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ABSTRACT The effect of the teratogen 2-amino-1,3,4-thiadiazole on glyco- 
genesis and glycogenolysis was investigated in the fetal and neonatal rat liver. 
At day 15,16, or 17 of gestation (sperm day = day 0) pregnant Sprague-Dawley 
rats received a single IP injection of an aqueous solution of aminothiadiazole. 
Dosages used were teratogenic (100 mgkg maternal body weight) and nonter- 
atogenic (10 mgkg). At day 16 some rats received nicotinamide (100 mg/rat) in 
addition to a teratogenic dose of aminothiadiazole. Livers were recovered for 
assay at fetal day 20 and postnatal day 1. Only at  day 16 did a teratogenic 
dose induce a significant depression in the fetal activity of glycogen synthetase 
(to 49.6% of control activity) and glucose-6-phosphatase (to 72.2% of control 
activity), and in glycogen accumulation (to 72.6% of control accumulation). At 
day 15, a teratogenic dose significantly depressed glucose-6-phosphatase activ- 
ity but not glycogen synthetase activity or glycogen accumulation. Nicotina- 
mide, given immediately after aminothiadiazole, was effective in blocking the 
inhibition. Teratogenic treatment had no effect on the postnatal activity of 
glucose-6-phosphatase. Apparently some event associated with birth releases 
the enzyme from its prenatal inhibition. These results demonstrate a parallel- 
ism between the perturbing effect of aminothiadiazole on biochemical devel- 
opment and morphological development with respect to time of insult, dose 
response, and protection with its antiteratogen. The mechanism of action 
whereby aminothiadiazole depresses the activity of glycogen synthetase and 
glucose-6-phosphatase remains to be determined. 

Biochemical studies of rat embryonic tis- 
sue during the organogenetic period have 
shown several embryotoxic substances to be 
able to alter normal biochemical develop- 
ment (Neubert et al., '71). What, if any, long- 
term effect these changes have on subse- 
quent prenatal and postnatal development 
remains to be determined. The evaluation of 
perinatal enzymology has been proposed as 
one method for testing postnatal functional 
development (Andrew, '76). Alterations in fe- 
tal and postnatal enzyme activity have been 
reported to follow in utero exposure to ra- 
diation, chemicals, drugs, hormones, and nu- 
tritional deficiency (review by Andrew and 
Lytz, '81). 

Enzymes are indicators of tissue differen- 
tiation, and changes in enzyme levels during 
growth and development have been corre- 
lated with the concomitant appearance of 
function in the embryo (Moog, '70). The se- 
quential emergence of enzymes is necessary 

to meet the changing functional require- 
ments of the developing organism. Green- 
gard ('70) has described the tendency for the 
formation of liver enzymes associated with 
the adaptation to extrauterine life to cluster 
in time. A cluster forms during the late fetal 
period (e.g., enzymes of glycogen synthesis 
and glycogenolysis), a cluster forms during 
the first day after birth (e.g., enzymes of glu- 
coneogenesis), and a cluster appears during 
the third week of postnatal life (e.g., enzymes 
of detoxification and lipid synthesis). It has 
been proposed that postnatal health and sur- 
vival (as exemplified by growth and func- 
tional normalcy) are determined by the 
quantitative pattern of enzymes acquired by 
tissues and organs during fetal and perinatal 
development (Greengard, '78). 

Treatment of pregnant rats with 2-amino- 
1,3,4-thiadiazole (ATDA) induces malforma- 
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tions in their offspring (Beaudoin, '72; Maren 
and Ellison, '72; Scott et al., '72). In the rat, 
the period of greatest susceptibility to the 
teratogenic action of ATDA is from gestation 
day 9 through day 13, and the optimal tera- 
togenic dose, without observable maternal 
effects, is 100 mgkg maternal body weight 
(Beaudoin, '73). The type of malformation in- 
duced depends on the developmental stage at  
the time of treatment. The most frequent 
malformations observed are anophthalmia, 
microphthalmia, hydrocephalus, tailless- 
ness, ectrodactyly, syndactyly, and cleft pal- 
ate. A dose of 10 mgkg (subteratogenic) fails 
t o  induce abnormalities. Aminothiadiazole is 
an antagonist of nicotinamide (Troy et al., 
'56). Supplemental nicotinamide treatment 
protects the rat fetus from the embryolethal 
and teratogenic effects of ATDA (Beaudoin, 
'76). Since the usual fate of nicotinamide in 
the body is incorporation into NAD or its 
phosphate NADP, it has been suggested that 
ATDA may interfere with the synthesis or 
utilization of NAD(P) in cellular metabolism 
(Beaudoin, '74). 

