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Abstract-The activities of glucose 6-phosphate dehydrogenase. NADP-isacitrate dehydrogenaae, NADP- 
malic dehydrogenase and ATP-citrate lyase have been measured in male and female Long-Evans rats fed 
both high-fat (34.2% of calories) and low-fat (4,696 of calories) liquid diets. Ethanol was incorporated into 
the diets by repfacing 36% of the carbohydrate calories. Glucose 6-phosphate dehydrogenase activity was 
decreased by ethanol only in rhe males. A 40 per cent decrease was observed regardless of which diet was fed. 
Because ethanol. affected this enzyme only in males, the phosphog~u~nate pathway may be more important 
in females during chronic ethanof metaboiism. Ethanol had small and variable effects on isocitrate 
dehydrogenase, and the high-fat diet seemed to modify the differential response of this enzyme to ethanol 
between males and females. The NADP-malate dehydrogenase was decreased 5 7 per cent in males and 5 3 per 
cent in females t&r ethanol ingestion with the low-fat diet. With the high-fat diet, these decreases were more 
pronounced (74 and 68 per cent, respectively). Changes in the activity of ATP-citrate lyase have been said to 
parallel those of malate dehydrogenase; however, this was not observed in the female animals. Instead of 
decreasing, the activity of this enzyme increased in females after feeding ethanol with the low-fat diet. A 
kinetic analysis of the ATP-citrate fyase showed that the apparent V,,,,,, had beenn altered, while the PC, for 
citrate remained unchanged. These data suggest that ethanol may have altered the content of the enzyme m 
both mates and females. The high-fat diet enhanced the e%ct of ethanol on the activity oft&is enzyme in males 
and tended to reverse the effect of ethanol in females. AI1 ofthe above data suggest that lipogenesis may not be 
decreased in females as a result of ethanol and that sex hormones may play a role in the effects of ethanol on 
lipid metabolism in the rat. 

Xn a few studies in which the effects of ethanol feeding 
on lipid metabolism as a function of sex were investi- 
gated, differences were observed. For example, the 
plasma triglyceride concentration was increased 6 hr 
after a single large dose of ethanol in both male and 
female rats but to a greater extent in the mates Ill. 
Ethanol enhanced the Triton-induced hypertriglyceri- 
demia to a greater extent in male rats than in fe- 
males [21. Further, depending upon the sex of the ani- 
mal, chronic ethanol ingestion affected the oxidation of 
certain mitochondrial substrates differently [3,41. 
More recently, our laboratory reported findings that 
emphasized the importance of sex as well as dietary 
levels of fat on hepatic m~t~hondri~ structure and 
function after chronic ethanol ingestion and metabo- 
lism [Sl. 

The accumulation of lipids in the liver following 
chronic ingestion of ethanol has been well docu- 
mented [6], and essentially four mechanisms have been 
postulated to account for the alcoholic fatty liver [ 7, $1. 
These include increased peripherai fat mobilization, 
decreased hap&c lipoprotein release, decreased fatty 
acid oxidation and enhanced hepatic Iipogenesis. The 
preponderance of studies which have resulted in these 
various mechanisms being postulated was conducted 
with animals of only one sex. However. comparing 
normal lipid metabolism of normal males and females 
has revealed several sex related differences. For in- 

* A preliminary report of these data has been published in 
the 1978 Proceedings of the Western Ph~ma~o~o~y Society. 

stance, the rate of uptake of free fatty acids by perfused 
iivers from female rats was greater than from males 191, 
and the hepatic triglyceride ~on~~t~tion of female rats 
exceeded that of males f IOf. Also, the output of tri- 
glycerides by livers from female rats is greater than that 
from livers of male rats in vitro [ 11, 121 and in 
viva 113 1. These differences in normal lipid metabolism 
as a function of sex were related to hormonal regula- 
tion [14- 171. Further, it has been demonstrated that 
females show greater susceptibility than males to the 
induction of fatty liver by ethionine [ 121, tetracyc- 
line f 101, and cyclohexamide I181. However, with re- 
spect to the induction of a fatty liver by chronic ethanol 
ingestion, the majority of data evaluating the metabolic 
events Ieading to e#~ol-educed accumulation of he- 
patic lipid has been collected from male experimental 
animals. 

