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I N  THE course of studiesls-21 on the 
tumor inhibition induced by the folk acid 
antagonist 4-amino-pteroylglutaniic acid 
(aminopterin), it was observed that the 
lethal dose for adult female mice was 
greater than for male mice. This differential 
sex toxicity appeared to warrant further in- 
vestigation to establish its extent and to 
study the mechanism responsible for the sex 
difference. 

The  influence of sex has been noted to be 
of some importance in several instances in 
the evaluation of the toxicity of drugs and 
of induced nutritional deficiencies. Taylor 
and Carmichael have recently reported that 
folk acid was more toxic to female than to 
male mice of the dba strain. Male mice tol- 
erated a single injection of 15 to 40 mg. 
while the same dose was lethal to females. 
Moore et al. indicated that male mice of the 
Akm strain bearing sarcoma 180 tolerated 
a potent antifolic acid analogue, 4-amino- 
N1o-methyl-pteroylglutamic acid (amethop- ____ 
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terin), better than female mice. Weichsel- 
baum found that male rats demonstrated a 
greater susceptibility to cystine deficiency 
than female rats. The  same relationship has 
been cited for choline deficiency.6 Gyorgy 
and associates observed that male rats were 
more susceptible than females to the toxic 
effects of carbon tetrachloride inhalation. 
Ratnoff and Mirick have noted that toxicity 
of nionocrotaline, a hepatotoxic alkaloid, 
was dependent upon the sex, age, and die- 
tary status of the experimental animals. 
Male rats on a moderately low-protein diet 
were more susceptible to monocrotaline 
than females. On a more restricted protein 
diet, the administration of testosterone in- 
creased the toxicity of monocrotaline to 
both male and female rats. Dunn has em- 
phasized the presence of morphological 
differences in the kidneys of adult males as 
compared to adult females, as well as a sex 
difference in distribution of alkaline phos- 
phatase that was conspicuous in adults as 
compared with immature mice. Differences 
in the pathological response of the kidney 
to toxic agents, such as chloroform, were 
likewise cited.3 A differential sex toxicity 
has also been observed in response to large 
doses of adrenal hormones. Female rats 
were more resistant than males to the 
catabolic effects of both whole adrenal 
extract (cortin)14 and 17-hydroxy-1 l-dehy- 
drocorticosterone (compound E).24 After 
treatment with compound E, female mice 
bearing a transplantable lymphosarcoma 
demonstrated greater regression of the 
tumor than niales.9 The  mechanisms 
through which these sex differences in re- 
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spoiise are niediated have received little 
clarification. 

In  view of the biological and clinical in-  
terest in folic acid and the folic acid antag- 
onists as therapeutic agents, an iiivestiga- 
tion of the sex difference in toxicity to 
aminopterin was instituted. Experiments 
were designed (1) to determine the influence 
of sex and age on toxicity, (2) to investigate 
the inHuence of sex-hormone adniinistra- 
tion on toxicity in both immature and ma- 
ture animals, and (3) to study the effect of 
ablation of the adrenals or the testes on the 
toxicity of aminopterin. 

METHODS 

T h e  experiments were conducted with 
Carworth Farm (CFI), CFW, and dba mice 
of both sexes. (The CFW and dba were Na- 
tional Cancer Institute strains.) Castrate 
adult males of the CFW and dba strailis, 
and adrenalectomizcd CE'W mice of both 
sexes, were employed in several experi- 
ments. The  mice were kept at an environ- 
mental temperature of 72" to 79" F., were 
offered water and food ad libitum, and were 
weighed daily. In  experiments eniploying 
sexually mature mice, animals were selected 
weighing 18 to 24 gm., 2 to 3 months of age. 
Weanlings 4 weeks of age and weighing 8 

to 12 gin. were selected for the expcrinients 
with iiiiniature mice. Mice selected for or- 
cliiectoniy and adrcnalectottiy weighed 20 
to 2.5 gin. Operative procedures were per- 
fornied under light ether anesthesia, and 
the inice were allowed to recover for a min- 
imum of seven days prior to injection. Fresh 
solutions of aminopterin were administered 
i n  0.9 per cent saline. Estrogen and testos- 
terone were suspended in sesame oil. All 
preparations were injected in a volume of 
vehicle equal to 1.0 per cent of animal 
weight. In experiments with CFI mice, the 
drugs were administered intraperitoneally, 
while with CFW mice, the subcutaneous 
route of administration into the axillary 
space was eniployed. T h e  sex hormones 
were administered either concomitantly 
with aminopterin or on a schedule involv- 
ing prior and subsequent treatnient, as in- 
dicated in the individual expcrinicnts. 
Weight change and mortality were observed 
for a period of ten days following the ad- 
niinistration of the folic acid antagonist. 

