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Effect of hydrazine sulfate on glucose-regulating enzymes in the 
normal and cancerous rat 
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Abstract: Glucokinase, hexokinase, fructose 1,6-bisphospatase and phosphoenolpyruvate carboxykinase specific activities were mon- 
itored in liver cytosol from rats that had been made cancerous with 1,2-dimethylhydrazine and then treated with hydrazine sulfate. The 
presence of intestinal cancer, specifically, was confirmed by iaparotomy and by histological analysis. Sustained changes in hexokinase and 
glucokinase specific activities were first evident during the latter weeks that the carcinogen was being administered. Upon subsequent 
treatment with hydrazine sulfate, glucokinase activity further decreased, and liver cytosolic phosphoenolpyruvate carboxykinase activity 
increased. Liver cytosolic hexokinase and fructose 1,6-bisphosphatase specific activities were not appreciably affected by the hydrazine 
sulfate treatment. These results indicate that hydrazine sulfate may influence carbohydrate metabolism at the level of selected liver 
enzymes not only with respect to gluconeogenesis, but also in terms of glucose uptake. 
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Introduction 

Hydrazine sulfate is a potential therapeutic agent to 
counteract the unexplained weight loss (cachexia) 
often seen in cancer (Chlebowski et al., 1984, 1987). 
It has been shown to alter abnormal carbohydrate 
metabolism in cancer patients, as evident from 
changes in glucose production and glucose toler- 
ance (Chlebowski et al., 1984). However, it is not 
known in the cancerous state what changes, if any, 
are exerted by hydrazine sulfate on host liver en- 
zymes of carbohydrate metabolism. It has, never- 
theless, been demonstrated that a number of host 

liver enzymes can be altered by the development of 
extrahepatic malignancies (Ibsen et al., 1975; No- 
guchi et al., 1976), including host liver hexokinase 
and glucokinase (Herzfeld and Greengard, 1977; 
Greengard, 1979; Lundholm et al., 1983; Tanaka et 
al., 1972). To address the effects of hydrazine sul- 
fate within this framework would require invasive 
procedures, and is therefore best conducted in an 
animal model. In this report, we consider the effect 
of hydrazine sulfate on liver enzymes that have a 
specific role in gluconeogenesis, glucose uptake or 
utilization. Intestinal cancer was induced with 1,2- 
dimethylhydrazine (Goldin and Gorbach, 1981). 
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Materials and Methods 

Animals 

F-344 genetically inbred male weanling rats were 
obtained from Harlan Sprague Dawley. All animals 
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were maintained on Purina rat chow. The experi- 
mental rats were fed ad libitum, whereas control 
rats were limited to the average food intake of the 
experimental rats for the previous week. Food in- 
take and body weight were monitored twice weekly. 
Housing was in individual cages. Light and dark 
cycles were electrically timed. 

Cancer induction 

A fresh solution of 1,2-dimethylhydrazine dihydro- 
chloride (Aldrich) was prepared before each weekly 
subcutaneous injection. The compound was dis- 
solved in normal, sterile saline, with EDTA added 
as a stabilizer and the pH adjusted to 6.2-6.4 with a 
small volume of NaOH (Goldin and Gorbach, 
1981). Two experiments were conducted, each with 
30 experimental and 10 control rats. Experimental 
rats are defined here as receiving 1,2-dimethylhy- 
drazine. Control rats were sham injected with the 
neutralized saline vehicle. In the first experiment, 
1,2-dimethylhydrazine was given for 12 weeks at a 
weekly dose of 10 mg per kg followed by 6 weeks at 
20 mg per kg. A period of delay before adminis- 
tering hydrazine sulfate was necessary to assess re- 
versal in the enzyme changes brought on by the 
treatment. In this first experiment, 14 additional 
weeks without treatment were allowed to pass be- 
fore daily hydrazine sulfate injections were adminis- 
tered. In the second experiment, 20 mg per kg in- 
jections of 1,2-dimethylhydrazine were given for 14 
weeks. The period of no treatment prior to hydra- 
zine sulfate was reduced to 6 weeks. 

Laparotomies were conducted on all experimen- 
tal and control rats during the first week after the 
termination of 1,2-dimethylhydrazine injections, 
and sham injections of controls. About 20 of the 
experimental rats had developed intestinal adeno- 
carcinoma by that time, with this number ultimate- 
ly rising to 27 and 30 for each of the respective ex- 
periments. Upon autopsy of all the animals, there 
was no evidence of metastasis among the experi- 
mental rats and no evidence of cancer among the 
controls. Three of the experimental rats, from both 
experiments combined, were found on autopsy to 
have developed squamous cell carcinoma of the ex- 

ternal auditory canal. Similar observations have 
been reported previously by other investigators us- 
ing experimental conditions similar to those de- 
scribed here (Teague et al., 1981). 

