracil 10; the three 6-butyl derivatives of thiouracil, 10; 6 ethyl
thiouracil, 5; thiobarbital, 1; thiourea, 0.3. Jensen and Kjerulf-Jensen
(1945) investigated the goitrogenic effect of 96 compounds inthe rat. Com-
pounds-investigated included sulphonic acids, sulphones, organic thiocy-
antes and sulphides, thiols, thiamides, pyrimidine derivatives, many
heterocyclic compounds and a number of compounds which form stable
complexes with copper. These workers concluded that while all strongly
active compounds studied were thioureas or thiouracils the effect was
very specific since the displacement of a methyl group was sufficient to
prevent it. Williams and Kay (1947b) confirmed the conclusions of Ast-
wood et al. (1945) concerning the relationship of chemical structure to
goitrogenicity. These investigators studied the action of over forty com-
pounds including thiouracils, thioureas, anilides and iodinated benzoic
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acid derivatives inthe rat. The iodinated compounds demonstrated little
or no effect and none of the compounds studied were more effective than
the substituted thiouracils.

As thiourea was replaced by thiouracil, thiouracil has been re-
placed by 6 -propyl thiouracil in the treatment of thyrotoxicosis. (Ast-
woodand Vanderlaan, 1945; Williams 1947 and others). It is not impro-
bable that further research will provide compounds of greater potency
and lessened toxicity.

At the present time, while extensive studies have been made of
the goitrogenicactivityof many chemical compounds in man and rat, lit-
tle evidence is available to demonstrate their relative effectiveness in
domestic animals. The marked variation in effectiveness in the rat as
compared with the human indicates that large variations may exist be-
tween species. A study of the effectiveness of various goitrogenic sub-
stances asfattening agentsfor livestock, should yield valuable and essen-

tial information.
THE MODE OF ACTION OF GOITROGENIC COMPOUNDS

Since the earlier literature onthe mode of action of thyroid inhib-
iting drugs has been reviewed by Schultze and Turner (1945), an extensive
survey will not be included here. In view of the newer knowledge con-
cerning the effect of goitrogenic compounds upon the chemistry of the
thyroid, an attempt will be made to show how these drugs may prevent
the biosynthesis of the thyroid hormone.

Since Mackenzie, Mackenzie, and McCollum (1941) first observed
thyroid hyperplasia and hypertrophy in rats fed sulfaguanidine, it has
been well established that thiouracil and other goitrogens block the for-
mation of the thyroid hormone. Astwood et al., (1943) and Mackenzie
and Mackengzie, (1943) reported that thyroid hypertrophydid not take place
in hypophysectomized animals and the calorigenic effect of injected thy-
roxine was not prevented by thiouracil administration. These workers
concluded that the deficiency of thyroid hormone brought about by goitro-
genic drugs causes an excess of thyrotrophic hormone to be produced
and released by the pituitary. Under the stimulation of thyrotrophin, the
thyroid undergoes hypertrophyand the stored thyroid hormone is released.
In spite of increased size and apparent activity, the thyroid gland in the
presence of goitrogens is unable to synthesize the thyroid hormone, and
is still subjected to increased stimulation by the pituitary. Additional
evidence thatthyroid enlargement is due to the thyrotrophic hormone has
been given by Larson et al. (1945a) who compared the eifects of thyro-
trophin injection with thiouracil administration and observed similar
histological and anatomical changes in the chick thyroid. Albert et al.
(1947a) reportedthat thyrotrophic hormone lost activity during exposure
to Lugol’s solutions but could be reactivated by goitrogens and other re-
ducing agents. Albertet al. (1947b) observed that exposure of thyrotro-
phic hormone to goitrpgens resulted in augmented activity even when the
goitrogenwas presumably removed prior tobio-assay. While insufficient
evidence is available at present to be conclusive, the two papers cited
above indicate that the goitrogens may directly augment the thyrotrophic
hormone in addition to their stimulation of thyrotrophic hormone secre-
tion through suppression of thyroxine synthesis. Direct evidence that
goitrogenic agents prevent the synthesis of thyroxine has been obtained
throughthe use of radioactive iodine asan indicator of iodine metabolism.
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Rawson, Tannheimer and Peacock (1944), Franklin et al. (1944), and
Larsonet al.(1945, 1945b) found reduced collection of radicactive iodine
by the thyroid during thiouracil administration. While Larson suggested
that thiouracil’s ability to inhibit the collection of iodine may be its essen-
tial and primary effect. McGinty and Sharpe (1946) and Vanderlaan and
Bissell (1946) later reported that thyroids enlarged by treatment with
thiouracil possessedan enhanced ability to collect injected iodine. How-
ever, the effect was transitory and since the thyroid was unable to bind
iodine in an organic form the iodine concentration rapidly fell to prein-
jection levels.

Franklin and Chaikoff (1944) and Schachner, Franklin and Chai-
koff (1944) observedthat sulfonamides prevented the formation of organic
iodine but did not decrease the iodine concentrating capacity of the thy-
roid. Kestone et al., (1944) found reduced amounts of organic iodine in
the thyroid after thiourea administration. Franklin, Lerner,and Chaikoff
(1944) demonstrated that thiouracil prevented the formation of diiodoty-
rosine and thyroxine. These investigators found that the diiodotyrosine
and thyroxine fractions of the thyroid contained reduced amounts of iodine
in animals fed thiouracil.

Inthe biosynthesis of thyroxine it appears necessary for at least
three chemical reactions to take place within the thyroid gland. The
first of these reactions involves the liberation of iodinefrom iodides;
second, the iodination of tyrosine to 3,5, dilodotyrosine; and third, the
oxidative coupling of two molecules of diiodotyrosine to form thyroxine.