The present study was undertaken to de- 
termine if aminothiadiazole, known to in- 
duce prenatal morphological damage with 
resultant congenital malformations, can in- 
duce measurable changes in the biochemical 
maturation of an organ, and thus perhaps 
affect postnatal health and survival. The 
liver was selected as the organ for study be- 
cause it has been investigated extensively in 
an attempt to relate biochemistry to function 
and morphology, and because it is an organ 
that biochemically reflects adaptations oc- 
curring in the transition from intrauterine 
to extrauterine life. 

MATERIALS AND METHODS 

The Sprague-Dawley rat (Charles River, 
Willmington, Massachusetts) was used in 
this study. The rats were housed in tempera- 
ture- and light-controlled animal quarters, 
and fed Purina Rodent Laboratory Chow 
(Ralston Purina, St. Louis) ad libitum. Water 
was available at all times. The day of finding 
sperm in the vaginal smear was designated 
day 0 of pregnancy. At day 15, 16, or 17, 
pregnant rats received a single IP injection 
of an aqueous solution of ATDA at  a terato- 
genic dose of 100 mgkg maternal body 
weight. At day 16, additional pregnant rats 
were treated with either a subteratogenic 
dose (10 mgkg) of ATDA or a teratogenic 
dose followed immediately by its antiterato- 
gen nicotinamide (100 mg per animal). Con- 

trol rats received IP injections of a 
comparable volume of distilled water or nic- 
otinamide. Fetuses were recovered at  day 20 
for study of enzymes from the late fetal clus- 
ter. Newborn animals were selected 1 day 
after birth for analysis of enzymes of the 
neonatal cluster. Livers were removed im- 
mediately and processed according to the re- 
quirements of the enzyme assay. Maternal 
liver from each control and treated rat were 
assayed as a check for the procedure. Each 
assay was run on the  liver from a single fetus 
or newborn. Each enzyme assay included a 
sample of control maternal liver, experimen- 
tal maternal liver, control fetal (or newborn) 
liver, experimental fetal (or newborn) liver, 
and appropriate blanks and standards. Each 
sample was run in triplicate. 

Glucose-6-phosphatase (E.C. 3.1.3.9) was 
selected for assay because it is necessary for 
the release of free glucose from liver cells in 
the period immediately after birth, when 
stored glycogen is the only source of glucose. 
The assay method followed that described by 
Baginski et al. ('74). Liver is homogenized in 
ice-cold sucrose solution and the microsomal 
fraction obtained by centrifugation. The en- 
zyme assay measures spectrophotometrically 
the inorganic phosphate liberated in the 
breakdown of glucose-6-phosphate. Enzyme 
activity is expressed as @moles of phosphate 
liberated per minute per gram of liver. 

Uridine diphosphate glucose glycogen gly- 
cosyltransferase (glycogen synthetase, E.C. 
2.4.1.11) was selected because it appears a t  
the time of initial glycogen synthesis. Liver 
is homogenized and, following centrifuga- 
tion, the supernatant is assayed according to  
the procedure described by Leloir and Gol- 
demberg ('621, which depends on the produc- 
tion of uridine disphosphate from UDPG. 
Enzyme activity is expressed as pmoles UDP 
per minute per gram of liver. 

Glycogen was selected because of its rela- 
tionship to the two enzymes assayed and be- 
cause of its importance as an energy source 
for the newborn rat. Glycogen concentration 
in fetal and maternal liver was determined 
by the method of Carroll et al. ('56), using 
the anthrone reagent. 

