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ABSTRACT The teratogen 2-amino-1,3,4-thiadiazole (ATDA) is an antago-
nist of nicotinamide, and may act by interfering with the synthesis or utiliza-
tion of the coenzyme nicotinamide adenine dinucleotide (NAD). Several com-
pounds that can be converted to NAD were tested as antiteratogens against
ATDA. At day 11 of gestation (sperm day = day 0) pregnant Wistar-derived
rats were given single ip injections of ATDA (100 mg/kg), or ATDA immedi-
ately followed by the suspected antiteratogen ip or by gavage, or the anti-
teratogen alone. Compounds tested were NAD, nicotinamide, nicotinic acid,
quinolinic acid, kynurenine sulfate, and r-tryptophan, in doses of 10-200 mg
per animal. At autopsy (day 20) fetuses were recovered and examined. It was
found that each antiteratogen significantly reduced the frequency of ATDA-
induced resorptions and malformations. At certain doses each antiteratogen
gave complete protection against ATDA-induced malformations in some, but
not all, litters. These results support the hypothesis that ADTA interferes with
the synthesis or utilization of NAD and suggest that substances converted to
NAD act as antiteratogens against ATDA.

Treatment of pregnant rats with 2-ami-
no-1,3,4-thiadiazole (fig. 1) induces mal-
formations in their offspring (Maren and
Ellison, °72; Scott et al., '72; Beaudoin,
72, ’73). Recently Mizutani et al. ('74)
demonstrated the amino acid tryptophan
to be an antiteratogen to aminothiadia-
zole. Both nicotinamide and tryptophan
can be converted in the body to the co-
enzyme nicotinamide adenine dinucleo-
tide (NAD).

The present investigation was under-
taken to determine if NAD and other sub-
stances, which can be converted to NAD
(fig. 2), are antiteratogens to aminothia-
diazole.

MATERIALS AND METHODS

Virgin female Wistar-derived rats from
my colony were used. The animals were
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Fig. 1 Structural formula of 2-amino-1,3,4-thi-
adiazole.
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maintained on Teklad Rat Diet (Teklad
Mills, Winfield, Iowa) ad libitum with sup-
plemental feedings of lettuce. The day of
finding sperm in the vaginal smear was
designated day O of pregnancy. 2-Amino-
1,3,4 - thiadiazole hydrochloride (ATDA)
(Eastman Kodak, Rochester, New York)
was administered as a 2% aqueous solu-
tion ip at 10 aM on day 11 of gestation,
100 mg/kg maternal body weight. The sus-
pected antiteratogens were used in doses
of 10200 mg per animal, administered ei-
ther ip or by gavage, immediately follow-
ing the injection of ATDA. The following
compounds were tested for antiteratogenic
activity: nicotinamide, in HyO; NAD, in
H;O; L-tryptophan, in 0.4 m Na,COj3; qui-
nolinic acid, in sesame o0il; r-kynurenine
sulfate, in H,O and nicotinic acid, in 1 N
NaHCO;. Each compound was prepared
so that the single dose to be administered
was contained in 1 or 2 ml of solution.
Pregnancy was terminated at day 20
and resorption sites were counted and the
fetuses recovered, weighed, and fixed in
Bouin’s fluid for subsequent examination
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for malformations. Placentae were also re-
covered and weighed.

RESULTS

Single ip injections of ATDA at day 11
induced several different malformations
(table 1). The tail was the organ most sus-
ceptible, being abnormal in 97.4% of the
malformed survivors. Tail length, in ex-
perimental fetuses having tails, ranged
from 0.1-0.7 cm, compared with 1.3-1.5cm

TABLE 1

Aberrant development following injection 100 mg/
kg ATDA at day 11 of gestation

118
38
19

short tail
tailless
subcutaneous edema
17 apparent hydronephrosis
16 syndactyly
4 hydrocephalus
15 other defects (undescended testis,
small kidney, pelvic kidney,
spina bifida, cleft palate)

Total = 160/169 surviving fetuses
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in control fetuses. Only fetuses with kid-
neys lacking renal papillae (grade 0 of
Woo and Hoar, '72) were included in the
category “apparent hydronephrosis.” The
permanency of this condition has been
questioned (Woo and Hoar, ’72). It is also
possible that subcutaneous edema and un-
descended testis are transistory conditions.

Nicotinamide, NAD, tryptophan, kynu-
renine, quinolinic acid, and nicotinic acid
all acted as antiteratogens against amino-
thiadiazole (table 2). Each supplement re-
duced the frequency of implantation sites
resorbed and of survivors malformed. Thia-
diazole-induced fetal weight loss was also
prevented by each supplement. Complete
protection was afforded the embryos of
all litters by nicotinamide, NAD, and nico-
tinic acid, whereas tryptophan, kynurenine,
and quinolinic acid did allow some mal-
formations to occur, but at a very low
frequency. It is noteworthy that even these
3 compounds gave complete protection to
some litters.