RESULTS 

Data describing the acute toxicity of 
aniinopterin at ten days following a single 
dose in adult CFl and CFiV inice are sum- 
marized in Table 1 and graphically repre- 

TABLE 1 

ACUTE TOXICITY OF AMINOPTERIN IN MALE AND FEMALE MICE 
- - - .. __ -. . -. 

rMorlalily* = No.  dead /Tda l  no. lrealcd 
- - -. . - . -. . - . .- - . . . - .- . -. . - . - - -. - - 

C F W  Aidldlf 
. - - - - - __ - 

A drenalcrlomizrd$ CF LV Immaluref 
. . -- -. - 

Inlacl 
- . .- - - - 

CFI Adult? 
- . -. . - 

Dosage of 
aminoptnin 

ma./&. Male Female Male Female Male Fcmalc Male Female 
- -. - .- -. - 

- - 
8/10 I O / I O  

- 9/9 10/10 

-_ - 8 0  
10.0 - - 18/20 7/20 9/10 

io / in  8.0 - - 8/10 5/10 
7.5 - - 9/10 4/10 

9/10 20/20 19/20 5/10 6.0 9/10 5/10 7/10 7/10 
5.0 11/20 13/20 10/20 s:?o 

5/9 17/20 19/20 
- 11/24 11/21 

4.0 25/30 14/30 3/10 1/10 5/10 
1/10 8/10 3.0 21/30 8/30 

.- - 20/33 18/03 
2.5 14/30 8 /30  

1/10 0/10 

.- - 10/25 4/24 

. -  - 2/34 4/30 
1/10 0110 

4/5 4/30 
2.0 
1.5 13/30 
I .o 13/35 1 /35 

- - o m  0/20  
01 10 0/10 2/35 0.5 1/35 

0 1/50 0/50 0/10 0/10 - .- 0/20 0/20 
0.2 

* 1 S.E. mg./Kg. 1.9*0.2 4.2+0.5 4 . 2 ~ 0 . 3  7.4+0.6 4 . 7 t o . 6  4.5+0.4 1.8-0.2 2 . 0 t 0 . 2  

- - 
- 
- 
- - - - - - 

. .  - - - - - 1/5 

- _. - - 
Estimated LDao 

Ratio LDro 
Male : Female 1 : 1.8 1 : 1  1 : 1.1 - -. - . - -. -. - -. - - . . . 

1 : 2.2 
-. 

* At ten days postinjection. 
t Drug administered as a single injection intraperitoneally. 
Drug administered as a single injection subcutaneously. 
Bilateral adrena1ector.y. Male and female mice subjected to sham adrenalectomy showed a sex difference in toxicity similar 
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F I G .  1. Sex difference in toxicity to 4 -  
anaino-l,teroylglutan~ic acid (aminopterin) 
in adult C F l  mice. Single intraperitoneal 
injection. Mortality at ten days after treat- 
ment.  

sented in Fig. 1. No deaths occurred at any 
concentration of the drug during the first 
twenty-four hours after injection. In both 
strains of mice, a sex difference in mortality 
was noted as early as three days after amin- 
opterin administration and became progres- 
sively more apparent up to ten days after 
aminopterin administration. The  median 
lethal dose and standard error (LD,, 1S.E.) 
were approximated according to the method 
of Miller and Tainter.' In CFI mice, 
the LD,, for adult males was estimated at 
1.9 mg. per Kg., while that for adult females 
was 4.2 mg. per Kg. In  CFW mice, the LD,, 
for adult males and females was 4.2 mg. per 
Kg. and 7.4 ing. per Kg. respectively. Al- 
though the higher values in CFW mice 
may represent a strain difference, they were 
obtained after subcutaneous administration 
of drug, in contrast to the lower values 
noted following intraperitoneal administra- 
tion to CFI mice. It may be noted that 
despite the differences in absolute levels of 
the LD,,'s, the ratios of the LD,, in males 
as compared with females were of the same 
order of magnitude for both strains of mice, 
i.e., CF1 1:Z.Z and CFW 1:l.S. 