Experimental outline 

Experiments were designed to consist of three phas- 
es: (1) cancer induction, (2) a period of observation 
with no treatment, and (3) hydrazine sulfate ther- 
apy. Until the time of hydrazine sulfate treatment, 
i.e. the beginning of phase 3, rats were divided into 
two groups, experimentals (DMH-treated), and 
controls (Sal). At the start of the third phase, the 
DMH-treated and Sal groups were then each divid- 
ed into two subgroups. One subgroup of each re- 
ceived hydrazine sulfate (DMH/HS; Sal/HS), the 
others were sham injected with the saline vehicle 
(DMH/Sal; Sal/Sal). Hydrazine sulfate (Sigma) was 
prepared in sterile saline, pH neutralized with 
NaOH, and the solution was injected intraperito- 
neally. The hydrazine sulfate was delivered daily for 
21 days. The starting dose was 10 mg per kg, which 
was then increased to 40 mg per kg at the end of the 
first week and maintained at that level through each 
of the next two weeks. At the end of the second 
week of the treatment, one rat from each of the four 
subgroups was fasted and not injected for 24 h prior 
to biopsy and workup. This same procedure was 
repeated after the third week, with four different 
rats, one from each of the four subgroups. Details 
of biopsy, liver cytosol preparation and enzyme as- 
say are to be found below. Prior to phase 3, en- 
zymes were assayed during the 17th and 18th weeks 
of phase 1, and the 10th and 14th week of phase 2 of 
the first experiment, and during the 3rd, 7th, 12th 
week of phase 1, and the 3rd week of phase 2, of the 
second experiment. In each instance, two experi- 
mental and one control rat were biopsied and the 
four specific enzyme activities were determined for 
each rat. 

Biopsy surgery 

Prior to biopsy, each rat was fasted, and not in- 
jected, for 24 h. Time of biopsy was 10:00 am. Rats 



were placed under light Metofane anesthesia, and 
biopsies were taken from the left lateral lobe. A 
small liver slice was placed in formalin for light mi- 
croscopy sections, and the remainder was used to 
isolate liver cytosol and subsequent enzyme assays. 
No rat was biopsied more than once. Recovery rate 
from surgery was about 80%. 

Liver workup, enzyme assays 

Liver biopsies were weighed, cut into small pieces, 
and added to two volumes of a solution containing 
150 mM KCI, 5 mM EDTA, 5 mM MgC12, 10 mM 
dithiothreitol (fresh), pH 7.3. The liver mixture was 
homogenized in a semi-micro Potter-Elvehjem ap- 
paratus, and the cytosol fraction was isolated by 
differential centrifugation (Schneider, 1972). Activ- 
ities were initial rates, and proportional to cytosol 
protein concentration. Assays were performed at 
constant temperature: fructose 1,6-bisphosphatase, 
glucokinase and hexokinase at 25°C, and phosphoe- 
nolpyruvate carboxykinase at 37°C. Each of the as- 
says involved coupled enzyme-catalysed reactions 
which were confirmed not to be rate-limiting. Phos- 
phoenolpyruvate carboxykinase activity was as- 
sayed by coupling with malate dehydrogenase 
(Hung and Silverstein, 1978). Fructose 1,6-bisphos- 
phatase activity was coupled with phosphogluco- 
isomerase and glucose-6-phosphate dehydrogenase 
(Latzko and Gibbs, 1974). Glucokinase and hexoki- 
nase activities were coupled to glucose-6-phosphate 
dehydrogenase at 100 mM and 0.5 mM glucose, re- 
spectively, as previously described (Sharma et al., 
1963). Protein was determined spectrophotometri- 
cally (Lowry et al., 1951). 

