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I .  The effect of short-tcrm and long-term feeding (0-80 d) with a liquid diet containing 
ethanol on the activity of rat hepatic enzymes related to lipogenesis has been evaluated. 
Carbohydrates were isoenergetically substituted for ethanol in the control animals. 

2. The maximum concentration of triglycerides in the livers was reached after about 30 d, 
when it was almost three times as high as in the control animals. The activity of malic enzyme 
(EC I .  I .  I .40) and A4TP citrate lyase (EC 4 .  I .  3 .8)  decreased significantly in the ethanol 
group, compared with the control rats, within 10 d and remained low during the rest of the 
experiment (So d). After 20 d, the acetyl-CoA synthetase (EC 6 .2 .  I .  I) activity increased 
significantly in the livers of the ethanol-fed rats but fell subsequently to values similar to those 
in the livers of the control rats. Thus, despite a pronounccd increase in the amount of trigly- 
ceride in the livers of rats on a liquid diet containing ethanol, there was a dramatic decrease in 
the activity of the enzymes (malic enzyme and citrate lyasc) involved in lipogenesis. 

3.  The almost unchanged activity of acetyl-CoA synthetase shows that the utilization of 
acetate, produccd when ethanol is oxidized, is not stimulated by long-term feeding with 
ethanol. The involvement of citrate lyase in various postulated shuttles for the transport of 
reducing equivalcnts across the mitochondrial membrane and the role of malic enzyme in the 
microsomal ethanol-oxidizing system are discussed. 

The activities of malic enzyme (EC I . I . I .40, L-malate: NADP oxidoreductase 
(decarboxylating)) and ATP citrate lyase (EC 4. I .3  .8, ATP : citrate oxaloacetate- 
lyase) are known to be related to  the lipogenic capacity of the liver (Tepperman & 
Tepperman, 1964; Kornacker & Lowenstein, 1965a). The malic enzyme is mainly 
concerned with the supply of NADPH for lipid biosynthesis (Shrago, Lardy, Nordlie 
& Foster, 1963; Wise & Ball, 1964), whereas the citrate lyase reaction may provide 
extramitochondrial acetyl-CoA for the synthesis of fatty acids from carbohydrates 
(Bhaduri & Srere, 1963; D’Adamo & Haft, 1965; Kornacker & Lowenstein, 1965b). 
The activation by acetyl-CoA synthetase (EC 6.2. I . I ,  acetate: CoA ligase (AMP)) 
of acetate derived from oxidation of ethanol may be an additional mechanism for 
supplying acetytCoA for hepatic lipogenesis (Lieber & Schmid, 1961). 

The malic enzyme and the citrate lyase may also have other functions in the 
metabolic changes induced by ethanol. Thus, NADPH formed by the malic enzyme 
may be a cofactor in the microsomal ethanol-oxidizing system recently proposed by 
Lieber & DeCarli (1970). The citrate lyase may be involved in postulated shuttles 
for the transport of reducing equivalents across the mitochondrial membrane (Rorst, 
1963 ; Grunnet, 1970; Eundquist, Thieden & Grunnet, 1971). 

The aim of this investigation was to study the effect of feeding rats with ethanol in 
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Fig. I. Composition of thc diets (see also Yilstrom, Fellenius 8~ Kicssling, 1973). 

a liquid dict on the activity of thc enzymes involved in lipogenesis. The  roles of 
different postulated shuttles in the transport of NADH through the mitochondria1 
membrane and the microsomal ethanol-oxidizing system are also discussed. A brief 
report on parts of this work has already been published (Fellenius, Nis'eeth, IGessling 
& Pilstrom, 1972). 

M A T E R I A L  AND M E T H O D S  

Male rats of the Wistar strain from the Institute of Zoophysiology, Uppsala, 
Sweden, were used. The  mean age of the rats was 51  (40-74) d at the beginning of 
the experiment. The  animals were divided into three groups, 6-7 animals in each 
group. One group was fed on a commercial solid food (Purina Laboratory Chow, 
Astra-Ewos, Sodertalje, Sweden), with water as drinking-fluid. The  second group 
received a liquid diet without ethanol (control group). The  third group was given 
a liquid diet containing ethanol instead of sucrose (ethanol group). The  compositions 
of the diets are shown in Fig. I. A detailed description of the liquid diets, values for 
food intake and changes in body-weight during the experimental period has been 
given elsewhere (Pilstrorn, Fellenius & Kiessling, 1973). After 10, 20, 30, 40, 60 and 
80 d, rats were killed and enzyme activity and total protein werc determined in their 
livers as follows. 

