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Influence of Nitrogen Mustards on Citric Acid Synthesis in Viuo.* (19830) 

KENNETH P. DUBOIS, JERE DEROIK, AND KENNETH W. COCHRAN. 
From the U .  S .  Air Force Radiation Laboratory and the Deparfmenl o j  Pharmacology, 

C 'n iv~rs i t y  o f  Chicago. 

During previous investigations on the in- 
fluence of S-irradiation on intermediary car- 
bohydrate metabolism we found ( 1 ) that citric 
acid synthesis is markedly depressed in hema- 
topoietic tissues of irradiated rats. This ef- 
fect was demonstrable through the use of the 
technic of sequential blocking of metabolic 
pathways developed by Potter(2) in which 
fluoroacetate is employed to inhlibit the osi- 
dation of citric acid in v j v o ( 3 - 7 ) .  This pro- 
cedure results in accumulation of citric acid 
in most tissues of normal rats in concentra- 
tions sufficient to permit quantitative measure- 
ments. The inability of certain tissues of 
irradiated rats to accumulate citrate follow- 
ing fluoroacetate treatment indicated that 
X-irradiation interferes with some reaction 
which normally leads to citrate formation. In 
contrast to an  inhibition or no effect by X-ray 
on citrate formation in most rat tissues we 
observed that the livers of irradiated male 
rats accumulated large quantities of citric 
acid in the liver whereas normal male rats 
were unable to accumulate citric acid in the 
liver following fluoroacetate treatment (7-9). 
Recent studies in this laboratory( 8 )  revealed 
that normal female rats and castrated or ad- 
renalectomized male rats are able to accumu- 
late citric acid in the liver following fluoro- 
acetate treatment and thus resemble irradiated 
male rats. In addition, treatment of female 
rats with testosterone decreased citrate syn- 
thesis in the liver. These findings suggested 
that X-irradiation alters the metabolic pattern 
of the liver through interference with hor- 
monal regulation of citrate synthesis. 

The known similarities in the actions of 
nitrogen mustards and X-ray on mammalian 
tissues stimulated o u r  interest in  ascertaining 
whether the nitrogen mustards interfere with 
citrate synthesis in the same manner as X-ray. 

* This study was supported by f u n d s  provided 
under contract with the USAF School of -4viation 
Medicine, Randolph Field, Texas. 

For this study various doses of the hydm- 
chlorides of ethyl bis (2-chlorethy1)amine 
( H S I )  and methyl bis( 2-chlorethy1)amine 
(HX2) were administered to rats and the 
ability of various 'tissues to accumulate citric 
acid was measured following treatment of 
the animals with sodium fluoroacetate. These 
experiments demonstrated that the nitrogen 
mustards resemble X-irradiation in their ef- 
fects on citrate formation in rat tissues in 
ilivo. 

Materials and Methods. Male Sprague- 
Dawley rats ( 175-225 g)  were used for these 
experiments. -4queous solutions of the hydro- 
chlorides of H S 1  and HX2 were administered 
intraperitoneally. In  all the experiments rats 
were given 3.5 mg/kg of purified sodium 
fluoroacetate and sacrificed 3 hours later( 2). 
-4nimals were sacrificed by decapitation and 
citric acid measurements were performed 
using the method of Natelson et aZ.( 10) with 
the modifications recommended by Potter and 
Busch(7). The influence of HN2 on citrate 
formation and oxygen consumption in vitro 
was measured using the test system of Pardee 
and Potter (1 1 ) with various intermediates of 
the tricarboxylic acid cycle as substrates. 
Choline oxidase measurements were performed 
by the method of Williams et aZ.( 1 2 ) .  

Results. Prior to studies on the influence 
of nitrogen mustards on citrate synthesis we 
measured the toxicity of H N l  and HN2 to 
rats under the conditions employed for this 
study. The approximate LDb0 of the hydro- 
chloride of HN1 was 0.75 mg/kg and the 
value for HN2 hydrochloride was 1.5 mg/kg 
when the compounds were given intraperi- 
tonally to rats. 