Results 

Each of the enzymes that was monitored catalyses a 
metabolically unidirectional reaction involved in 
glucose metabolism. Hepatic phosphoenolpyruvate 
carboxykinase and fructose 1,6-bisphosphatase are 
involved in glucose export as part of the gluconeo- 
genic pathway. Glucokinase is a fed-state enzyme, 
necessary for the uptake and conversion ofcirculat- 
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ing glucose into glucogen. Hexokinase catalyses the 
first step of glycolysis. Each of the enzymes is sub- 
ject to regulation (allosteric or hormonal) with 
phosphoenolpyruvate carboxykinase and glucoki- 
nase subject to hormonal regulation at the level of 
de novo synthesis. These enzymes were assayed dur- 
ing the final weeks that 1,2-dimethylhydrazine was 
being administered and again during the following 
weeks when there was no treatment (phases 1 and 2; 
see Materials and Methods). The results are sum- 
marized in Fig. 1. The effect of 1,2-dimethylhydra- 
zine administration was to reduce the specific activ- 
ities of the two gluconeogenic enzymes 
phosphoenolpyruvate carboxykinase and fructose 
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Fig. I. Effect of  D M H  treatment on the liver cytosolic specific 
activities of  PEPCK, FBPase, G K  and HK.  Phase 1 refers to the 

period of  weeks during which the D M H  was being administered 
to the experimental animals (O),  while the controls ( 0 )  were 
being sham injected. Phase 2 refers to the following weeks during 

which there was no treatment. Results from the two experiments 
that were conducted are combined. For the particular numbers 

of  weeks into the experiments at which times the assays were 
conducted, see Materials and Methods. The number  of  animals 
corresponding to a given data point are given above or below 
error bars. Errors are 4- S.E.M. Probabilities associated with the 
changes brought on by D M H  are as follows: Phase 1, PEPCK, p 
< 0.001; FBPase, p < 0.02; GK,  p < 0.001; HK, p < 0.001. 
Phase 2, GK: p < 0.005; HK,  p < 0.10. PEPCK and FBPase 

differences became insignificant during phase 2. 
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Fig. 2. Experimental flow diagram. Numbers refer to the three 

respective phases of the protocol. For the number of weeks asso- 

ciated with phase 1 and then phase 2 for each of the two experi- 

ments, see Materials and Methods. Phase 3 in each instance was 

3 weeks. The four subgroups during phase 3 are referred to in the 

text as DMH/HS,  DMH/Sal, Sal/HS and Sal/Sal. 

1,6-bisphosphatase, and also that of glucokinase. 
Hexokinase specific activity increased. After the 
1,2-dimethylhydrazine injections had been termi- 
nated, it became apparent that the changes in phos- 
phoenolpyruvate carboxykinase and fructose 1,6- 
bisphosphatase specific activities were reversible, 
whereas the changes in glucokinase and hexokinase 
were not (compare phases 1 and 2). The specific 
activity of glucokinase continued to be lower in the 
cancerous rats during this second phase, and that of 
hexokinase higher. 

The effects of hydrazine sulfate were then to be 
determined; see Materials and Methods and Fig. 2. 
By this point in the experiment, each of the experi- 
mental animals biopsied was cancerous. This was 

found to hold true both for the experimental ani- 
mals which received hydrazine sulfate (DMH/HS) 
and those which were then sham injected (DMH/ 
Sal). Each underwent a further laparotomy at the 
time of biopsy. The enzyme specific activities from 
this final phase of the experiment are summarized in 
Table I. Data from each of the two experiments are 
combined. Determinations were on four different 
rats within each subgroup. Two followed the sec- 
ond week of hydrazine sulfate injections, two fol- 
lowed the third (16 rats in total; see Materials and 
Methods). Phosphoenolpyruvate carboxykinase ac- 
tivity increased significantly upon hydrazine sulfate 
treatment, among both the experimental rats 
(DMH/HS) and the controls (Sal/HS). Fructose 
1,6-bisphosphatase, the other gluconeogenic en- 
zyme assayed, was unaffected by the hydrazine sul- 
fate treatment. Glucokinase, which was already 
lower among the experimental (cancerous) rats (see 
Fig. 1) decreased still further during the hydrazine 
sulfate phase. Hexokinase continued to remain ele- 
vated among the DMH-treated rats, p < 0.001~ 
whether they received hydrazine sulfate or not. Hy- 
drazine sulfate, of itself, had no appreciable addi- 
tional effect on hexokinase specific activity. The 
changes in glucokinase and hexokinase throughout 
the experiment are summarized in Fig. 3. 

TABLE I 

Effect of hydrazine sulfate treatment on phosphoenolpyruvate carboxykinase, fructose 1,6-bisphosphatase, glucokinase and hexokinase 

activities (phase 3) 

Enzymes Specific activity (nmol . rag- J . min - ~ ) 

DMH-treated animals Control animals 

Saline HS Saline HS 

PEPCK 50.5 + 1.5 67.8 + 4.3 43.5 + 3.7 79.0:5 6. 