In order to evaluate the effects of chronic ethanol 
ingestion as it may be related to sex differences, four 
enzymes were selected which represent metabolic loci 
historically considered to be markers of lipogenic activ- 
ity. First, glucose 6-phosphate dehydrogenase cata- 
lyzes oxidation at carbon I of glucose 6-phosphate to 
produce 6~p~osphoglu~onate, the first substrate in the 
hexose monophosphate shunt. This pathway is respon- 
sible for much of the reducing power (NADPH) needed 
for de nova synthesis of fatty acids. Second, the NADP- 
malic enzyme also has been well documented as a 
source of reducing equivalents for lipid biosyn- 
thesis f 19-2 11. and under certain conditions can gener- 
ate approximately one half the reducing power neces- 
sary for fipid biosynthesis f22f. Third, the ATPcitrate 
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lyase has been widely accepted as the main enzyme 
responsible for the production of acetyt-CoA, the pre- 
cursor of fatty acids in the cytoplasm of the cell. 
Fourth, the NADP-linked isocitrate dehydrogenase 
converts isocitrate to cc-ketoglutarate in the cytoplasm 
and, thus, to citrate. To account for the possibility of 
acetyl-CoA generation from a-ketoglutarate, isocitrate 
dehydrogenase was assayed in this study. Further, this 
enzyme has been demonstrated to be a potential source 
of reducing equivalents for lipid bios~th~is as indi- 
cated by its response to different c~~hydrate diets as 
well as being significantly elevated in the obese hyper- 
glycemic syndrome ( 23 1. 

In the experiments described here, the activities of 
these marker enzymes were assayed in both male and 
female rats to determine how certain metabolic events 
leading to alcoholic fatty liver might differ as a function 
of sex and possibly dietary fat. 

MATERIALS AND METHODS 

Animals and treatmew. Male and female Long- 
Evans rats (140- 160 g) were obtained from Simonsen 
Labs, Gilroy. CA. Upon arrival, the animals were 
housed in separate cages and maintained on Purina 
Laboratory Chow and water ad lib. for 3-4 days. The 
animals were then weight-paired and fed a regimen of a 
specifically formulated liquid diet containing 36*h of 
the total caiories as ethanol. The low-fat diet contained 
4.6% of the total calories as lipid, and the high-fat diet 
contained 34.2% of the calories as lipid. The composi- 
tion and preparation of the liquid diets have been 
described in detail elsewhere 151. Pair-fed controls re- 
ceived the same diet except that glucose was isocalori- 
tally substituted for ethanol. All animals were allowed 
to consume the diet ad lib. Richter tubes were used for 
measuring daily consumption of the liquid diets, and a 
I: I light to dark ratio (07:30-19:30 hr)lighting sched- 
ule was used. Animals were maintained on the diet for a 
period of 35-45 days prior to killing. The livers were 
excised immediately and placed in ice-cold 0.25 M 
sucrose containing 3.4mM Tris-HCl at pH 7.4 The 
liver was.diced rapidly with stainless steel scissors and 
then homogenized with a Potter-Elvehjem homoge- 
nizer attached to a variable speed electric drill. The 
enzyme fraction used in all assays was the 105,OOOg 
su~rna~t fluid obtained by centrifuging the post- 
mitochondrial supernat~t fluid for 70 min at 3O in a 
Beckman model L5-65 preparative ultracentrifuge. 

Assays of enzymes. All enzymes were assayed spec- 
trophotometrically by standard techniques using a 
Beckman model 25 spectrophotometer: glucose 6- 
phosphate dehydrogenase (D-glucose (i-phos- 
phate:NADP oxidoreductase; EC 1.1.1.49) [ 241; mal- 
ate dehydrogenase (t.-maiate:NADP oxidoreductase; 
EC 1.1.1.40) 1251; citrate oxaloacetate-lyase (EC 
4.1.3.8) 1261; and isocitrate dehydrogenase (L-isocit- 
rate:NADP oxidoreductase; EC 1.1.1.4 1) 1271. Pro- 
tein was determined by the method of Lowry et al. [ 281. 

Substrates. Glucose 6-phosphate (monosodium 
salt), L-malic acid (monosodium salt), DL-isocitric acid 
(type 1: trisodium salt), citric acid (trisodium salt), /I- 
NADP (sodium salt), coenzyme A (lithium salt), and 

- 
* Personal communication from Dr. Frank R. Ciofalo. 

Dept. of Pharmacology, University of Nevada, School of 
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ATP (sodium salt) ail were purchased from Sigma 
Chemical Co., St. Louis, MO, and used without further 
purification. 