The  sex difference in lethal toxicity of 

* The LD,'s and standard errors obtained by the 
method of Miller and Tainter were found to be 
in good agreement, when compared with the method 
of Bliss. 

aminopterin was also reflected in the total 
body weight loss. At the higher dosages, 
weight loss was evident in both sexes one to 
two days after a single injection of aminop- 
terin and became progressively more marked 
up to the fifth to seventh day. This loss in 
weight was more extensive in the male mice 
than in the female. After the eighth post- 
injection day, gain in weight among survi- 
vors was observed. 

Immature CFW male and female mice 
were considerably more susceptible than 
adults to the toxic manifestations of amin- 
opterin. The  difference in toxicity of amin- 
opterin to males as compared to females 
was so reduced as to be of questionable sig- 
nificance (Table 1). The acute LD,, in 
immature male CFW mice was 1.8 mg. per 
Kg. and for females 2.0 mg. per Kg., a ratio 
of 1: l . l  as compared to a ratio of 1:l.S in 
adults (Table 1). 

Administration of estradiol was associated 
with some diminution of aminopterin toxi- 
city in both immature and adult males 
(Tables 2, 4). In  immature and adult female 
mice, no alteration in toxicity resulted from 
estradiol administration. Testosterone ap- 
peared to be without effect on aminopterin 
toxicity in both immature and adult female 
mice as well as in immature or adult males 
(Tables 3, 4). 

Orchiectomized dba mice, 2 months of 
age, appeared to be somewhat less suscepti- 

TABLE 2 

EFFECT OF ESTRADIOL DIPROPIONATE 

OPTERLN IN ADULT CF1 MICE* 
ON THE ACUTE TOXICITY OF AMIN- 

Mortality= No. dead/Tolal no. healed 

Male Female 

A min- A min- Amin- 
oplerin Amin- oplerin Amin- oplerin 

mg . /Kg .  opferin +estrogen optcrin +estrogen 

6 15/17 12/20 13/20 16/20 
5 15/20 14/20 16/20 10/20 
4 11/15 13/20 10/20 11/20 
3 11/18 11/20 6/20 8/20 
2 9/20 4/10 7/20 5/10 
1 4/20 3/5 0/20 0/15 

Est. LDso 
* 1  S.E. 

mg./Rg. 2.6.t-0.2 3.4.t-0.3 3 . 8 t 0 . 3  3.8.t-0.2 

* Aminopterin was administered as a single injection, I.P. 
Estradiol was administered as a single injection, I.P. at 5 
rng./Kg ' Dimenformon Dipropionate, Roche-Organon. Inc., 
Nutley 'IN. J. was employed. The drugs were administered 
sirnultineousl Mouse weight range from 18 to 24 gm. Saline-, 
estradiol-. andriesame-oil-treated controls showed no mortahty. 
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TABLE 3 

EFFECT OF TESTOSTERONE PROPIONATE 

OPTERIN IN ADULT CF1 MICE* 
ON THE ACUTE TOXICITY OF AMIN- 

mice subjected to sham adrenalectomy 
showed a consistent sex difference in the 
toxicity to aminopterin as did intact con- 
trols (Table 1). 

Mortality = No, dead/Tolal no. treated 

Male Female 

Amin- Amin- Amin- 
opterin Amin- oplerin Amin- oplerin 

mg./Kg. opterin +lcslosl. oplerin t les tost .  

10/10 4/10 
9/10 5/7 

4 9/10 7/10 5/7 3/5 
3 9/10 10/10 5/7 3/5 
2 7/10 10/10 117 3/5 
I 3j7 2/3 1/10 1/5 

6 
5 

Est. LDaa 
*l S.E. 
mg./Kg. 1.5*0.3 1.5t0.2 3.6t0.5 3.2-0.6 

* Aminopterin was administered as a single injection I.P. 
Testosterone was administered as a single injection I.P. at 
10 mg./Kg.; Neo-Hombreol, Roche-Organon. Inc:, Nutley. N. J. 
was employed. The drugs were admmistered s~multaneously. 
Mouse weight ranged from 18 to 24 gm. Saline-, testosterone-. 
and sesame-oil-treated controls showed no mortality. 

ble to the toxic effects of single dosages of 
aminopterin than were intact male mice. In  
one experiment, four of nine intact mice 
and one of seven orchiectomized mice died 
after a single subcutaneous injection oE 4 
mg. per Kg. of aminopterin. In  a second 
experiment with animals of slightly greater 
age, three of ten intact mice succumbed as 
contrasted to none of ten orchiectomized 
mice after a single injection of 6 mg. per 
Kg. of aniinopterin. However, these differ- 
ences were not obtained when similar ex- 
periments were repeated employing CFW 
mice of comparable age and weight. 