These reactions are believed to take place with thyrosine groups
within the protein molecule and not with free tyrosine itself. Direct evi-
dence that this series of reactions takes place within the thyroid gland
has been given by Perlman et al. (1941), Mann, Leblond, and Warren
(1942), and Leblond, et al. (1943) who have employed radioactive iodine
in their investigations of this process. Reineke and Turner (1942) in
their preparation of highly active iodinated proteins seem to have dupli-
cated to a large extent the reactions that may produce thyroxine within
the thyroid gland.

The investigations of Reineke and Turner (1942, 1946) as well as
those of Harington and Rivers (1945) and others indicate that oxidative:
conditions are necessaryfor the conversion of diiodotyrosine to thyroxine.
Further evidence suggesting the importance of the oxidative function of
the thyroid has been reported by DeRobertis and Goncalves (1945). These
workers, using microdissection techniques and supervital methods, found
the normal oxidation reduction potential of thyroid cells to be +0.050 volts
and that of the colloidtobe -0.200 volts. Activation by cold or thyrotro-
phic hormone raised the oxidation-reduction potential of the colloid to
that of the cells, +0.05 volts, while thiourea lowered the potential of ac-
tivated cells and colloid alike to -0.200 volts. The oxidation-reduction
potential was not depressed by sulfanilamide. An impressive array of
evidence has accumulated to indicate that the goitrogenic activity of thi-
ouracil and related compounds may be due to the inactivation of an oxi-
dative enzyme system necessary for synthesis of the thyroid hormone.
The presence of peroxidase in the thyroid and its inmactivation by thioar-
acil or thiourea hasbeen demonstrated by Dempsey (1944) and confirmed
by DeRobertis and Grasso (1946). However Glock (1946) failed to isolate
peroxidase from thyroid tissue. DeRobertis and Grasso have also found
that thyroid extracts containing peroxidase will liberate iodine from io-
dides. Since the oxidative coupling of two molecules of paracresol into
a quinol ether linkage is brought about by the presence of peroxidase
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(Westerfeldand Lowe, 1942), it is not unlikely that this oxidative enzyme
mayalsoenter into a chemically similar reaction -~ the condensation of
two molecules of diiodotyrosine to-form thyroxine.

Dempsey (1944) observed that cytochrome oxidase is present in
the thyroid but is not inhibited by thiouracil. Contrary to this observa-
tion Paschkis etal. (1945) found thiouracil inactivates cytochrome oxidase.

Other enzymes present in the thyroid which are not inhibited by
various goitrogens include succinoxidase (McShan et al. 1946) and the
proteolytic enzyme (De Robertis and Grasso 1946).

While xanthine oxidase (Keston 1944) and tyrosinase (Paschkis et
al. 1944) are inhibited by thiourea, the importance of these enzymes in
thyroxine synthesis has not been demonstrated.

In view of the discovery of acid and alkaline glycerophosphatase
in the rat thyroid (Dempsey and Singer 1946), the effect of goitrogens
upon this enzyme system should be investigated.

Miller et al. {1945) demonstrated that equivalent quantities of
thiouracil and iodine react rapidly at the pH of body tissues to vield the
disulfide of thiouracil.

H H H
| ! {
FARY Y FAY
0=C C=5 0=C C-5-5-¢ =0
2 T T 4k o+ 2na— T T T 4 o
H'"C% meH H—% fN N\ fC_H
¢ ¢ &
H H H

The disulfide of thiouracil was found to react with several equiv-
alents of iodine. These workers also observed that iodination of casein
by the method of Reineke and Turner (1942) was prevented by thiouracil
and that the iodination of tyrosine was unsuccessful in the presence of
thiouracil. Goitrogenicaniline derivatives suchas paraminobenzoic acid
were found to react more slowly and with smaller quantities of iodine
than did thiouracil.

While Astwoodetal. (1943) reported that nontoxic levels of iodide
failed to inhibit a hyperplastic response to thiourea or sulfaguanidine,
the later studies of Astwood (1945) and McGinty and Sharpe (1946) re-
vealed that iodide decreased the thyroid enlargement produced by thio-
uracil. Mackenzie (1947) reported that while small amounts of iodide
produceda 50 to 100 per cent inhibition of the goitrogenic action of thio-
uracil, iodide augmented the goitrogenic effect of sulfaguanidine. This
investigator concluded that thiouracil and the thioureas exert their effect
by the reduction of iodine as fast as it is formed by the enzymatic oxida-
tion of iodide, while sulfaguanidine inhibits an enzyme essential inthe
formation of thyroxine.

Dvoskin(1947) found that subcutaneous injection of elemental io-
dine completely inhibited the goitrogenic effects of thiouracil and sulfa-
guanindine. While this worker stated that on the basis of the dosages
employed the action of elemental iodine is outside the range of a simple
chemical neutralization of the goitrogens, this possibility still exists if
the iodide concentrating ability of the thyroid and the rapid metabolism
ofthiouracil are considered. Jensen and Kjerulf-Jensen (1945) found no
possibility of explaining the effect of goitrogens on the basis of inhibition
of copper containing enzymes.
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From the evidence available at the present time it seems highly
probable that the mode of action of goitrogens may depend upon their
chemical structure. Thiouraciland compounds of related structure may
have a threefold action. First, these compounds through inactivation of
peroxidase, prevent the liberation of iodine; second, through competitive
action, prevent the iodination of tyrosine; and third, through the inactiva-
tion of peroxidase and lowering of the oxidation-reduction potential, pre-
vent the oxidative coupling of diiodotyrosine to form thyroxine.

The lessactive sulfonamides and other aniline derivatives do not
preventthe collection of iodine, inhibit peroxidase action or depress the
oxidation-reduction potential of the thyroid. However, these compounds
have been shown to react with free iodine (DeRobertis and Grasso, 1946)
(Miller et al., 1945). The only known mechanism whereby these drugs
mayactis by competitive action for free iodine and the resultant iodina-
tion of these compounds in preference to tyrosine.