About I g liver was quickly excised and homogenized in 10 ml of ice-cold 0.25 M- 

sucrose-I mM ethylcneglycol-bis (P-aminoethyl ether)N,N'-tetraacetic acid (EGTA) 
solution (pH 7.0). The triglycerides in this homogenate were quantified by the method 
of Eggstein & Kreutz (1966). The  rest of the homogenate was centrifuged for 5 min 
at 75og,,(0-4~). After the fatty layer had been removed, the supernatant fraction 
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Fig. z. Triglyceride concentration in the livers of rats fed on a liquid diet containing ethanol 
(0) or on a liquid control diet (a). (Mean values for six or sewn animals; the vcrtical bars 
represent thc standard error of the mean.) 

was centrifuged for 30 min at 7 j ooog,,(o-4').The resulting supernatant fraction mas 
used for the determination of enzyme activities and total protein. 

Malic enzyme activity was determined by the method of Hsu & Lardy (1969). 
Thc reaction was started by the addition of enzyme and readings were taken for 5 min 
( A  340 nm, 25'). The change in extinction in the sample cuvette was corrected for 
the change in extinction in a blank cuvette, from which L-malate was omitted. 

Dcterminations of the activity of citrate lyase and acetyl-CoA synthetase were 
madc by the methods of Srere & Lipmann (1953) and Lipmann & Tuttle (1945) 
respectively, as described by Kornaclrer & Idowenstein (1965 u), CoA was omitted 
from the blank cuvette. The  reaction was started by the addition of enzyme. Protein 
concentration was in the range of 0.5-2.0 mg per assay. The incubation was carried 
out for 40 min at 37'. Succinic anhydride was used as standard (Lipmann & Tuttle, 

Two or three different amounts of each enzyme were used to confirm proportionality 
between activity and protein concentration. Protein of the supernatant fraction was 
measured by the method of Bramhall, Noack, Wu st Lowenberg (1969). The activity 
of malic enzyme is defined as pmol NADPH formed/min per g protein of the super- 
natant fraction. The activity of citrate lyase and acetyl-CoA synthetase are expressed 
as pmol acetyl-CoA formed/min per g protein of the supernatant fraction. The  
concentration of ethanol was determined by the method of Dickinson & Dalziel 

1945). 

(1967)- 
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Figs. a and 3 6. For legend see facing page. 
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Fig. 3. Effect of feeding rats on a liquid diet containing ethanol (0) or on a liquid control 
diet (0) on the hepatic activities of malic enzyme (a) ,  citrate lyase (b)  or acetyl-CoA synthe- 
tase (c). (Mean values for six or seven rats; the vertical bars represent the standard error of 
the mean.) 

R E S U L T S  

Effect of ethanol feeding on the content of triglycerides in the livm 
As illustrated in Fig. 2,  the concentration of triglycerides in the livers of control 

animals on a liquid diet iiicrcased significantly ( P  < 0-01 by Student's t test) after 
10 d. After that time the level of neutral fat remained constant. The  maximum con- 
centration of triglycerides in the livers of rats on a liquid diet containing ethanol was 
reached after about 30 d and at that time was almost three times that in the control 
animals. 

Effect of ethanol feeding on the activity of malic enzyme, 
&&ate lyase and acetyl-CoA synthetase 

After 10 d, there was a dramatic decrease in the activity of malic enzyme in the rats 
given an ethanol-containing diet (Fig. 3a).  After that time, the activity remained 
fairly constant. 

Fig. 3 b illustrates the activity of citrate lyase as a function of the duration of feeding 
with liquid control and ethanol-containing diets. The  activity in the control group 
varied slightly but was always greater than that in animals kept on the solid, com- 
mercial diet (0 d). In  the animals fed with ethanol, there was a decrease in the rate of 
formation of acetyl-CoA by the citrate lyase reaction. The  low activity was maintained 
throughout the experimental period. 