Enzymes. Malic dehydrogenase from porcine heart 
(cytoplasmic) was purchased from Sigma Chemical 
Co., St. Louis, MO, and used without further 
purification. 

Statistical analysis. Paired t-test analysis was used 
to evaluate the significance of the observed differences. 

RFSULTS 

A previous report from this laboratory [ 5 ] described 
the appearance of livers from male and female animals 
chronically fed ethanol in either the high- or low-fat 
diet. Ethanol ingestion did not alter liver weights from 
either sex when the low-fat diet was used. The male liver 
weights were about 40 g/kg, and the female liver 
weights were about 3 8 g/kg. When the fat content of the 
diet was increased, ethanol ingestion caused the male 
liver weights to increase from 39.2 to 6 1.4 g/kg and the 
female liver weights to increase from 32.0 to 49.0 g/kg. 
Total liver triacylglycerol concentrations were not de- 
termined, but the liver weights should be a very good 
indication of liver triglyceride as suggested by the data 
of Lieber and DeCarli 129 I. Thus, ethanol only induced 
liver triacylglycerol accumulation when the dietary fat 
content was high. 

In previous studies with males fed the low-fat diet, 
blood ethanol concentrations were observed to plateau 
between 250 and 300 mg/dl after 8 or 9 days and 
remain there until at least day 12. Blood ethanol was 
not measured in the studies reported here. During the 
last week of ethanol administration, the daily intake of 
ethanol was 16.0 & 0.9 g/kg/day for the low-fat males 
and 16.0 f 0.6 g/kg/day for the high-fat males. The 
low-fat females consumed 18.1 2 0.6 glkgi’day, and the 
high-fat females ingested 14.5 2 0.8 g/kg/day. Thevai- 
ues for the low-fat males have been corroborated in 
another laboratory which uses the same type of animals 
and the same diet. * These animals were conscious and 
very quiescent; they remained in the rear of their cages. 

Table 1 compares the effects of chronic ethanol 
ingestion on the four marker enzymes of lipogenic 
activity in male and female rats fed the low-fat diet. 
Note that glucose 6-phosphate dehydrogenase activity 
was decreased 42 per cent in the males as a result of 
ethanol feeding, whereas in the females ethanol had no 
effect. In the controls, the activity of this enzyme was 
elevated 2-fold greater in the female than in the male. 
This difference in activity increased almost 4-fold in the 
female compared to the male in the ethanol-treated 
animals. The increase in the difference between the 
sexes was the result of the ethanol-induced decrease in 
the male. When this enzyme was compared in males 
and females as a function of feeding a high-fat diet 
{Table 2), it was found that ethanol ingestion depressed 
the activity of the enzyme in the males by 39 per cent, 
and as with the low-fat diet. no change was observed in 
the females as a result of ethanol feeding. Thus, ethanol 
affected the activity of this enzyme only in the male, and 
increasing the dietary levels did not alter the relative 
effects of ethanol. It also will be observed that there was 
no difference between the male and female controls with 
the high-fat diet. Further, the high-fat diet resulted in a 
65 per cent decrease in activity in control males and an 
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Table 1. Effects of chronic ethanol ingestion on lipogenic marker enzymes in male 
and female rats fed a low-fat diet 

Enzyme Controls * Ethanol * % Change P 

ATP citrate lyase 
Male 15.4 + 2.5 9.8 + 1.4 -37.0 co.01 
Female 13.1 + 0.9 18.5 ? 2.3 +41.2 <o.o 1 

NADP malic dehydrogenase 
Male 6.0 i_ 1.4 2.6 + 0.4 -56.6 qo.0 1 
Female 5.1 * 0.9 2.4 f 0.6 -52.9 qo.01 

NADP isocitrate dehydrogenase 
Male 122.9 ? 2.4 110.6 ? 4.3 - 10.0 NSt 
Female 158.3 + 12.7 169.3 ? 13.4 +6.9 NS 

Glucose 6-phosphate dehydrogenase 
Male 65.7 + 8.1 38.1 + 4.1 -42.0 TO.0 1 
Female 145.0 + 17.9 146.1 + 35.3 +0.8 NS 

* Expressed as nmoles/min/mg of protein + S. E. M. of five to twelve animals. The 
enzymes were assayed as described in Materials and Methods. 