THE QUANTITATIVE DETERMINATION OF COMPOUNDS CONTAINING
THE THIOUREYLENE GROUP

It has been demonstrated by Astwood (1943a), Astwood et al.,
(1945), Bywaters et al., (1945), McGinty et al., (1945a, 1945b), Williams
and Kay (1947h) and others that many of the most active goitrogens
contzin the thioureylene grouping, Many goitrogenic compounds may be
deter mined by methods based upon the reagent developed by Grote (1931)
for detection of compounds containing the E=S grouping where E is any
single non-metallic element, Grote’s reagent was prepared through the
reduction of sodium nitroferricyanide in sodium bicarbonate solution
to agquoferrocyanide by hydroxylamine. Aquoferrocyanide on treatment
withbromine reacts to produce sodium aquoferricyanide which on stand-
ing in sodium bicarbonate solution is changed to a compound of unknown
structure. This compound produces characteristic color reactions with
many compounds containing the E=S linkage. Grote (1331) reported that
atapH of 8 to 9 interference, due to ketones, aldehydes, creatine, thio-
ethers and alkaloids, was practically eliminated.

Williams, Jandorf and Kay (1944) proposed a method based upon
the use of a modified Grote’s reagent for the determination of thiouracil
in blood and tissues. This method required a twelve hour enzyme diges-
tion and a time consuming pH adjustment. Danowski (1944), Campbell
etal., (1944)and Fishbergand Vorgimer (1945) have alsc developed meth-
ods for the determination of thiourea and thiouracil. Chesley (1944) de-
veloped a more satisfactory method for determination of small amounts
of thiourea in blood and urine. This investigator studied the effect of
pH upon the reaction and pointed out the importance of time intervals in
preparing a reproduceable reagent. Paschkis et al., (1945) adapted the
method of Chesley (1944a) to the determination of thiouracil.

Christensen (1945, 1946) developed methods for the determination
of thiouracil, thiobarbital and several substituted thiouracils. This in-
vestigator reported that, contrary to the observations of Williams, Jan-
dorf & Kay (1944), acid deproteinizing agents were most useful for pre-
paring proteinfree filtrates and that thiouracil was entirely ultrafiltrable
belowpH 3. Williams and Kay (1947a) substituted cadmium chloride for
the sodium tungstate-copper sulfate protein precipitating agent used in
their previous investigations (Williams, Jandorf and Kay 1944) and pro-
posed methods for determination of several of the substituted thiouracils.
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Olson, Ely and Reineke (1947) developed a process of aging the
stock color reagent to produce a stable and reproducable reagent and
eliminated the necessity reported by other investigators for establishing
a standard curve with each set of determinations. These investigators
also found that maximum color intensities could be'developed in5 to 15
minutes at a temperature of 50° C.

The investigations described in the present paper were concluded
before the publication of the rapid method proposed by Olsen, Ely and
Reineke. In our studies the lengthy method of Chesley (1944a) as modi-
fiedby Paschkis et al. (1945) was used for the determination of thioura-
cil except in the studies of comparative blood levels produced by thio-
uracil, thiobarbital, and 6 n-propyl thiouracil whenthe methods of Chris-
tensen (1945, 1946) were employed.

Attempts to use the methods of Williams, Jandorf and Kay (1944)
and other investigators for the determination of thiouracil in tissue ex-
tracts met with consistant failure due to the production of a red color
and other side reactions which apparently destroyed the reagent.

EXPERIMENTAL MFETHODS AND MATERIALS

Our initial studies of the metabolism of several of the more ef-
fective goitrogens were made onfowls of the White Plymouth Rock breed.
This animal was chosen due to its ready avallability and its convenience
as a laboratory animal. The birds employed in this investigation were
reared and housed in an artificially-lighted and well ventilated animal
room. The standard ration for birds of all ages consisted of the follow-
ing ingredients:

Yellow corn meal 45 parts by weight.

Shorts 15

Soybean oil meal 15

Meat scraps, 50% protein 7

Alfalfa meal 10

Bran 5

Bone meal 0.

Commercial salt 1.

Cod liver oil 0.

(400 AOAC units vitamin D/gram)

Thiouracil and the other goitrogens employed were mixed with
the feed in the following manner: A weighed amount was added to ap-
proximatelya kilogram of feed in a small container. The container was
shaken vigorously until the drug was evenly dispersed throughout. This
mixture was then added to the main bulk of the feed and agitated in a ro-
tary feed mixer.

Each group of birds was equally divided insofar as possible into
subgroups of equal size and weight.

. The three-week-old chicks were killed by ether and a four milli-
liter sample was drawn from the jugular vein into a dry centrifuge tube.
Blood samples were taken from the older birds after the esophagus had
been secured and the bird decapitated.

The blood samples were allowed to stand 15 minutes, stirred with
a clean glass rod to break up the coagulum and were centrifuged. The
serum was separated and stored at +5° C. until analyzed.

[ =]

5
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Thiouracil determinations were made by the method of Chesley
(1944a) as modified by Paschkis et al. (1945) except for the studies of
comparative blood levels of thiouracil, thiobarbital and 6 n-propyl thio-
uracil. The latter comparisons were made employing the method of
Christensen (1945-46) for determination of these goitrogens.

The Effect of Increasing Dosage on the Thiouracil Content of the
Blood of White Rock Chicks. -~ Six groups of ten, three-week-old chicks
were fed concentrations of 0.1 to 0.2 per cent thiouracil in the standard
chick ration for a period of one week. Three hours after the morning
feeding blood samples were taken from each chick and thiouracil was
determinedas previously described. The thiouracil content of the blood
was found to increase with increasing dosages until the 0.6 per cent level

was reached. (Fig. 1)
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Fig. 1. Relationship of thiouracil concentrations in the ration to thiouracil con-
centrations in the blood of White Rock Chicks.