The  sex difference in toxicity was not ap- 
parent in adult adrenalectoniized CFW 
mice (Table 1). The  estimated LD,, for 
tnales was 4.7 mg. per Kg., while that for 
females was 4.5 mg. per Kg. Male and female 

DISCUSSION 

In  these experiments, a greater suscepti- 
bility to the toxicity of an antifolic acid 
compound (aminopterin) was repeatedly ob- 
served in mature males when compared to 
mature females. The  sex difference in toxi- 
city for weanling mice was found to be re- 
duced as compared to the two-fold differ- 
ence in adult mice. Because of the observa- 
tions of a sex difference in mature mice, it 
seemed worth while to determine whether 
the action of the antimetabolite could be 
differentially influenced by androgens and 
estrogens. A relationship of sex hormones 
to folic acid metabolism had been suggested 
by Hertz's observation that the estrogen- 
induced growth response in the chick ovi- 
duct and rat uteruslo, 11 was inhibited after 
administration of aminopterin and other 
antifolic acid substances. In  the rat pros- 
tate, Brendler reported that aminopterin 
interfered with the atrophic action of 
a-estradiol, but did not prevent stimulation 
by androgen or reverse the atrophic effect 
of castration. 

In our experiments, estrogen administra- 
tion was associated with a moderate reduc- 
tion in the toxicity of the antimetabolite in 
immature and mature males but was with- 
out any effect in immature or mature fe- 
males. When testosterone was administered 

TABLE 4 

EFFECT OF ESTRADIOL AND OF TESTOSTERONE ON THE ACUTE TOXICITY 
OF AMINOPTERIN IN IMMATURE CFW MICE* 

Morlalily= No.  dead/Tolal no. lrealed 

Male Female 

Aminopterin Aminopterin Aminoplerin Aminogterin Aminoptwin 
mn./Kg. A minopterin +estrogen +testosterone Aminoptwin +estrogen +tesloslwone 

6.0 
4.0 
2.0 
0.5 
0.2 

20/20 10/10 10/10 19/20 9/10 9/10 

2/19 0/10 0/19 3/20 3/10 5/10 

17/20 6/10 8/10 19/20 5/10 10/ 10 
14/19 5/10 7/10 11/19 6/10 5/10 

0/18 0/10 1/10 0/20 1/10 0/10 
Est. LDSQ 
*1 S.E. mg./Kg. 1.5 t0.3 2.5 t0.4 1.6*0.4 1.8 f0.3 1.8 k0.6 1.6 *0.4 

* Aminopterin was administered as a single subcutaneous injection on 0 day. Estradiol (10 m d K g . )  and testosterone (10 mg./Kg.) 
were administered subcutaneously on days:-4, -3. -2,  ; 1, 0, 1, 2. The mice weighed 8 to 12 gm. and were less than 21 days old. 
The drugs were administered concomitantly on 0 day. Saline. estradiol-, testosterone-, and sesame-od-treated controls showed 
no mortality. 
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with the aminopterin, the toxicity of the 
latter was not significantly altered in either 
immature or mature males and females. In  
no instance was the sex difference in the 
toxicity of aminopterin to adults obliterated 
by the administration of a single synthetic 
steroid hormone associated with the oppo- 
site sex. These findings are in accord with 
established observations that neither estra- 
diol nor testosterone are capable of replac- 
ing the complete steroid complement re- 
sponsible for the differences of sex.7 

In  two successive experiments, mice of 
the dba strain showed a greater tolerance 
to aminopterin after castration. This result, 
however, could not be repeated in mice of 
the CFW strain. Studies are in progress to 
determine whether this apparent inconsist- 
ency was related to the established strain 
differences in the rate of involution of the 
“x-zone” of mouse adrenal glands.13 

The  failure to maintain a differential sex 
toxicity to the antifolic compound, aminop- 
terin, after adrenalectomy suggests a pos- 
sible role of the adrenal gland in folic acid 
metabolism. Observations of other investi- 
gators indicate, indirectly, that a differential 
sex toxicity of the type observed in our ex- 
periments could be related to sex differences 
in function and morphology of the adrenals. 
A greater resistance to the toxic effects of 
whole adrenal cortical extracts14 and com- 
pound EZ4 has been demonstrated in female 
rats as compared to male rats. Ingle sug- 
gested that the differential sex toxicity to 
adrenal extract was related to the relatively 
larger amount of cortical tissue in the adre- 
nal glands of females as compared to males. 
T h e  adrenals of females were grossly larger 
soon after birth. This difference persisted 
throughout life even when females and 
males were castrated at birth.14 Female mice 
have also been reported to show a more 
rapid regression of a transplantable lympho- 
sarcoma, when compared to males, after 
treatment with compound E.9 Of possible 
interest are the observations of a sex differ- 
ence in the morphology of mouse adrenals. 
In  several mouse strains, the region of the 
“x-zone” has been reported13 to persist in 

virgin females throughout life, whereas in 
other strains rapid atrophy was found. 
Males showed a fairly consistent involution 
of the “x-zone” within a relatively short 
period after reaching maturity. Studies of 
the influence of adrenal hormones on the 
toxicity of antifolic substances are in prog- 
ress. 