+ Not significant. 

Table 2. Effects of chronic ethanol ingestion on lipogenic marker enzymes in male 
and female rats fed a high-fat diet 

Enzyme Controls l Ethanol * 96 Change P 

ATP citrate lyase 
Male 9.7 ? 0.7 5.1 + 0.8 -47.4 to.01 
Female 8.6 * 1.2 7.1 2 1.1 -17.0 NSt 

NADP malic dehydrogenase 
Male 5.7 & 0.6 1.5 & 0.2 -73.7 <o.o 1 
Female 2.5 t 0.7 0.8 It 0.2 -68.0 10.0 1 

NADP isocitrate dehydrogenase 
Male 131.1 t 10.7 153.5 + 15.4 +17.1 co.05 
Female 153.8 ? 12.2 170.8 + 18.3 + 11.2 NS 

Glucose 6-phosphate dehydrogenase 
Male 23.1 + 1.8 14.0 * 1.1 -39.0 to.01 
Female 23.4 + 2.0 24.2 & 2.0 +0.3 NS 

* Expressed as nmoles/min/mg of protein ? S. E. M. of five to twelve animals. The 
enzymes were assaved as described in Materials and Methods. 
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t: Not significant. 

84 per cent decrease in control females when compared 
to the low-fat diet. This is consistent with the findings of 
Leveille [ 301 who observed that high dietary fat lowers 
the activity of this enzyme. 

When isocitrate dehydrogenase activity was meas- 
ured, ethanol ingestion had small and variable effects on 
this enzyme regardless of whether the low-fat diet 
(Table 1) or the high-fat diet (Table 2) was used. As a 
result of low-fat feeding (Table l), the effect of ethanol 
on either males or females was not significant statisti- 
cally. However, when males were compared to females, 
it was observed that the activity of the enzyme was 28.8 
per cent higher in control females compared to control 
males. After ethanol treatment, the difference in activity 
between females and males had increased to 53 per 
cent. Thus, there was a 25 per cent increase in the 
difference between females compared to males as a 
direct result of ethanol in the diet. 

When the high-fat diet was used, the activity of 
isocitrate dehydrogenase was not changed in either the 
control or the ethanol-treated females. However, there 
was about 7 per cent increase in activity in the control 
males and a 39 per cent increase in the ethanol-treated 
males. These effects of ethanol feeding were statisically 

significant in the male animals; 17 per cent increase was 
observed. Thus, the effects of both ethanol ingestion 
and high-fat feeding on isocitrate dehydrogenase were 
observed to be significant only in males. 

NADP-malate dehydrogenase activity was de- 
creased 5 7 per cent in males and 5 3 per cent in females 
fed the low-fat diet containing ethanol, and no differ- 
ences were observed between either control males and 
females or between ethanol-treated males and females 
with respect to the activity of this enzyme. When the 
high-fat diet was used, the decrease resulting from 
ethanol ingestion was more pronounced (74 and 68 per 
cent in males and females, respectively). Further. when 
control males and control females were compared, there 
was a 56 per cent decrease in activity in the females. 
When the ethanol-treated males and females were com- 
pared, there was a 47 per cent decrease in activity in the 
females. Thus, the use of the high-fat diet affected the 
activity of this enzyme mainly in the female; however, 
high dietary fat did potentiate the effect of ethanol in 
both males and females. 

Ethanol affected ATP-citrate lyase quite differently 
in the two sexes. In the group of animals fed the low-fat 
diet (Table l), ethanol ingestion resulted in a decrease 
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‘t; 
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K, = 1.9~10-~% 

‘/Citrate x lom3 

Fig. l. Lineweaver-Burk plot of ATP-citrate lyase activities for males fed the low-fat diet. The enzyme was 
assayed according to the procedure of Ochoa f261. Citrate concentration was varied from 1.3 x 1O-4 M to 

10.0 x 10-M. 

in activity of this enzyme iti the male which corrobor- 
ates the findings of other investigators [3 1,321. In the 
female, activity of this enzyme was elevated 4 1 per cent 
as a result of chronic ethanol feeding. When fed a high- 
fat diet, the enzyme activity was depressed significantly 
by ethanol o&y in the males. It also was observed that 
the high-fat diet decreased the activity of the control 
males and control females by 37 and 34 per cent, 

respectively. When ethanol was introduced into the 
diet, the activity of this enzyme was decreased 48 per 
cent in males and 6 1 per cent in females as a result ofthe 
high-fat feeding. Thus, increasing the dietary fat de- 
creased the activity of this enzyme in both sexes as 
reported by others f3 I]. Further, the effect of increas- 
ing dietary fat completely removed the effect of ethanot. 
in the female. 