From Fig. 4 one may draw the conclusion that a definite relation exists between 
the malic enzyme and citrate lyasc, which confirms the results obtained by Yeh, 
Leveille & Wiley (1970). The  two groups, ethanol-treated and controls, have been 
pooled since the regression coefficient found for each group did not differ significantly 
(P > 0.05). The correlation coefficient of 0.91 is statistically significant (P < 0-OI), 

indicating a high degree of correlation between the activities of these two enzymes. 
The  experiment summarized in Fig. 3 c was performed to study the effect of ethanol 
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Fig. 4. Correlation of rnalic enzyme and citrate lyase activities (/imol/min per g protein) in the 
rat liver. 0, rats on a liquid diet containing ethanol; a, rats on a liquid control diet. 

Table I. Injluence of age on hepatic activities of malic enzyme, cityate base and 
acetyl-CoA synthetase and liver triglyceride concentration in rats on a normal solid diet 

(Mean values with their standard errors; numbers of observations in parentheses) 

Age (weeks) 
/ ~ - - - ~ ~ - ~ h p - ~ ~ ~ - .  

7-8 20-22 
~ --Ap-. 

Mean S.E. Mean S.E. 

Malic enzyme (pmol/rnin per g protein) 19'3 1'2 (7) 5'9 0.6 (5) 
Citrate lyase (pmollmin per g protein) 20.7 1.4 (7) 9'5 0.5 ( 5 )  

Triglyceride (pmol/g wet weight) 10.3 1.5 (7) 10.1 0.7 (5) 
Acetyl-CoA synthetase (pmollmin per g protein) 8.5 0.7 (7) 5'7 0 ' 3  (5) 
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feeding on the activity of acctyl-CoA synthetase. There was a significant increase 
( P  < 0.01) in the activity in the ethanol group after 20 d, compared with the control 
animals. However, the rate fell subsequently to values similar to those in the livers 
of the control rats. 

The enzyme activity in young rats (7-8 weeks) and old rats (20-22 weeks) fed on 
a commercial solid diet was determined to evaluate the effect of age on enzyme 
activity (Table I). Decreased hepatic enzyme activity was found to accompany 
ageing, without any change in the triglyceride content. A corresponding change with 
age in animals on a liquid control diet was found only with acetyl-CoA synthetase 
(Fig. 3c) .  

D I S C U S S I O N  

The triglyccride content was estimated in thc livers of three groups of animals on 
different diets. With a liquid diet without ethanol, the triglyceride content was higher 
than in animals given ordinary pellets with water as the drinking-fluid (Fig. 2). This  
may be explained by the fact that the amount of fat in the liquid diet was higher than 
that in the commercial, solid food (Fig. I). 

Changes in the activity of citrate Iyase in animals kept on a liquid diet (Fig. 3 b)  are 
complex because they are affected by several factors. (I) A high-fat, low-carbohydrate 
diet should lead to a decreased synthesis of fatty acid and a diminished activity of 
citrate lyase (Kornacker & Lowenstein, 1965 a) .  ( 2 )  Equally significant is the 
chemical nature of the carbohydrates. The  carbohydrates in the commercial solid 
diet contain polysaccharides built up mainly of glucose (S. Elvin, personal com- 
munication), whereas the liquid diet contained sucrose (fructose-glucose com- 
ponents). An increased activity of citrate lyase and increased lipogenic capacity has 
been observed in rats given fructose instead of glucose (Sullivan, Miller, Wittman & 
Hamilton, 1971). ( 3 )  On solid diets there is a decline in activity with age (Table I). 
The increase in citrate lyase with time, shown in Fig. 3 b, is presumably because the 
positive effect of dietary sucrose is more important than the negative effect of age. 
Similar conclusions may apply to the changes in malic enzyme (Fig. 3a), although 
the changes are less marked for this enzyme. For acetyl-CoA synthetase, there is 
only a decline with time (Fig. 3c), perhaps because this enzyme is not much affected 
by dietary changes. 