FBPase 106 5:11 98 ± 12 90 ± 12 109 ± 11 

GK 16.4 ± 3.7 5.8 + 1.8 32.6 + 9.8 24.7 :t: 7.3 

HK 9.2 ± 0.9 8.6 ± 0.4 3.5 ± 0.3 4.4 ± 0.8 

The experimental protocol is described in Materials and Methods. Enzyme averages are ± S.E.M. 4 mice per subgroup. Effect of HS on 

DMH-treated mice (DMH/Sal vs, DMH/HS): PEPCK, p < 0.0l; GK, p < 0.05; HK, FBPase, insignificant. Effect of HS on Saline- 

treated mice (Sal/Sal vs. Sal/HS): PEPCK, p < 0.005: GK, HK, FBPase, insignificant. 
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Fig. 3. Effect of D MH  treatment (phase 1), subsequent to treat- 
ment (phase 2) and subsequent HS treatment (phase 3) on the 
specific activities of liver cytosolic hexokinase and glucokinase. 
Note that the ordinate axes for each of the four subgraphs are 
different. Top: hexokinase. Bottom: glucokinase. DMH-treated 
during phase ! (experimentals), left. Sham injected during phase 
1 (controls), right. Solid bars indicate HS treatment daring phase 
3; adjacent hollow bars, sham injected during phase 3. Data from 
the two experiments are combined. For the weeks into each of 
the experiments at which times the enzymes were assayed, see 
Materials and Methods. Number  of animals, from phase 1 to 3, 
top or bot tom left: I0, 6, 4, 4; top or bot tom right: 5, 3, 4, 4. 

Errors are 4- S.E.M. 

Discussion 

The problem of cancer cachexia is often considered 
biochemically in terms of the flow and regulation of 
intermediary metabolism (Lundholm et al., 1980; 
Holroyde et al., 1984). Recently, increased atten- 
tion has also been directed to the importance of the 
immune system, and, in particular, to the release of 
tumor necrosis factor/cachectin from effector cells 
(Beutler et al., 1985; Oliff et al., 1987; Moldawer et 
al., 1987). To find a drug that would be effective 
against cachexia, and a model system that would 
allow systematic study of its mode of action, is 
clearly of interest. 

Hydrazine sulfate was previously suggested as a 
potential anti-cancer cachecia agent because of its 
ability to inhibit gluconeogenesis, and, particularly, 
the enzyme phosphoenolpyruvate carboxykinase 
(Gold, 1974). Recently, prospectively randomized 
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double-blind studies have shown hydrazine sulfate 
to be beneficial in helping cancer patients maintain 
weight (Chlebowski et al., 1987), and to improve 
glucose tolerance and turnover (Chlebowski et al., 
1984). It was the purpose of this study to determine 
whether hydrazine sulfate treatment might exert 
other effects on hepatic carbohydrate metabolism at 
the enzyme level. 

Hydrazine sulfate was found to increase host liv- 
er phosphoenolpyruvate carboxykinase, decrease 
glucokinase, and to have minimal effect on fructose 
1,6-bisphosphatase and hexokinase specific activ- 
ities. These results cannot be explained simply on 
the basis of the metabolic pathway in which each 
enzyme's action is based, without taking into ac- 
count the regulatory phenomena that may be in- 
volved. Thus, the action of hepatic phosphoenoL 
pyruvate carboxykinase, which was affected by 
hydrazine sulfate, is gluconeogenic, but so is the ac- 
tion of fructose 1,6-bisphosphatase, which was not 
affected by the hydrazine sulfate. Glucokinase and 
hexokinase are both isoenzymes which are able to 
catalyse the conversion of glucose to glucose 6- 
phosphate (Weinhouse, 1976), yet glucokinase but 
not hexokinase was affected by the hydrazine sul- 
fate. A plausible explanation becomes evident upon 
additionally taking into account hormonal regula- 
tion of metabolism at the level of de novo enzyme 
synthesis. Insulin is known to decrease the rate of 
phosphoenolpyruvate carboxykinase synthesis 
(Granner et al., 1983), and to increase glucokinase 
synthesis (Minderop et al., 1987). Each action is at 
the level of transcription. Glucocorticoids also af- 
fect phosphoenolpyruvate carboxykinase (PEPCK) 
and glucokinase synthesis and these effects likewise 
are in opposite directions (Weinhouse, 1976; Tilgh- 
man et al., 1976), Fructose 1,6-bisphosphatase and 
hexokinase specific activities, in contrast, were not 
appreciably affected by hydrazine sulfate, and nei- 
ther of these enzymes is affected hormonally at the 
level of synthesis or degradation. Further, a sub- 
sequent increase in hepatic PEPCK activity upon 
isolation, as we have observed, is consistent with 
reversible PEPCK inhibition in vivo. This was dem- 
onstrated in an earlier study that revealed a rela- 
tionship between hydrazine, gluconeogenesis and 
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phosphoenolpyruvate carboxykinase (Ray et al., 
1970). 