In previous studies we found( 1) that X-ir- 
radiation exerts its most prominent inhibitory 
effect on citrate synthesis in spleen and thy- 
mus gland. Measurements of the influence 
of nitrogen mustards on citrate synthesis in 
spleen and thymus were, therefore, performed 
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TABLE I. Effect of Ethyl bis(chlorethy1)amine 
(HN1) Hydrochloride on Citrate Accumulation in 
Spleen and Thymus of Fluoroacetate-Treated Rats. 

mg/kg HN1 -pg citric acid/g fresh tissu- 
hydrochloride Spleen Thymus 

Control 1425 (1245-1495) 1045 (965-1143) 
1.5 892 ( 760-1150) 810 (745- 895) 
2 .o 895 ( 840-1160) 734 (610- 845) 
2.5 744 ( 650- 830) 710 (545- 976) 
5 .o 420 ( 320- 688) 244 (130- 460) 

~ ~~ 

in which both the dosage and time of sacrifice 
after HNl and HN2 were varied. In  all cases 
the animals were given 3.5 mg/kg of fluoro- 
acetate 3 hours before they were sacrificed. 
The data in Table I show the effect of vari- 
ous doses of HNl on the ability of spleen and 
thymus to accumulate citric acid following 
fluoroacetate treatment. The average values 
for 5 rats are presented together with the 
range of values for each group. The results of 
these measurements demonstrated that HNl 
resembles X-irradiation in its inhibitory effect 
on citrate synthesis in spleen and thymus. 
However, in terms of the LD50 it was neces- 
sary to give higher doses of the nitrogen mus- 
tards than of X-ray to inhibit citrate s p -  
thesis in these tissues. Thus, 5 mg/kg of I3N1 
were required to produce an inhibitory effect 
comparable to that resulting from 800 r of 
X-ray. Whereas sublethal doses of X-ray 
(200 r) produced over 50% inhibition of 
citrate synthesis in hematopoietic tissues of 
rats only 38% and 22% inhibition of citrate 
synthesis occurred in spleen and thymus re- 
spectively in 48 hours after 1.5 mg/kg of 
HN1 which is twice the LD50 dose. Detailed 
studies on the influence of HN2 on citrate 
synthesis in spleen and thymus gland were 
also conducted in which several doses varying 
from 0.1 to 5 mg/kg of H N 2  hydrochlorid? 
were given and gmups of animals were sacri- 
ficed each day for 7 days following adminis- 
tration of the nitrogen mustard. After doses 
of 0.1 to 0.75 mg/kg of HN2 hydrochloride 
the amount of inhibition did not exceed 30% 
during the 7-day observation period. At 24 
hours after 2 mg/kg of HN2 citrate accumu- 
lation was inhibited to the extent of 43% in 
spleen and 45% in thymus. 

In  the present investigation experiments 

g m  mustards resemble X-ray( 1 )  in their ef- 
fects on citrate accumulation in the livers of 
fluomacetate-poisoned, male rats. The results 
of these experiments showed that th,e nitrogen 
mustaTds cause male rats to accumulate large 
quantities of citric acid in the liver following 
fluoroacetate treatment. In 24 hours after 1 
mg/kg of €€N1 hydrochloride the citrate con- 
tent of the liver increased from an average for 
6 rats of 64 pg/g b 354 p g / g  of liver. With 
higher doses the effect was more pronounced 
as evidenced by an average of 729 pg of citric 
acid/g of liver in 24 hours after 2.5  mg/kg 
of the nitrogen mustard. More detailed 
studies were conducted with HN2 in which 
several sublethal doses were adnministered to 
male rats. Groups each containing 6 animals 
were treated with fluoroacetate and sacrificed 
at daily intervals ,for 7 days after each dose 
of H J N ~  and citric acid measurements were 
p e r f m e d  on the livers. An increase in citric 
acid accumulation in the liver was noted 24 
hours after the administration of the doses 
employed in these experiments. The average 
value was generally highest about 4 days after 
administration of the nitrogen mustard. The 
data in Table I1 show the average value to- 

TABLE 11. Effect of Methyl bls(2-chlorethyI) amine 
Hydrochloride (HN2 ) on Citrate Accumulation in 

Livers of Fluoroacetate-Treated Rats. 

mg/kg HN2 
hydrochloride 

pg citric. acWg 
fresh liver 

(4 days after HN2 ) 

Control 
.1 
.2 5 
.5 
.75 

1 

6 4 (  44- 71) 
269 (137- 430) 
338 (312- 364) 
449 (204- 812) 
642 (284-1025) 
867 (331-1524) 

TABLE 111. Duration of Action of Methyl bis(2- 
chlorethyl) amine (HN2 ) Hydrochloride on Citrate 
Accumulation in Livers of Fluoroacetate-Treated 

Rats. 