The 0.8 and 1.0 per cent levels did not produce further increases
in the thiouracil content of the blood.

Similar results have been reported by Williams et al. (1944) and
Williams (1944). Christensen (1945) suggested that higher dosages may
resultin increased uptake of thiouracil by tissue proteins and increased
renal excretion.

Diurnal Concentrations of Thiouracil in the Blood of Chicks. --
Three groups of 72 three-week=-old chicks were fasted for 12 hours and
then allowed access for two hours to rations oontaining 0.1, 0.2, and 0.6
per cent thiouracil, respectively. Three birds from each group were
sacrificed at two-hour intervals over a 24-hour period. Blood samples
were taken and thiouracil was determined. Thiouracil concentrations
(Fig. 2) were found to reach a peak two hours after the chicks hadre-
ceived feed containing 0.1 or 0.2 per cent thiouracil. After four hours
the maximum blood level was reached in the group receiving 0.6 per cent
until none could be detected after 14, 18, and 20 hours, respectively.
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Fig. 2. Thiouracillevels producedand maintained in the blood of chicks by vary-
ing percentages of thiouracil in the ration.

Two-year-old Hens. -- Eighteen two-year-old White Leghorn
hens were fasted twelve hours and fed a ration containing 0.6 per cent
thiouracil for a two-hour period. Two birds were killed at intervals
during the following 24 hours and blood samples were taken. The max-
imum thiouracil concentrations were found four hours after feeding. Af-
ter 24 hours no trace could be detected in the blood. (Fig. 3).

The Effects of Feeding Interval on the Thiouracil Content of the
Blood. = Seventy-two three-week-old chicks were fed at four and one-
half hour intervals during a 12-hour daylight period. The birds were
allowedaccess for one hour at these intervals to feed containing 0.1 per
cent thiouracil. Three chicks were killed each hour during a 24-hour
period following the first feeding. The thiouracil content of the blood
remained relatively unifor m until ten hours after the last feeding (Fig. 4).
Fourteen hours after feeding, only a trace could be detected in the blood.

Thiouracil Concentrations in the Blood Under Normal Feeding
Conditions. -- Sixty-nine three-week-old chicks were fed a ration con-
faining 0.1 per cent thiouracil during a normal feeding period. Three
chicks were killed each hour for 16 hours and blood samples were taken.
Samples were also taken after 24 hours. The maximum thiouracil con-
tent of the blood was found four hours after the chicks first received it
in their feed. The thiouracil content of the blood declined rapidly until
none could be detected after 14 hours (See Fig. 5).

Indirect evidence thatthiouracil is not maintained in high concen-
trations in the blood of fowls has been given by Larson et al. (1945b).
These investigators found strong inhibition of the collection of iodine by
the chick thyroid one hour after injection of the thiouracil. Twenty-four
hours after injection, the inhibiting effect had decreased. After 48 hours,
the collection of iodine closely approached the normal level.
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Fig. 3. Thiouracll concentrations produced in the blood of White Rock hen after
a single feeding.

Andrews and Schnetzler (1946) observed an increased thyroid
enlargement in fattening broiler by giving an additional feeding of thio-
uracil at 1:00 A.M. under artificial light. The increased thyroid size
produced by additional feedings at a time when the thiouracil content of
the blood is low, (Fig. 2 to 5) suggests the possibility of renewed thyroid
secretion during this period.

The Non-Permeability of the Fowl Crop to Thiouracil. -- Since
feed has been shown to remain in the crop for severalhours (Heuser,
1945) and the absorption of thiouracil is rapid(Fig. 2 to 5), the possi-
bility of absorptionfromthe crop into the blood stream was investigated.

Single ligatures of silk thread were placed approximately one
centimeter below the crops of six White Rock cockerels. Six non-liga-
tured cockerels and the six ligatured birds, were fed the standard mash
plus 0.6 per cent thiouracil for a period of two hours. Onebird from
each group was killed and blood samples taken at hourly intervals for a
six-hour period. The crops of all 12 birds were found to contain a con-
siderable quantity of feed.

The blood of the non-ligatured birds was found to contain thiour-
acil in every case (Table 2) while only one of the ligatured fowls (Table
2, No. 3262) wasfound to contain thiouracil. Onpost mortem examination,
faint traces of feed were found in the proventriculus of this bird indicat-
ing that the ligature had permitted water and finely ground feed to pass.

This technigque for studying the absorption of thiouracil from the
crop was not entirely satisfactory since the single ligature sometimes
failed to prevent the passage of food from the crop and since it was im-
possible to measure the exact amount of thiouracil administered.
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Fig. 4. The effect of interval feeding on the thiouracil content of the blood of
chicks.

Table 2. ABSORPTION OF THIOURACIL FROM THE FOWL CROP

Non-Ligatured Ligatured
Time No. Thiouracil per No. ouracll per 100
after of 100 ml. of of ml. of Blood
Feeding Bird Blood Bird
Hours
\ mg.
1 3264 T% 3251 0.0
2 3267 1.8 3253 0.0
3 3258 6.1 3254 0.0
4 3275 6.0 3255 0.0
B 3263 4.6 3262 2.4
i 3274 1.2 3261 0.0

Therefore a double ligature of silk thread was placed on the eso-
phagus below the cropasbefore. Specialcarewas taken to obtaina tight

ligature on each fowl. Eleven six-week-old birds were ligatured in this
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Fig. 5. Thiouracil concentrations in the blood of chicks under normal feeding
conditions.

manner and 30 milliliters of a solution containing 75 milligrams of the
sodium salt of thiouracil was placed in the crop of each, by the use of a
syringe and a small rubber tube. Twelve non-ligatured, normal birds
received equal amounts of thiouracil in a like manner. Two birds from
each group, ligatured and non-ligatured were killed each hour for six
hours and blood samples were taken.