It is reasonable that hydrazine sulfate, acting in 
vivo to reversibly inhibit phosphoenolpyruvate car- 
boxykinase activity and to thereby bring about a 
drop in blood glucose, may provoke a hormonal 
response that leads to a subsequent increase in the 
amount of phosphoenolpyruvate carboxykinase 
and a corresponding decrease in glucokinase. These 
events would then be reflected in the activity chang- 
es observed upon assay of liver cytosol. The fact 
that the decrease in glucokinase brought on by hy- 
drazine sulfate was more dramatic among the 
cancerous rats than the controls may simply mean 
that the control rats were able to respond more rap- 
idly to the hydrazine sulfate during the 24-h period 
between the last injection and subsequent biopsy, 
and thereby return more rapidly to a homeostatic 
state. Such reasoning does not, however, explain 
why there was so little difference in phosphoenol- 
pyruvate carboxykinase activity between the experi- 
mental and control subgroups that had received hy- 
drazine sulfate. 

Attention should be drawn to the enzyme activity 
changes observed in the earlier phases of the experi- 
ment. The initially low phosphoenolpyruvate car- 
boxykinase and fructose 1,6-bisphosphatase activ- 
ities among the experimental animals probably 
reflect 1,2-dimethylhydrazine toxicity (Haase et al., 
1973), although the possibility that one or both of 
these effects may be due to some initial events in the 
cancer induction process is not to be ruled out. The 
apparent lack of reversibility to the glucokinase and 
hexokinase changes, coupled with the fact that oth- 
er workers have also reported a higher host liver 
hexokinase/glucokinase ratio in cancerous animals 
(Herzfeld and Greengard, 1977; Greengard, 1979; 
Tanaka et al., 1972), would suggest that these par- 
ticular changes bear some relationship to the cance- 
rous state, as has been proposed (Herzfeld and 
Greengard, 1977). It is clear that termination of the 
1,2-dimethylhydrazine injections allowed phos- 
phoenolpyruvate carboxykinase and fructose 1,6- 
bisphosphatase to return to control levels, while the 
hexokinase/glucokinase ratio remained elevated. 

It is evident that hydrazine sulfate may affect he- 

patic intermediary carbohydrate metabolism not 
only with respect to gluconeogenesis but also with 
respect to glucose uptake and storage. Such a prob- 
ability is not only reasonable, but consistent with 
the previously demonstrated inhibition of phos- 
phoenolpyruvate carboxykinase (Ray et al.~ 1970). 
Glucokinase activity from the cancerous animals is 
profoundly affected by hydrazine sulfate, but, un- 
like phosphoenolpyruvate carboxykinase, its activ- 
ity is not affected by hydrazine sulfate when that 
compound is added directly to the cuvette during in 
vitro assay (R. Silverstein, unpublished data). Giv- 
en the extraordinary sensitivity of phosphoenolpy- 
ruvate carboxykinase to hormonal regulation at the 
gene level (Granner et al., 1983; Lamers et al., 1982: 
Loose et al., 1985) it should not be surprising that 
interfering with its activity might have systemic ef- 
fects relating to the regulation of intermediary me- 
tabolism. Recently, hydrazine sulfate has been 
shown to influence whole body protein turnover in 
cancer patients (Tayek et al., 1987). Finally, the 
possibility cannot be excluded that the biological 
effectiveness of hydrazine sulfate may at least in 
part be immunologically based. In that regard, en- 
dotoxin is known to lead to increased effector cell 
secretion of tumor necrosis factor/cachectin and 
other mediators (Morrison and Ryan, 1987). We 
have been able to show in a murine model that a 
single dose of hydrazine sulfate, 50 mg per kg, deliv- 
ered intraperitoneally 5 h prior to endotoxin chal- 
lenge, protects significantly against lethality (Silver- 
stein et al., 1988). It is conceivable that this latter 
model may prove more amenable to elucidating the 
fundamental basis for hydrazine sulfate's beneficial 
effects than a long-term cancer cachexia animal 
model. 
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