Days after 0.5 mg/kg 
HN2 hydrochloride pg citric acid/g fresh liver 

Control 
1 
3 
7 

10 
14 
28 

64(  44- 71) 
136 (101-182) 
328 (255-453) 
468 (198-872) 
342 (230-434) 
215 (123-418) 
125 ( 61-226) were conducted to ascertain whether the nitro- -__ 
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gether with Ithe range for each group of ani- 
mals a t  4 days after poisoning. This experi- 
ment demonstrated that doses of H S 2  far 
below the LDZo increase citric acid accumula- 
tion in the livers of fluoroacetate-treated. male 
rats. 

The duration of the increase in citrate ac- 
cumulation in the liver was measured by ad- 
ministering a single sublethal dose (0.5 mg ’ 
kg) of HS2 to rats and sacrificing groups 
containing 6 animals at  intervals for a period 
of 4 weeks. The data in Table 111 show the 
persistence of the effect of H 9 2  on citrate 
accumulation in the livers of fluoroacetate- 
treated male rats. The average values to- 
gether with the range of values for each group 
are presented in the table. These measure- 
ments demonstrated that the increase in citrate 
accumulation is evident at  one day after ad- 
ministration of the nitrogen mustard and per- 
sists for several weeks. Pit 4 weeks after 
HS2 the values approached the normal range 
indicating that the change is eventually re- 
versible following sublethal doses of the nitro- 
gen mustards. 

The experiments described above indicate 
that nitrogen mustards markedly alter carbo- 
hydrate .metabolism in the liver. The nitro- 
gen mustards are known to react with many 
biological compounds in vitro( 13) but studies 
on the reactivity of these compounds with 
catalytic proteins have not yet provided an 
explanation for the toxic actions of low doses 
of the nitrogen mustards in vivo. In  the pres- 
ent investigation the influence of HS2 on 
several oxidative reactions was measured using 
the test system of Pardee and Potter ( 1 1  ) with 
liver homogenates. Oxygen consumption and 
citrate formation was 50% inhibited by a 
final concentration of 2 x 1F A1 HS2 when 
pyruvate plus fumarate were used as sub- 
strates and the oxidation of acetate plus oxal- 
acetate was 50% inhibited by 4 x lW3 31 
H S 2 .  The formation of acetoacetate from 
pyruvate in the presence of malonate( 14) was 
503 inhibited by 8 x 1W 31 HS2. The ef- 
fect of HX2 on the oxidation of choline was 
also measured because choline oxidase has 
been reported( 15) to be sensitive to the nitro- 
g a  mustards. The oxidation of choline by 
liver hmogenates was inhibited 50% by 1 

x 1W M fiN2 when the test system of Wil- 
liams et al. ( 12) was employed. These experi- 
ments demonstrated that relatively high doses 
of HK2 are required to affect these oxidative 
reactions in vitro. 