Aswastobe expected from the previous studies (Fig. 2 to 6), the
thiouracil content of the non-ligatured fowls was at a maximum (7.7
milligrams per 100 milliliters) one hour after administration. After six
hours, the thiouracil concentration had declined to1l.2 milligrams per
hundred milliliters of blood (Table 2).

Thiouracil was found in the blood of only one of the eleven liga-
tured fowls (Table 2, 3262).

Since the only evidence of thiouracil passage from the crop into
the blood stream was at the four-hour period (Table 2), ten birds were
double ligatured and 75 milligrams was administered as before. Blood
samples were taken from all ten birds after four hours. The blood of
one bird in this group (Table 3, No. 2611) was found to contain thiouracil
but no trace of thiouracil could be detected in the blood of the other nine

birds.
The presence of thiouracil in the blood of two of the esophagus-

ligatured fowls canbe explained onlyby the extreme difficulty of securing
a perfectly tight ligature. As demonstrated in previous experiments,
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single ligaturesfailed repeatedly to prevent the passage of feed from the
crop into the proventriculus. There seems to be no question on the basis
of this work, but that the crop is non-permeable to thiouracil.

Comparative Levels Produced in the Blood by Thiouracil, Thio-
barbitaland Propyl Thiouracil. -~ Eighteen two-year-old White Leghorn
hens were divided into three groups of equal size and body weight. One
group of six was given 30 milliliters of an aqueous solution containing
150 milligrams of thiouracil. The other two groups were given an equal
amount of thiobarbitaland 6 n-propyl thiouracil respectively. The drugs
were put into solution by the addition of 1 N sodium hydroxide and sub-
sequent neutralization to pH 8.0.

Since at least three milliliters of blood were needed for each de-
termination, it was necessarytouse the birds in relays of two. The first
five blood samples were taken from two birds in each group receiving
the various goitrogens. Another pair of birds from each group was used
for the second five samples and still another pair for the last five blood
samples. In this manner blood samples were taken over a 24-hour per-
iod following the administration of the drugs. Thiouracil was found to
reach a maximum concentration after three hours while the maximum
concentration of thiobarbital and 6 n-propyl thiouracil was found after
four hours (see Fig. 6). Thiobarbital reached a higher level than the
other goitrogens studied but after 15 hours the thiobarbital level had
dropped to the level of the other goltrogen and after this point was reached,
there was no significant variation in the blood levels produced by the
various goitrogens.

Comparative Levels Produced in the Blood of Chicks by Thiour-
acil, Thiobarbital and 6 n-Propyl Thiouracil. -~ Since extremely large
dosages were employed in the previous experiment and since these drugs
were giveninan aqueous solution, it was thought advisable to repeat this
investigation under more practical conditions. Eighty-one four-week-old
chicks were divided into three equal groups. The various groups were
fed a standard ration containing 0.3 per cent thiouracil, thiobarbital and
6 n-propyl thiouracil respectively. Aftera two-hour feeding period blood
samples were taken from three chicks in each group. Blood samples
were taken at intervals for a 24-hour period after feeding.

The average goitrogen content of the blood of three chicks at each
time interval was estimated as previously described.

Table 3. THIOURACIL IN THE BLOOD AFTER ADMINISTRATION TO
ESOPHAGUS-LIGATURED FOWLS
No. of Thiouracil per 100
Bird ml. of Blood

£

3611
3521
3542
3548
3520
3575
3515
3588
3562
3513

coopooODOO M
cCOoOo00ooOOoOoOoOMm®
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Fig. 6. Comparative levels produced and maintained in the blood of hens by equal
amounts of thiouracil, thiobarbital and 6 n-propyl thicuracil.

Thiobarbital was foundto reach a higher level than the other goi-
trogens as was demonstrated in the previous experiment (Fig. 7). A
sharp drop im the thiobarbital concentration was noted after four hours
but the level remained high in comparisonto the other goitrogens through-
outthe 20-hour period. There was no significant difference observed in
the blood levels of the other goitrogen. Both thiouracil and 6 n-propyl
thiouracil followed the typical pattern that had been demonstrated for
thiouracil in previous experiments.

Comparative Levels Produced in the Blood of Goats by Thioura-
cil and Thiobarbital.-- Three non-lactating female goats weighing about
95 pounds each were given three grams of thicuracil in their morning
ration. These animals accepted the thiouracil and feed mixture readily
and consumed the entire portion without objection. Blood samples were
taken at intervals for a 24-hour period by inserting a No. 16 syringe
ﬁe into the juglar vein and allowing the blood to drip into a centrifuge

This procedure was repeated at weekly intervals using the same
goats and the following amounts of goitrogens: Thicuracil 5 grams, thio-
uracil 10 grams, thiobarbital 3 grams, thiobarbital 5 grams. As had been
previously observed in the fowl, thiobarbital produced and maintained
consistantly higher blood levels than thiouracil (Fig. 8).

Thiouracil Concentrations in the Blood of Sheep. -- A Shropshire
wether weighing approximately 140 pounds was given 5 grams of thio-
uracilby capsule after this animal had refused feed containing the drug.
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Fig. 7. Comparative levels produced in the blood of chicks by three of the more
active goitrogens.

Blood samples were taken employing the same technique as was employed
for goats. Samples were taken at four, six and twenty-four hour inter-
vals after administration. The maximum thiouracil concentration was
observedafter six hours. After 24 hours only a relatively small amount
of thiouracil remained in the blood stream (Fig. 9).

THE DISTRIBUTION OF GOITROGENIC DRUGS IN BODY TISSUES AND
FLUIDS

The use of goitrogens in the treatment of thyrotoxicosis made
necessary the investigation of the pharmacological properties of these
compounds. Several workers have made intensive studies of the absorp-
tion, distribution, metabolismand excretion of the more active goitrogens.