n moles/min/mg o2 

-1 

1 8 1 8 

-4 t -2 2 4 6 8 

K,,,=3.7~10”~1 

‘/Citrate x 1C-3 

Fig. 2. Lineweaver-Burk plot of ATP-citrate lyase activities for females fed the low-fat diet. The enzyme was 
assayed according to the procedure of Ochoa f261. Citrate concentration was varied from 1.3 x 10e4 M to 

25.0 x lo+ M. 
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These striking differences between males and fe- 
males with respect to the activity of ATP-citrate lyase 
were studied further by kinetic analysis. Figures 1 and 2 
show the Lineweaver-Burk plots for the data obtained 
from the low-fat fed males (Fig. 1) and females (Fig. 2). 
It is quite obvious from these figures that ethanol 
ingestion has affected only the I’,,,, of the enzyme. In 
the males (Fig. 1). the F,, was 7.2 nmoles/m~mg in 
the ethanol-treated animals compared to 17.5 in the 
controls. In the females (Fig. 2), the relationship was 
reversed; the ethanol-treated animals exhibited a I’,,,= 
value of 16.3 nmoles/min/mg compared to 14.9 in the 
controls. Thus, these data corroborate the data shown 
in Tables 1 and 2. The Km for citrate was about 
1.9 x 10w4M in the males (Fig. 1) compared to 
3.7 x lo4 M in the females, and ethanol ingestion did 
not alter these values. Because the females fed the high- 
fat diet did not show any significant difference after 
ethanol ingestion, only the males fed the high-fat diet 
were studied kinetically. The data from this study were 
almost identical to those shown in Fig. 1. The K, for 
citrate was 2.3 x 10e4 M in both controls and ethanol- 
treated. The V,,, was 9.1 nmoles/min/mg in the con- 
trols and 3.45 nmoles/min/mg in the ethanol-treated. 
These data may indicate that chronic ethanol ingestion 
has altered the content of enzyme, a pattern that would 
be consistent with the nature of adaptive enzymes. 
Thus, the females fed the low-fat diet would have 
increased amounts of enzyme while the males would 
have decreased amounts. Another possible interpreta- 
tion is that the Kcst has been altered by ethanol. How- 
ever. to more fully explain these differences. additional 
data must be gathered. 

DISCUSSION 

Because the enzymes chosen are integrated into a 
rather complex web of metabolic pathways, it was the 
purpose of this study to attempt to identify general loci 
where ethanol effects may vary as a function of sex and 
to relate these findings to alterations observed as a 
result of normal sex differences. 

With respect to glucose 6phosphate dehydrogenase, 
our findings with male rats fed the low-fat diet were 
almost in perfect agreement with those reported by 
Markku et al. 13 11. In their study using male rats, 
ethanol substitution for carbohydrates in a low-fat 
liquid diet resulted in a 46 per cent decrease in the 
activity of this enzyme. This figure compares favorably 
to the 42 per cent decrease observed in our experiment 
using males (Table 1). This inhibition of the first 
catalytic step in the hexose monophosphate shunt 
(HMPS) may be related to the inhibition by ethanol 
ingestion of a number of dehydrogenases that use 
NADP or NAD as an oxidizing agent [ 3 l-341. Inhibi- 
tion would be expected as a result of the increase in 
reduced pyridine nucleotides that accompanies chronic 
ethanol metobolism 135, 361. Unlike males. virtually 
no differences were observed as a function of ethanol 
ingestion in female rats. The failure of prolonged inges- 
tion of ethanol to alter this enzyme in the females 
suggests that a more oxidized state of the pyridine 
nucleotides exists in the female than in the male. If this 
is the case, then the female may have a greater depend- 
ency on HMPS activity during chronic ethanol metabc- 
lism. A low NADPH/NADP ratio in females would be 

consistent with the findings of Lieber and DeCarli 13 71 
that chronic ethanol feeding increases the so-called 
microsomal ethanol oxidizing system in females by 13 8 
per cent compared to 48 per cent in males. Because this 
membrane system uses NADPH, the HMPS may not 
be depressed in females, allowing the female to compen- 
sate for the greater loss of NADPH that would occur if 
the microsomal ethanol oxidizing system were in fact 
behaving in accord with the observations of Lieber and 
DeCarli. Another possibility is that the differential 
effects of ethanol on HMPS activity may be mediated 
by androgenic hormones. This hypothesis has credence 
in light of previous observations that ethionine induced 
fatty livers in female and castrated male rats 1381 but 
not in normal males or females pretreated with testo- 
sterone [ 391. 