To obtain a more direct evaluation of the 
action of HS2 on citrate synthesis and its 
effect on various oxidative reactions in vUivo, 
experiments were performed on livers taken 
from rats which had been poisoned 2 days 
previously with 1 mg/kg of HN2. The ability 
of the livers of these animals to oxidize fuma- 
rate plus pyruvate and acetate plus oxal- 
acetate was measured to obtain an indication 
of the effect of HN2 on enzymes involved in 
citrate synthesis. The formation of acetoace- 
tate from pyruvate in the presence of 
malonate was measured to ascertain the influ- 
ence of HN2 on pyruvate oxidation. Choline 
oxidase measurements were also performed on 
the livers of animals which had been treated 
with HS2. The results of these experiments 
are presented in Table IV in which the aver- 
age values and the range of values for 4 ani- 
mals are presented. These data show that 
1 mg/kg of HN2 does not alter the ability of 
the liver to oxidize pyruvate plus fumarate 
or acetate plus oxalacetate. The oxidation of 
choline was likewise unaffected by this dose 
of the nitrogen mustard. The formation of 
acetoacetate from pyruvate was slightly in- 
creased. In  contrast to the absence of effects 
by HS2 on enzymes involved in citrate for- 
mation by liver homogenates from HN2-  
poisoned animals the same dose of the nitro- 
gen mustard caused a marked increase in the 
citrate content of the livers of fluomacetate- 
treated rats. Thus, in two days after 1 mg/ 
kg of HS2 the administration of fluoroacetate 
caused an increase in the citrate content of 
the liver of male rats to an average value of 
889 pg/g as compared with 64 pg/g for nor- 
mal male rats. The results of these experi- 
ments indicate that the increase in citrate 
formation in the livers of male rats after ad- 
ministration of HS2 occurs at dosages which 
have no diiect effect on the enzymes involved 
in citrate synthesis. 

Discussion. The results of these experi- 
ments have shown that nitrogen mustards 
produce alterations in citric acid accumula- 
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TABLE IV. Effect of Methyl bis(2-chlorethy1)amine Hydrochloride (HN2) in vivo on Ability of 
Liver to Oxidize Various Substrates. (Sacrificed 2 days after 1 m d k g  HN2). 

f pM/50 mg lived40 min. \ 

A x y g e n  consumption-, Citrate or acetoacetate formed 
Substrates Control HN2 Control HN2 

Pyruvate + fumarate 10 (9.3-10.8) 11.6 (7.7-14.5) 5.6 (4.8-6.4) 4.4 (3.9-5.4) 
Acetate + oxalacetate 6 (5 .5 -  6.5) 7.7 (6 - 8.7) 2.2 (2.2-2.3) 2 (1.7-2.2) 
Pyruvate + malonate 2.3 (1.9- 2.7) 3.3 (2.7- 4.2) 2.9 (2.3-3.5) 3.2 (3.1-3.4) 
Choline 4.75 (4.2-5.3) 4.45 (4-5.1) 

tion in some tissues after treatment of rats 
with fluoroacetate according to the procedure 
developed by Potter(2). The nitrogen mus- 
tards thus resemble X-irradiation ( 1 ) qualita- 
tively in their ability to alter citrate synthesis. 
In  terms of LDS0 values X-irradiation is con- 
siderably more effective than HiN1 or HN2 in 
depressing citrate accumulation in spleen and 
thymus gland. Whereas doses below the LD50 
of X-ray markedly inhibit citric acid forma- 
tion in hematopoietic tissues it was necessary 
to administer lethal doses of the nitrogen 
mustards to obtain comparable effects. In  
contrast to the lesser effect of the nitrogen 
mustards than of X-ray on citrate synthesis 
in hematopoietic tissues the alteration in the 
metabolic pattern of the liver was more pro- 
nounced and consistent with the nitrogen mus- 
tards than with X-ray. However, in both 
cases male rats acquired the ability to ac- 
cumulate large quantities of citrate following 
fluomacetate treat,ment. That the increase in 
citrate accumulation following HN2 does not 
result from a direct action of the toxicant on 
reactions involved in the tricarboxylic acid 
cycle was suggested by the absence of signifi- 
cant changes in the ability of the livers from 
rats poisoned with HN2 to oxidize several 
intermediates of the citric acid cycle. The 
relatively high concentrations of the agents 
which were necessary to alter citrate forma- 
tion and oxygen consumption in vitro also 
indicate that some indirect influence by the 
nitrogen mustards must be responsible for the 
metabolic changes observed by the use of the 
fluoroacetate technic ( 2 ) . Our recent obser- 
vations(8) that normal female rats and cas- 
trated m adrenalectomized male rats have 
the ability to accumulate citrate in the liver 
following fluomacetate treatment suggest that 
a hormonal regulation of ciltrate synthesis is 

The nitrogen mustards and X-ray may exmt 
their influence on the liver through interfer- 
ence wisth the regulatory influence of hormones 
on citrate synthesis. The results of the pres- 
ent study have demonstrated a similarity in 
the action of X-ray and the niltrogen mustards 
on citrate synthesis in rat tissues. Elucidation 
of the exact mechanisms responsible for these 
biochemical changes requires further experi- 
menta tion. 