Thiourea. -- Chesley (1944b) demonstrated that thiourea was
quickly metabolized and excreted. Willlams and Kay (1945) found that
thiourea was rapidly absorbed and distributed throughout body tissues
and fluids. These workers found the maximum thiourea concentrations
in the blood of patients thirty minutes after administration.

However, 48 hours after the oral administration of 0.2 grams,
thiourea could not be detected in the blood or urine of a normal subject.
These investigators reported that 30 per cent of ingested thicurea could
be recovered in the urine but none was present in the feces.

Tetraethylthiourea. -- Williams (1945) found concentrations of
5.8 to mﬁm_"m-tatraethﬂthimea as compared to 3.2 to 4.0
milligrams of thiouracil per 100 ml. inthe blood of rats fed equal amounts
of these drugs. The thyroid tissue of these animals contained 19.8 to
20.4 milligrams of tetramethylthioureaand 10.6 to 14.6 mgs of thiouracil
per 100 grams dry weight. In the human tetraethylthiourea was found to
prodace and maintain consistently higher levels in the blood than thio=-
uracil. Small quantities of tetraethylthiourea were found in the blood ten
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Fig. 8. Thiouracil and thiobarbital levels in the blood of goats after various
dosages.

hours after administration of 0.2 grams. At the same dosage level and
after an equal period thiouracil could not be detected in the blood. Smaller
percentages of tetraethylthiourea were excreted in the urine than was
thiouracilat equal dosages. No correlation was found between distribu-
tion levels and goitrogenic effect, since thlouracil proved to be more
goitrogenic than tetramethylthiourea.

Diethylthiourea. -~ Willlams (1945) reported that while diethyl-
thiourea produced slightly higher blood levels than thiouracil, there was
less goitrogenic effect.

Thiouracil. (2) Absorptionfrom Gastrointestinal Tract. -- Wil-
liams et al. (1944b) reported that 50 per cent of orally administered
thiouracil was absorbed in one hour and less than 25 per cent was de-
stroyed in the gastro-intestinal tract of the rat. The secretions of the
stomach, duodenum and jejumum but not the ileum were found to destroy
thiouracil. Thiouracil was not present in the stools of either the human
or rat, indicating that 100 per cent was destroyed or absorbed. Williams
andKay(1944) reported that comparison of intervenous with oral admin-
istration indicated that approximately 15 per cent of the thiouracil ingested
is destroyed in the gastro-intestinal tract.

(b) In Blood. -- Willlams, Kayand Jandorf (1944) found that thio-
uracil was rapidly absorbed into the blood stream. It was observed in
the humanthat a dose of 0.2 gram produced the highest blood level (2.3
milligrams per 100 mL.) 15 minutes after administration. After this time
thiouracil concentrations inthe blood declined until after eight hours only
0.3 milligrams per 100 ml. was present. In one patient traces of thio-
uracil persisted in the blood for three days but none could be detected
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Fig. 9. Thiouracil concentrations in the blood of a sheep after a single dosage.

after this period. In most subjects, however, thiouracil concentrations
inthe blood declined rapidly after administration ceased and only traces
could be detected after 24 to 48 hours. Divided doses produced a more
uniform levelthan single large dosages. Twenty-four toforty-eight hours
after administrationbegana relatively uniform level was observed in the
blood regardless of the level of dosage. Williams (1944) reported that
the administrationof 0.1 grams produced a blood level of 2.0 milligrams
two hours after administration. A rapid decline was observed after this
period and thiouracil could not be detected in the blood after 48 hours.
Whenthiouracil was not administered during the sleeping hours, concen-
trations tended to be low the following morning. On dosages up to 0.6
grams thiouracil disappeared from the blood stream at intervals varying
from a few hours to three days after therapy ceased. With larger dos-
ages thiouracil wasfound in the blood for five days, although in all cases
the quantity became small one day after cessation of treatment. Pasch-
kis et al. (1945) found a maximum thiouracil concentration in the blood
two hours after a patient received a 1.0 gram dosage. In all cases thio-
uracil disappeared rapidly from the blood and, unless large doses were
given inthe evening, the concentration fell to almost imperceptible levels
during the night.

Pipes and Turner (1946) reported that thiouracil could not be de-
tected in the blood of the fowl 16 to 20 hours after oral administration.
Pipes and Turner (1947) found a similar pattern of rapid elimination of
thiouracil from the blood stream of the rabbit, the goat and the sheep.
Ely, Olson, and Reineke (1947) found that thiouracil was practicallyelim-
inated from the blood plasma of goats, 12 hours after oral administration
of 0.015grams per kilogram body weight and 24 hours after administra-
tion of 0.12 grams per kilogram body weight.
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(c) Excretion in Urine. -- Williams, Kay and Jandorf (1944),
Williams (1944), Williams and Kay (1947a) reported that approximately
one third of the drug ingested is excreted unchanged in the urine. Pasch-
kis et al. (1945) observed that 24 to 57 per cent of 1.0 gram dosage was
excretedintheurine during the first 24 hours and 10 to 15 per cent dur-
ing the next 24-hour period. Thiouracil has been detected in urine in
small concentration as long as five days after therapy ceased but in all
cases the quantity was small after 48 hours.

(d) Concenirations in Milk and Eggs. -- Williams, Kay-and Jan-
dorf (1944) reported concentrations of 9 to 12 milligrams of thiouracil
per 100 ml. in milk from patients which had received 1.0 gram of thio-
uracil. Monroe and Turner (1946) demonstrated that extreme thyroid
enlargement occurred ininfant rats nursing mothers receiving thiouracil.
Andrews and Schnetzler (1945), found 7.0 to 15.0 and 8.0 to 12.0 milli-
grams of thiouracil per 100 grams in theyolksand whites of eggs from
hensfed 0.2 per cent thiouracil in the ration. A definite thyroid enlarge-
ment was observed in chicks hatched from such eggs.