Finally, that the observed differences in glucose 6- 
phosphate dehy~ogen~e in the controls fed low-fat 
diets may be related to a modulation of gene dose 
phenomena is enticing. It is well established that glu- 
cose 6-phosphate dehydrogenase is a sex linked protein 
with the gene located on the X chromosome [40]; 
however, it also has been demonstrated that there is no 
sex difference in the activity of the human erythrocyte 
enzyme I 4 Il. Failure to display gene dosage effects has 
been postulated by Lyons 1421 to be related to an 
inactivation of the gene on one of the X chromosomes 
in early embryonic development. However. other inves- 
tigators have presented data to challenge this 1431. 
Russell [441 has suggested that the X chromosome in 
the mouse may be only partially inactivated in early 
embryonic life. Because it has been suggested that both 
Xg alleles are expressed in cells of heterozygous fe- 
males 14.51, both alleles also may be expressed in males. 
Whether nutrition~ conditions exert influence on the 
gene inactivation by a repressor-depressor mechanism 
resulting in alterations of a gene dosage effect remains 
to be elucidated, and our data suggest that such studies 
may be heuristic. 

Even though ethanol ingestion did not induce statis- 
tical differences in isocitrate dehydrogenase in either 
males or females fed the low-fat diet, it was extremely 
interesting to note that the activity of the enzyme was 
25 per cent higher in the control females compared to 
the control males and that this difference increased to 
53 per cent after ethanol was added to the diet. Because 
palmitoyl-CoA levels have been reported to be elevated 
significantly in response to chronic ethanol inges- 
tion 1461, this effect of ethanol may be related to the 
inhibition of isocitrate dehydrogenase by palmitoyl- 
CoA 1471. This suggestion is supported by the data in 
Table 2 which show that the high-fat diet minimized the 
male-female differences. It should be pointed out that 
the level of palmitoylCoA required to inhibit isocitrate 
dehydrogenase was such that the inhibition probably 
resulted from detergent effects of the palmitoyl-CoA. 

That nutritional factors modulate the rate of hepatic 
fatty acid synthesis has been indicated by increased 
rates of lipogenesis in animals fed low-fat diets and 
decreased rates in animals fed high-fat diets 1481. Fur- 
ther, it is generally accepted that depressed ATP-citrate 
lyase and NADP-malic enzyme activities reflect a 
depression in hepatic lipogenesis [ 19,201. A compari- 
son of Tables 1 and 2 demonstrates that an increase in 
dietary fat under the conditions of our experiments did 
result in a decreased activity of ATP-citrate lyase in the 
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controls from both sexes; however, a decrease in 
NADP-malic enzyme was seen in the females only. 
When ethanol was added to the diet, a marked decrease 
in the activity of the NADP-malic enzyme was ob- 
served in both groups of males and females. On the 
other hand, ethanol decreased the activity of ATP- 
citrate lyase in both groups of males and increased its 
activity in the low-fat females. No change was observed 
in the high-fat females. This is interesting from the 
standpoint that previous investigators have demon- 
strated a high correlation between ATP-citrate lyase 
and NADP-malic enzyme activities after feeding both 
chow 12 l] and liquid diets with and without 
ethanol [ 3 1,321. Our data show a reasonable correla- 
tion in the relative alterations of these two enzymes in 
the male, but in females fed the low-fat diet, the relation- 
ship was inverse, i.e. with increasing ATP-citrate lyase 
activity a corresponding decrease in malic enzyme 
activity occurred. These data suggest a difference in 
substrate flow due to differences between males and 
females in the rate of acetyl-CoA production via oxida- 
tion of ethanol. Lieber and DeCarli [ 371 have reported 
a 2 1 per cent decrease in the activity of alcohol dehy- 
drogenase in females after chronic ethanol ingestion; no 
change was observed in males. Therefore, after chronic 
ethanol ingestion, there may be a decrease in the synthe- 
sis of acetate from ethanol in females which could 
contribute to differences in substrate flow between the 
two sexes. Atkinson and Walton [49] have shown that 
the ATP-citrate lyase could be regulated in viva by 
alterations in the so-called energy charge. Because 
French [50] has observed a decrease in total liver ATP 
in chronically treated males and no change in females, 
the difference in the energy charge which exists between 
the sexes also should contribute to the opposite effects 
of ethanol on the ATP-citrate lyase observed in Table 1. 