The results were analyzed statistically us- 
ing the one-tailed Student's Y" distribution 
(Brown and Hollander, '77). 

RESULTS 

Male and female fetuses were assayed sep- 
arately but, because there were no signifi- 
cant differences between the results in any 
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assay, these results are grouped together in 
the tables. Both adult and fetal enzyme ac- 
tivities reported in this paper for the normal 
livers are within the range reported for these 
enzymes in rats (Knox, '72). The H2O-treated 
controls were pooled in the study of each 
enzyme. 

Glycogen synthetase 
Enzyme activity in the maternal liver 

ranged between 1.20 and 2.56 pmoles/min/g 
of liver. ATDA treatment had no effect on 
enzyme activity in the maternal liver when 
activity was measured at the time of fetus 
recovery, 4 days after the injection. Table 1 
presents the data for glycogen synthetase ac- 
tivity in fetal liver following maternal injec- 
tion with distilled water, nicotinamide, or 
ATDA at day 15, 16, or 17 of gestation. A 
teratogenic dose of ATDA administered at  
day 15 or 17 had no significant effect on en- 
zyme activity; a teratogenic dose adminis- 
tered at day 16, however, caused a marked 
depression in enzyme activity at day 20, to 
50% of control values (P = 0.0005). A subter- 
atogenic dose of 10 mgkg depressed glycogen 
synthetase activity to 84% of control values, 
but the depression was not statistically sig- 
nificant. Supplementation with nicotinamide 
was effective in blocking the enzyme depres- 
sing action of 100 mgkg ATDA. 

Glucose-6-phosphatase 
Enzyme activity in maternal livers ranged 

between 4.4 and 12.5 pmoles/min/g of liver. 
ATDA treatment had no effect on enzyme 

activity in the maternal liver when activity 
was measured at  the time of fetus recovery, 
4 days after the injection. Table 2 presents 
the data for glucose-6-phosphatase activity in 
fetal liver following maternal treatment with 
distilled water, nicotinamide, or ATDA at day 
15, 16, or 17 of gestation. ATDA caused a 
marked depression in fetal enzyme activity 
a t  day 20 to 72% of control values (P = 
0.0005), when injection was at  day 15 or 16. 
Maternal ATDA injection at  day 17 had no 
significant effect on enzyme activity a t  day 
20. A subteratogenic dose of 10 mgkg at  day 
16 had a marginal depressing effect on en- 
zyme activity, in contrast to the results ob- 
served with glycogen synthetase. The 
administration of the nicotinamide supple- 
ment immediately after the injection of a 
teratogenic dose of ATDA prevented its en- 
zyme-inhibiting action. Compared with the 
pooled water controls, there was a slight de- 
crease in enzyme activity following treat- 
ment with nicotinamide alone at  day 16. This 
decrease, however, is barely significant (P = 
0.05), and only two litters were studied. After 
birth the enzyme is apparently released from 
the inhibitory effect of ATDA, for although a 
slight depression in activity was found, the 
depression was not significantly lower than 
activity observed in the control newborns 
(Table 3). 

Table 4 presents the data for glycogen ac- 
cumulation in fetal livers following maternal 
treatment with distilled water, nicotinamide, 
or ATDA at  day 15 or 16 of gestation. The 
rats used for glycogen determination are the 

TABLE 1. Glycogen synthetase activity in the day20 fetal rat liuer 

Treatment treated assayed k SEM' Percent control 

HzOpooled 13 94 4.25 k 0.21 

ATDA (100 mgkg)  

No. dams No. fetuses Activity 

controls 

Day 15 6 24 4.04 & 0.20 95.0 
Day 16 8 30 2.11 f 0.24 49.6 

Day 17 8 32 4.33 ? 0.31 101.8 
(P = 0.0005) 

ATDA (10 mgikg) 