(e) ConcentrationinTissue. -- Thiouracil hasbeenfound in vary-
ing amounts in practicallyall tissues of the body (Williams and Kay, 1944;
Williams, 1947). Highest concentrations were found in the bone marrow,
thyroid, adrenals, ovaries and pituitary, Relatively small concentrations
were found in the testes and liver. Muscle was found to contain from
8.2 to 0.0 milligrams per 100 grams (dry weight). In patients which re-
ceived thiouracil over five days, the thiouracil concentration was many
times higher in the tissues than'in the blood. Pipes and Turner (1947)
found thiouracil concentrations of less than 5 milligrams per 100 grams
in the tissues of several species. Franklin et al. (1947) reported that
thiouracil concentrations in the muscle of swine fed 0.2 per cent thiour-
acilfor 34 days were 6+3 milligrams per 100 grams. One day after re-
moval of thiouracil from the ration the level dropped to 2+1 milligrams
per 100 grams and none could be detected after three days.

Franklin et al, (1948) demonstrated that the thiouracil content of
the tissue of fowls after a three week feeding period was 3+:2 milligram
per cent. After administration ceased the thiouracil content fell to 0.1
milligram per cent after 24 hours and less than 0.05 milligram per cent
after 48 hours.

(f) Destruction by Tissues. --In a series of in vitro experiments
Williams (I944) demonstrated that essentially all tiSsues possess the
ability to break down thiouracil. In some cases more than 75 per cent
was brokendown intwo hours. Pituitary, thyroidand adrenal tissue were
most active and muscle and pancreas tissue least active.

These workers also reported that 94 per cent of injected thiour-
acil couldbe recovered if the entire carcass of the rat was analyzed one
minute after injection. However the carcassand the urine contained only
65 per cent after 1 hour, 30 per cent after 3 hours and 22 per cent after
10 hours. At the end of 24 hours only a trace of thiouracil could be de-
tected in the carcassandonly 12 per cent had been excreted in the urine.
While the breakdown products of thiouracil are not known, William, Kay
and Jandorf (1944b) found increased excretion of neutral sulfur inthe urine.

Substituted Thiouracils. -- Williams and Kay (1947a) found that
the destruction of thiouracil was almost twice as rapid as that of any of
its derivatives with substituents in the 6-position -methyl, ethyl, propyl,
butyl or amyl. Thiouracil was found in the bodies of rats in concentra=

" tlons of Tto 16 milligrams per 100 grams. Derivatives with an odd num-
ber of carbonatoms were found to accumulate in the body in highest con-
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centrations. Howeverthe ethyl and butyl derivatives accumulated in the
largest concentrations in the thyroid gland. No essential difference in
blood levels produced by 6 n-propyl thiouracil and thiouracil were ob-
served with patients receiving less than 100 milligrams daily. When the
dosage was 100 milligrams or above, 6 n-propyl thiouracil was found in
higher concentrations in the blood than thicuracil. No proportional re-
lationship has been established between the concentrations produced in
the blood or thyroid tissue by these drugs and their goitrogenic activity

(Williams, 1945; Williams and Kay, 1947a).

Intensive investigation has demonstrated that thiouracil and many
of the more active goitrogen are quickly absorbed from the gastrointes-
tinal tract, differentially distributed throughout the body and rapidly bro-
kendown by the body tissues or excreted in the urine. These investiga-
tions have been confined for the most part to the rat and man. The ques-
tion of species variation in metabolism of the goiirogens has not been
extensively studied.

DETERMINATION OF THIOURACIL IN TISSUES

Preparation of a Standard Reference Curve, -- Existing methods
for determination of thiouracil in tissue (Williams, Jandorf and Kay, 1944)
have not proved satisfactory in this laboratory. Therefore, a method
based on hypertrophy of the rat thyroid was developed.

The rats employed were female Wistar albinos of the Missour1
strain weighing from 120 to 140 grams each at the beginning of the test.
A standard reference curve was prepared in the following manner: Suf-
ficient thiouracil wasblended with fresh chicken tissue in a Waring blen-
dor to give thiouracil concentrations of 0.005 to 20.5 per cent or 5 to 50
milligrams per 100 grams of tissue.

The tissue-thicuracil mixtures were combined with the standard
ration (see page 13) to give 95 per cent meat diet on a wet basis. After
packaging in 300-gramlots this mixture was stored at ~18°C.

Six groups of ten rats each were fed the ration containing 0.0,
5.0, 10.0, 17.0, 25.0, and 50.0 milligramsof thiouracil per 100 grams of
tissue. The dailyfeed for each group consisted of a freshly thawed 300-
gram lot of the mixture described above. After two weeks on this diet,
the rats were killed with ether and body weight was recorded. The thy-
roids were weighed immediatelyto the nearest 0.1 milligramona Roller-
Smith torsion balance. The average thyroid weight per 100 grams body
welght was found to increase with increasing thiouracil dosage until the
25 milligram level was reached. At the 50 milligram level no further
increase in thyroid size was observed (Fig. 10) (Table 4).

Estimation of Thiouracil and Thiobarbital in Chicken Tissue.
The fowls employed in these experiments were six-week-old White Ply-
mouth Rock chickens which had received thiouracil or thiobarbital in the
ration for the preceding week. The birds were slaughtered three houryd
after the morning feed since previous experiments had demonstrated a
high level of thiouracil in the blood at this interval after feeding. The
birds were skinned, dressed as for market and were ground in a Straub
E 4 mill. In each analysis, every effort was made to duplicate the con-
ditions under which the standard reference curve was prepared.