Four mechanisms were postulated in the introduc- 
tion as plausible explanations for the accumulation of 
lipids in the liver. Regardless of which mechanism one 
chooses to accept as a basis for hypothesis. the lipids 
that accumulate can originate from three main sources: 
dietary lipids, adipose tissue lipids and lipogene- 
sis [ 7,8]. Decreased ATP-citrate lyase activity as a 
result of chronic ethanol ingestion has been used to 
negate enhanced lipogenesis as a source of lipid accu- 
mulation during fatty liver development [3 1, 321. Our 
findings with the male would support these conclusions. 
However, it should be emphasized again that females 
fed a low-fat diet displayed an elevation in the activity 
of this enzyme (Table 1). The kinetic data presented in 
Figs. 1 and 2 suggest that these alterations may be 
related to modifications in the quantitative content of 
the enzyme as indicated by the relative change in V,,,,, 
of the enzyme without any change in the “apparent” 
K,. This response is consistent with the nature of 
adaptive enzymes. 

The activity of ATP-citrate lyase depends on the 
nutritional state of the animal [5 11. It has been shown 
to be suppressed on starvation and restored on refeed- 
ing after starvation [52]. Further, the type of diet used 
for refeeding exerts an effect on the extent of the 
increase in enzyme activity [ 19, 531. Lactatioh in- 
creased ATP-citrate lyase activity in mammary tis- 
sue [ 541, and genetically obese mice have an increased 
activity of this enzyme in the liver [54]. Because the 
above described alterations in nutrition, etc., have led to 

changes in the ATPcitrate lyase, our data may be 
related to previous reports which show that free fatty 
acids (FFA) are mobilized differently in males than in 
females [55, 561. Further, the alterations in the kinetic 
constants may be related to the findings that free fatty 
acids are esterified more rapidly in livers of females 
than males [ 101. In the females, one might postulate 
that the free fatty acids are esterified rapidly enough to 
keep the effective acyl-CoA concentration sufficiently 
low, whereas, in the male, the levels of acyl-CoA may 
be exerting inhibitory effects. If this mechanism were 
correct. one might expect females fed the high-fat diet to 
display inhibition patterns similar to those observed in 
males. Because FFA esterification rates have been 
shown to be higher in the female [ 141, an increased 
influx of FFA into the liver, contributed by the supple- 
mental dietary lipids, may have been rapid enough to 
negate the effects of enhanced incorporation into neu- 
tral lipids, thereby inhibiting ATP-citrate lyase. This 
was, in fact, the observed effect. Thus, we conclude that 
the differential effects of ethanol observed between 
males and females fed the low-fat diet were eliminated 
by an increase in the influx of FFA brought about by 
the increase in lipid in the high-fat diet. 

The data regarding sex differences and ethanol ef- 
fects on the enzyme activities presented here suggest 
that ethanol may not increase the NADPH/NADP 
ratio in females as it does in males. These data also 
would suggest that de nova fatty acid synthesis may not 
be decreased in females as a result of ethanol ingestion. 
Arakawa et al. [57] noted that the effects of chronic 
ethanol ingestion on ATP-citrate lyase and NADP- 
malic enzyme resulted in elevated activities of these 
enzymes in a strain of mouse that is characterized by 
obese hyperglycemia and diabetes. They also presented 
evidence to show that these enzyme activities were 
correlated positively with plasma insulin levels which 
are modulated to a great extent by sex hormones. Thus, 
our data may be the result of effects of ethanol on 
hormonal regulation of insulin metabolism. It would be 
interesting to determine if our results with these lipo- 
genie marker enzymes would be altered by exogenously 
introduced sex hormones. Regardless of which mecha- 
nisms are actually affected, these data very definitely 
suggest sex differences in the response of lipogenic 
enzymes to ethanol ingestion and point to the necessity 
of enhanced utilization of females in evaluating the 
metabolic responses to the ethanol that lead to the 
accumulation of fat in liver. 
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