Summary. The influence of nitrogen mus- 
tards on citrate synthesis in rat tissues in vivo 
was studied using the fluoroacetate technic of 
Potter ( 2 ) .  The results of this study demon- 
strated that HN1 and HN2 produce altera- 
tions in citrate synthesis in certain tissues 
which are qualitatively similar to those pro- 
duced by X-ray. Thus, a decrease in citrate 
synthesis was o,b.served in spleen and thymus 
glands of nitrogen mustard-poisoned animals 
and a marked increase in citrate accumulation 
was observed in the livers of male rats. The 
increase in citraite accumulation 'in the liver 
was evident after doses far below the LD50 
and persisted for several weeks following sub- 
lethal doses of the nitrogen mustards. 
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It has been shown that vit. BI2 (cyano- 
cobalamin) contains one cyano group bound 
coordinatively to the cobalt atom, whereas in 
vit. B1y (hydroxo-cobalamin) a hydroxo 
group is present instead of the cyano group( 1) .  
The addition of cyanide ions to a solution of 
vit. B123 results in the formation of vit. BIZ 
( 2 ) .  That the cyano group is tightly bound 
within the coordination complex of vit. B12 

is indicated by the observation that dose levels 
of vit. BIZ up to 1600 mg, kg both intra- 
peritoneally and intravenously are nontoxic to 
mice(3). Calculation reveals that a dose of 
1600 mg/kg of vit. B12 contains the equivalent 
of about 32 mg kg of cyanide ion: or about 8 
times the LDlo0 dose. 

The ease with which vit. BllS reacts with 
cyanide to yield vit B12 and the apparent ir- 
reversibility of this reaction in animals 
suggested that vit. B12. might influence bene- 
ficially the course of cyanide poisoning in a 
manner analogous to that by which B..A.L. 
counteracts arsenic poisoning( 4).  The pres- 
ent communication demonstrates that vit. 
B p  is capable both of preventing and of 
reversing the toxic effects of cyanide in mice. 

Material and Methods. Male mice of the 
Harpaul and Barckmann stocks, weighing 20- 
28 g, were employed in these experiments. 
Freshly prepared aqueous solutions of potas- 
sium cyanide were injected intraperitoneally, 
preceded or followed by the intravenous ad- 
ministration of vit. B121 or physiologic saline. 

The volume of intravenously injected solu- 
tions was kept constant at 0.2 m1/20 g body 
weight. Exp. 1, 2, and 3 (Table I )  were con- 
trolled by using a saline-treated group of mice 
at the beginning and again at the end of the 
test. In all other experiments alternate (pair- 
weighed) mice were injected with vit. B12. or 
saline. The vit. B12. was prepared by irradia- 
tion and aeration from crystalline vit. B12(5) 
and was recrystallized from acetone. 

Resdts .  Data in Table I show that the 
prophylactic injection uf vit. B12. intravenous- 
ly, approximately 20 seconds before the intra- 
peritoneal administration of potassium cya- 
nide, was effective in reducing the mortality 
due to the latter substance. Respiratory 
distress and convulsions were prevented com- 
pletely or were minimized. Doses of 50 or 
250 mg/kg of vit. BIZ. gave adequate protec- 
tion against doses of 5.5-8.0 mg/kg of potas- 
sium cyanide, whereas d w s  of 25 mg/kg of 
vit. BIC. or less did not. No prophylactic 
effect against potassium cyanide ,toxicity (7-8 
mg/kg, intraperitoneally ) could be shown for 
vit. B12 (cyano-cobalamin) given intra- 
venously in doses of 50-250 mg/kg. The 
encouraging results obtained by pretreatment 
with vit. B12. prompted a study designed to 
determine whether this compound would effect 
recovery after the toxic manifestations of 
potassium cyanide were evident. 

Table I1 shows that an intravenous dose of 
250 mg/kg of vit. B12. administered within 