Table 3 presents data for the effect of

TABLE 2

The effect of nicotinamide, NAD, and tryptophan and some of its metabolites on the
teratogenicity of ATDA following ip injection at day 11 of gestation

No. Total %
ATDA rats implantation % Survivors

(100 mg/kg) injected sites Resorbed malformed Fetal weight
mean=x SD
24 270 37.5 94.6 2.54 + 0.65
+ 50 mg nicotinamide 9 122 6.5 0 4.12 +0.65
4+ 50 mg NAD 11 140 6.4 0 4.11 £ 0.54
+ 100 mg tryptophan el 102 7.8 4,31 4.40x0.70
+ 100 mg kynurenine 11 127 11.8 2.6:2 3.86+0.69
+ 200 mg quinolinic acid 11 139 14.4 15.93 3.84+0.88
+ 100 mg nicotinic acid 8 102 3.9 Q 4.39 +0.89

1 Two fetuses with hooked tail, 3 with subcutaneous edema; only 3 litters affected.
2 Two fetuses with ectrodactyly, 1 with short tail; only 2 litters affected.
3 Eighteen fetuses with short tails, 2 with diaphragmatic hernia, 1 with syndactyly; only 2 litters affected.

TABLE 3

Dosage effect on L-tryptophan on the teratogenicity of ATDA

Day-11 treatment No. Total %
rats implantation % Survivors
ATDA Tryptophan injected sites Resorbed malformed
100 mg/kg 4] 24 270 375 94.6
100 mg/kg 10 mg 8 85 17.5 41.4
100 mg/kg 25 mg 10 109 8.2 19.01t
100 mg/kg 50 mg 10 114 11.4 4.9
100 mg/kg 100 mg 9 102 7.1 ]
0] 50 and 100 mg 6 72 12.5 0

1 Only 3 litters affected; 19 fetuses with short tails.
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different doses of tryptophan on the terato-
genic action of ATDA. Each dose studied
reduced the frequency of resorptions, but
dose dependency was not established. How-
ever, the protective effect of tryptophan
against malformations was dose dependent.

DISCUSSION

Aminothiadiazole is an antagonist of
nicotinamide. Supplemental nicotinamide
treatment protected rat fetuses from the
embryolethal and teratogenic effects of
ATDA; and also abolishes the toxic and
antitumor effect of the drug in mice (Sha-
piro et al., ’57; Humphreys et al., '62), and
prevents the uricogenic effect of ATDA
in human beings (Krakoff and Balis, '59).
Since the usual fate of nicotinamide in the
body is incorporation into NAD or its phos-
phate (NADP) it has been suggested that
ATDA may interfere with the synthesis or
utilization of NAD(P) in cellular metab-
olism (Beaudoin, *74).

The energy requirements of animal cells
are met by the oxidation of organic com-
pounds. NAD is the coenzyme most often
used in the reaction sequences leading to
the production of energy (White et al., ’73).
It is not difficult to envision a depletion
of cellular energy leading to diminished
cellular activity, culminating in cell death.
Diminished cellular metabolic activity, as
expressed by depression of DNA synthesis,
has been described in rat embryos from
ATDA-treated mothers (Scott et al., '73).
Cell death was also noted by the same
authors in limb buds prior to expression
of ATDA-induced limb malformations; and
cell death was found in the neural tube
of rat fetuses preceding the appearance
of ATDA-induced central nervous system
defects (Beaudoin, '74). Other teratogens
have also been reported to act by interfer-
ing with NAD functions, and the sugges-
tion has been made that these nicoti-
namide-sensitive teratogens exert their
effects by disrupting pathways of energy
metabolism requisite for normal growth
and development (Landauer and Wakasugi,
’68; Caplan, ’72). The maintenance of
cellular energy levels, as with the supple-
mental treatment described in this paper,
would prevent the effects ascribed to en-
ergy deficiency, and enable development
to proceed normally.

The results of this experiment have
shown NAD, nicotinamide, and tryptophan
and its metabolites to act as antiterato-
gens against ATDA. Tryptophan and its
metabolites presumably are effective be-
cause they, like nicotinamide, can be con-
verted to the coenzyme NAD. These ex-
periments support the conclusion that
ATDA acts specifically on the synthesis
or utilization of NAD and suggest that
any substance capable of being converted
to NAD can protect embryos against the
lethal and teratogenic effects of ATDA.
Investigation of NAD-dependent reactions
may indicate which reaction(s) is involved
in aminothiadiazole teratogenesis.
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