Estimates of the goitrogenicity of tissue were made oneight groups
of birds receiving varying amounts of goitrogens. Four groups received
0.1, 0.2, 0.4, and 1.0 per cent thivuracil in their respective rations.
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THYROID WT. (MG. PER 100GMS. BODY WT)

25
MILLIGRAMS THIOURACIL ADDED PER 100 GMS. TISSUE

Fig. 10. Relationship of thicuracil concentration in meat to the thyroid weight of
rats on the ration.

Two additional groups were fed 0.1 per cent thiouracil and were
used to test the possibility of accelerated enzymaticaction due to freezing
and thawing of the tissue before feeding. The tissues from one of the lat-
ter groups was prepared as previously described, frozen, and a portion
thawed daily before feeding. Birds from the other group were killed
daily while receiving 0.1 per cent thiouracil and fed to rats in a freshly
prepared ration.

The two remaining groups were fed 0.1 per cent thiobarbital.

The data obtained in these experiments were analyzed according
to methods for analysis of variance (Snedecor 1940).

Results. -- Tissues from birds receiving 0.1, 0.2, and 0.4 per
cent thiouracil were found to produce a slight but significant increase in
size of the thyroid glands of the rats consuming the tissues (Table 5).
Birds fed at 1.0 per cent thiouracil level produced tissues without sig-
nificant goitrogenic effect.

Freezing and thawing of tissue did not tend to reduce goitrogen~
icity since a larger increase in thyroid size was observed in rats fed
thawed tissue than in rats fed fresh tissue from birds receiving equal
amounts of thiouracil.

The tissues from one group of birds receiving 0.1 per cent thio-
barbital produced a definite goitrogenic effect but the tissues of the other
groupfailed to increase thyrold size significantly while slight but signi-
ficant increases inthe thyroid size was observed in rats fed tissues from
fowls receiving thiouracil or thiobarbital. It is evident that all tissues
agsayed coniained less than the equivalent of 5 milligrams of thiouracil
per 100 grams of meat.
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TABLE 4. THE EFFECT OF FEEDING CHICKEN TISSUE CONTAINING
THIOURACIL ON THE THYROID GLAND OF THE RAT

Thiouracil added Average Average Average Thyrold
per 100 grams of Body Thyroid Weight per 100
chicken tissue Weight Weight grams body weight
mg. gm. mg. mg.
0.0 152.5 10.90 7.72
5.0 140.6 19.06 13.60
10.0 136.2 23.14 17.00
17.0 141.3 27.27 19.30
25.0 156.4 31.63 20.22
50.0 160.0 32.38 20.22

Thiouracil Retention in the Tissues of Swine. -- Since female

rats were not available at the time of this investigation, male rats vary-
ing in weight from 140 to 240 grams were employed. However since
Monroe and Turner (1946) have shown that thyroid secretionrate isa
linear function of body weight in the male rat, it was not considered that
a serious error was introduced by the rather large variation in body
weight of these groups. The tissue was provided by cross bred pigs which
had received 0.0, 0.05,and 0.1 per cent thiouracil respectively in the ra-
tion during a 28 day ad libitum feeding period. Composite samples of
lean and fatty tissue were ground ind combined with a feed mixture as
described in the previous assays. Tissue from the control animals was
divided into three portions and 0.0, 5.0 and 10.0 milligrams of thiouracil

per 100 grams was added.
Inall other respects the conditions of this experiment were iden-

tical with our previous studies on chicken tissue.

TABLE 5. RETENTION OF GOITROGENS IN CHICKEN TISSUE

Per cent of Goitrogen Average Average Average Thyrold
in Ration of Birds Body Weight Thyroid Weight per 100
Providing Tissue of Rats Weight grams body weight

gm. mg. mg.

0.0 152.5 10.90 7.20

0.1 Thiouracil 166.9 17.10 10.20

0.1 n 155.2 16.14 10.40

0.1 "' (Fresh tissue) 158.7 13.22 8.30*

0.2 Thiouracil 148.7 18.10 12.20

0.4 n 160.9 19.20 11.90

1.0 ul 132.7 11.08 8.35*

0.1 Thiobarbital 142.5 17.10 10.20

0.1 " 142.6 10.45 7.50

*not significant
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Results. -- The addition of 5.0 to 10.0 milligrams of thiocuracil
per 100 grams of pork tissue produced significant increases in the size
of the thyroids of the rats consuming the tissue (Table 6). Pork from
swine receiving 0.05 per cent thiouracil failed to produce a significant
goitrogeniceffect. The group receiving 0.1 per cent thiouracil produced
tissues possessinga goitrogenic effect slightly higher than that produced
by the addition of 5.0 milligram of thiouracil per 100 grams,

Retention of Thiouracil in the Tissues of Other Domestic Ani-
mals. -- Estimates of the goitrogenic content of the tissues of rabbits,
goats, calvesand sheep were made. Since previous experiments demon-
strated that large amounts of thiouracil (5 to 25 milligrams per 100
grams) could be easily detected but that smaller quantities could not be
accurately estimated, it was not considered necessary to set up standard
reference curves.

Theanimals providing the tissue for these experiments were fed
thiouracil or thiobarbital for at least seven days previous to slaughter.
All animals were slaughtered within three to five hours after receiving
the lastdosage of the goitrogen. Composite samples of tissue were taken
and were prepared in a ration as previously described. Female rats
welghing between 100 and 120 grams were employed in these studies ex-
cept as otherwise noted.

Rabbits. -- Tissuesfromthree groups of white New Zealand rab-
bits fed 0.1, 0.2, and 0.4 per cent thiouracil in the ration and tissues from
three groups fed 0.1, 0.2, and 0.4 per cent thiobarbital were fed to male
albino rats ranging inbody weight from 180 to 240 grams. No significant
increase over the controls was observed in 