Nicotinamide 

Day 16 6 24 3.58 k 0.56 84.2 

(100 mp) 2 12 4.30 f 0.52 

ATDA (100 mgkg)  
+ N (100 mg) 
Day 16 3 12 4.50 k 0.43 104.6 

(% N control) 

'vrnoles UDPimidg liver. 
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TABLE 2. Glucose-6-phosphatase actioity in  the day-20 k t a l  rat liuer 

Treatment treated assayed f SEM' Percent control 

H20pooled 16 99 0.36 f 0.01 

No. dams No. fetuses Activity 

controls 

ATDA (100 mgikg) 
Day 15 3 16 0.26 i 0.02 

Day 16 8 3'2 0.26 +_ 0.01 

Day 17 8 21 0.33 k 0.005 

Day 16 3 16 0.31 f 0.02 
ATDA (10 mgikg) 

Nicotinamide 
( 100 mg) 2 17 0.31 + 0.01 

ATDA (100 mgikg) 
+ N (100 mg) 
Day 16 4 16 0.33 f 0.02 

72.2 
(P = 0.0005) 

72.2 
(P = 0.0005) 

91.6 

86.1 
(P = 0.021 

104.6 
(% hl control) 

'pinoles phosphate liheratedlmlnlg llver 

TABLE 3. Glucose-6-phosphatase actziiit,y in newborn rat liuc-r follouring 
matwnal treatment with ATDA 

No, dams No. fetuses Activity Percent 
Treatment treated assayed SEM' control - 

Day 16 
H20 4 28 6.65 f 0.63 
ADTA (100 mgikg) 5 37 5.99 f 0.48 90.1 

I pmolcs phosphate liberatediminlg livev 

TABLE 4. Glvcocen concentrution in the dav-20 fetal rat liver 

No. dams No. fetuses Amount 
Treatment treated assayed f SEM' 

H20  pooled 6 24 26.52 f 1.26 
controls 

ATDA (100 nigikg) 
Day 15 2 7 25.79 f 2.31 
Day 16 4 16 19.27 i 0.98 

Nicotinamide 
(100 mg) 4 15 26.20 f 2.67 

ATDA (100 m g k g )  
+ N (100 mg) 
Day 16 3 11 28.38 f 4.17 

Percent control 

97.2 
72.6 

(P = 0.01) 

108.3 
(o / r  N control) 



BIOCHEMICAL MATURATION IN RAT LIVER 373 

same rats used for glycogen synthetase as- 
say, except that glycogen was not measured 
in all fetuses in which the enzyme was as- 
sayed. A teratogenic dose administered at  
day 15 had no effect on fetal glycogen accu- 
mulation when measured at  day 20. An iden- 
tical dose of ATDA at day 16, however, 
markedly reduced glycogen deposits to 73% 
of control values (P = 0.01). Supplemental 
treatment with nicotinamide immediately 
following ATDA injection abolished the in- 
hibitory effect of ATDA, and glycogen accu- 
mulation was similar to that observed in 
control fetuses. 

DISCUSSION 

The accumulation of liver glycogen in the 
late fetal period, its rapid utilization after 
birth, and persistent low blood glucose levels 
during the neonatal period are a common 
pattern in mammals during the transition 
from intrauterine to extrauterine existence 
(Dawkins, '66). The importance of this glu- 
cose is demonstrated following radiation-in- 
duced deletions in chromosome 7 in the 
mouse. The offspring die shortly after birth 
because they cannot maintain a normal blood 
glucose level owing to the absence of glucose- 
6-phosphatase activity in the liver (Glueck- 
sohn-Waelsch, '79). Events associated with 
birth induce within hours a rapid fall in liver 
glycogen to a concentration of 10% or less of 
the fetal concentration, where it remains for 
several days, attaining the adult level in 2- 
3 weeks (Shelly, '61). The glucose released is 
utilized by the newborn as an energy source 
until nutrients are absorbed from the gut 
following suckling. 