A differential effect on the adrenal ste- 
roids has also been recently observed in 
studies109 20 of patients treated for meta- 
static cancer with aminopterin. Patients 
receiving prolonged aminopterin therapy 
showed reduction in the excretion of re- 
ducing corticoids (1 1-oxysteroids) without 
significant alteration in excretion of 17-keto- 
steroids or estrogens. The  mechanism of 
action of aminopterin thus appears to be 
related in some way to the metabolism of 
the adrenal steroids. Higgins12 has observed 
a hypertrophy of the adrenals of rats after 
aminopterin treatment. The  selective effect 
of aminopterin on reducing corticoids in 
man and the differential sex toxicity estab- 
lished in mice suggest that the adrenal 
hypertrophy observed by Higgins may not 
be entirely a manifestation of a generalized 
“stress” reaction. Under conditions of stress, 
the excretion of glycogenic (reducing) corti- 
coids in the urine is usually found to be 
increased together with the 17-ketosteroids. 
In  contrast, the finding of a decrease in 11- 
oxysteroids in patients receiving aminop- 
terin therapy, with no parallel change in the 
excretion of the 17-ketosteroids, is  unique.20 

Although the evidence presented suggests 
that the adrenals may be intimately con- 
cerned with folk acid metabolism, this evi- 
dence is essentially indirect. The  sex differ- 
ence in toxicity to aminopterin could be a 
reflection of a differential rate of excretion 
of substances involved in folk acid metab- 
olism. The  sex differences in morphology 
of kidney tubules and glomeruli and in the 
concentration of alkaline phosphatase3 
could likewise play some role in this phe- 
nomenon, especially since certain renal 
enzymes in mice have been reported to be 
readily influenced by castration and by ster- 
oid hormones.3 
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In  other studies,5 we have shown a pro- 
gressive and complete inhibition of aminop- 
terin toxicity by the administration of folic 
acid at  a requisite interval (one hour) prior 
to the injection of aminopterin. When this 
interval was employed, the optimal ratio 
of folic acid for complete protection against 
several supralethal levels of aminopterin 
was found to be constant at  approxi- 
mately 2:l. In  males, a greater amount of 
folic acid was necessary to block the aminop- 
terin than in females. Taylor and Carmi- 
chael have recently reported that large 
doses of folic acid itself were more toxic to 
females than males (dba strain). T h e  greater 
toxicity of folic acid to female mice re- 
ported by them and the greater tolerance 
of females to the antifolic (aminopterin) in 
our experiments are complementary. T h e  
mechanism through which the sex differ- 
ence in tolerance to folic acid and its antag- 
onist is mediated is unknown. Whether the 
difference in toxicity is due to a greater re- 
serve of folic acid in the females, a lesser 
requirement for folic acid, or  more rapid 
excretion of the antagonist cannot be deter- 
mined from these data, which, however, are 

consistent with these hypotheses. From our 
present knowledge, i t  would seem most 
probable that the differential sex toxicity 
of aminopterin is mediated in  part at least 
by sex differences in adrenal steroid metab- 
olism. Future studies may indicate a more 
direct role of adrenal metabolites in the 
folic acid metabolism of the intact mammal. 

SUMMARY 

A two-fold sex difference in the lethal 
toxicity of the folic acid analogue, aminop- 
terin, was demonstrated in adult mice of 
the CFl and CFW strains. Males showed 
reduced tolerance when compared to fe- 
males. In  immature mice, sex differences 
were not apparent. T h e  administration of 
estrogen to immature and adult males in- 
creased the tolerance to  aminopterin. Tes- 
tosterone failed to influence toxicity in 
males or  females. Bilateral adrenalectomy 
eliminated the differential sex toxicity of 
aminopterin. T h e  possible significance of 
the relationship of the aminopterin effect 
to folic acid and adrenal steroid metabolism 
is discussed. 
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