It is known that prenatal insult may pro- 
duce changes in postnatal physiology and be- 
havior, and that these changes may be subtle 
(Rodier, '78). It is probable that biochemical 
alterations underlie these changes, but, while 
the calendar for prenatal and postnatal mor- 
phological development is well known, the 
timing of the biochemical events that pre- 
cede morphological and functional events 
during development is not well known, and 
little has been written about the effect of 
teratogens on the biochemical maturation of 
organs. 

It can be expected that if teratogens do 
affect biochemical differentiation, the effects 
will parallel those seen during morphological 
differentiation with respect to dosage, timing 
of insult, genotype, etc. The results of the 
present experiment demonstrate that a tera- 
togenic agent can interfere with the time- 

table of biochemical maturation of an organ. 
A teratogenic dose of ATDA inhibited the 
activity of the enzymes' glycogen synthetase 
and glucose-6-phosphatase in the rat fetal 
liver without altering their activity in mater- 
nal liver. The accumulation of fetal liver gly- 
cogen was simultaneously reduced. The latter 
was expected since glycogen synthetase is 
the enzyme in the rate-limiting step for the 
formation of glycogen. These effects were 
time-specific. The susceptible period for the 
induction of enzyme depression appears to 
vary between the two enzymes studied. Fol- 
lowing maternal injection at day 16, a tera- 
togenic dose of ATDA inhibited the activity 
of both glycogen synthetase and glucose-6- 
phosphatase. Maternal injection at day 15, 
however, only depressed glucose-6-phospha- 
tase activity. Neither enzyme was affected 
by ATDA treatment at day 17. A dose re- 
sponse was demonstrated. A teratogenic dose 
was an effective enzyme-inhibitory dose. A 
subteratogenic dose failed to inhibit glycogen 
synthetase significantly but did slightly in- 
hibit glucose-6-phosphatase. The significance 
of these observations remains to be deter- 
mined but may reflect differing sensitivities 
to  ATDA in the two pathways of enzyme 
synthesis. This is reminiscent of the devel- 
opment of different organs that have differ- 
ing susceptibilities to teratogenic influence. 
The effect of the teratogen on both enzyme 
activity and glycogen accumulation could be 
abolished by supplementation with nicotin- 
amide, an  antiteratogen against ATDA. 
These results demonstrate that, in the rat, a 
parallelism exists between the perturbing ef- 
fect of ATDA on biochemical development 
and morphological development. 

It has been recently demonstrated (Kav- 
lock et al., '82) that several fetotoxic agents 
administered to the dam during the organo- 
genetic period cause decreased glycogen de- 
position in fetal rat liver late in gestation. 
Snell et al. ('77) have shown the administra- 
tion of methyl mercury at day 8 of gestation 
in rats to depresss the activity of glucose-6- 
phosphatase during the late fetal period. The 
postnatal activity of glucose-6-phosphatase 
has been reported to be reduced following 
irradiation in utero in rats (Smith and Shore, 
'66) and beagles (Wagner and Garner, '71). 
The results in the present experiment differ 
in that the prenatally induced reduction in 
activity of glucose-6-phosphatase did not per- 
sist postnatally. To demonstrate that the en- 
zyme depression peristed until birth, two 
pregnant rats were treated at  day 16 with a 
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teratogenic dose of ATDA. The dams were 
allowed to deliver five pups each after which 
the fetuses remaining in utero were re- 
covered. Livers were removed immediately. 
The activity of glucose-6-phosphatase was as- 
sayed and found to be depressed in the livers 
of the fetuses in utero but comparable to 
control activity in the livers of the recently 
born pups (unpublished). Apparently some 
event associated with the birth process re- 
leases the enzyme from the inhibitory effect 
of ATDA. This event remains to be identified. 

The use of aminothiadizole as a teratogen 
during rat development in utero has re- 
vealed two periods of susceptibility. Early in 
gestation ATDA perturbs morphological de- 
velopment, and late in gestation it perturbs 
biochemical development. Within each sus- 
ceptible period, the observed response varies 
with the time of insult and the dose. In addi- 
tion, nicotinamide blocks both actions of 
ATDA. The mechanism whereby aminothia- 
diazole depresses enzyme activity remains to 
be elucidated. 
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