The almost threefold accumulation of neutral fat in the third group, the ethanol 
group (Fig. 2), compared with the controls, confirms the results obtained by other 
authors (Best, Hartroft, Lucas & Ridout, 1949; Mallov, 1955; Lieber, 1967). Some 
authors have suggested that increased hepatic synthesis of fatty acid is the main 
source of the lipid accumulation (Lieber & Schmid, 1961 ; Lieber, 1967). This stimula- 
tion of fatty acid synthesis in the liver after ethanol administration is considered to be 
caused by an increased production of reduced NAD and acetate (acetyl-CoA) during 
ethanol oxidation. From the results concerning the activity of enzymes involved in 
lipogcnesis (Fig. 3), it may tic concluded that this mechanism is probably not of 
importance. It is generally held that a depression of hepatic lipogenesis is accom- 
panied by a reduction in the activity of the malic enzyme and the citrate lyase (Tepper- 
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man & Tepperman, 1964; Kornacker & Lowenstein, 1965~). The  results in Fig. 3 
therefore indicate that fatty acid synthesis is depresscd by feeding with ethanol. The  
relationship between lipogenesis and citrate-lyase activity under the present experi- 
mental conditions may perhaps be questioned, since the acetyl-CoA required for fatty 
acid synthesis may be formed by the activation of free acetate derived from the oxida- 
tion of ethanol (Lieber, 1967), and in this way citrate is eliminated as the main sub- 
strate. This proposal is, however, not supported by the results for the activity of 
acetyl-CoA synthctase (Fig. 3 ~ ) .  The activity increased after 20 d in the ethanol 
group, but after that it decreased to the values in the livers of control rats. Moreover, 
the citrate lyase activity and the malic enzyme changed in a parallel fashion (Fig. 4), 
demonstrating their relationship. 

The initial decrease in the enzyme activity of citrate lyase and malic enzyme in the 
ethanol-drinking group may have been due to starvation, since a decrease in both 
body-weight and food consumption was found (Pilstrom et a/. 1973). Kornacker & 
Lowenstein (1965 a) and Wise & Ball (1964) have reported that starvation decreases 
the activity of malic enzyme and citrate lyase. 14t about the time (15-20 d) when the 
rate of growth and food intake were constant in the ethanol group, the activity of 
citrate lyase increased suddenly (Fig. 3 b). However, in spite of the very high coneen- 
tration of triglyceride (Fig. 2), indicating a high rate of synthesis of neutral fat, the 
activity decreased again bctween 20 and 30 d after the start of the experiment. 

The mechanism by which enzyme activity is altered in response to changes in 
lipogenesis is not clear, but it seems likely that the activity of an enzyme is related to 
substrate flow, as proposed by Freedland &Harper (1958) and Fitch & Chaikoff (1960). 
For malic enzyme, citrate lyase and acetyl-CoA synthetase, the substrate flow would 
be related to the utilization of NADPH and acetyl-CoA for fatty acid synthesis. In 
addition to this theory, Atkinson & Walton (1967) and Angielski & Szutowicz (1967) 
have suggested that the activity in vivo of citrate lyase may be modulated by the 
adenine nucleotides (AMP, ADP and ATP). 

The findings of Bode, Stahler, Kono & Goebell (1970) support our results. They 
suggested that fatty acid synthesis was reduced in the presence of ethanol by an 
inhibition of the acctyl-CoA carboxylase reaction by high conccntrations of long-chain 
acyl-CoA. Furthermore, Olivercrona, Hernell, Johnson, Fex, Wallinder & Sandgren 
(1972) recently measured fatty acid synthesis in vivo by using tritiated water as 
a tracer. Their results showed no stimulation by ethanol of fatty acid synthesis in the 
liver. 

As was mentioned on p. 307, the malic enzyme and the citrate lyase may be involved 
in metabolic processcs other than lipogenesis during the oxidation of ethanol. Thus, 
NADPH formed by the rnalic enzyme may be a cofactor in the microsomal ethanol- 
oxidizing system recently proposed by Lieber & DeCarli (1970). The apparent K,- 
value (8 mM) of this system indicates that only in the presence of high concentrations 
of ethanol would the utilization of NADPH be so rapid as to influence the activity of 
malic enzyme. We estimated at 09.30 hours the concentration of ethanol in the blood 
of six rats which had received the liquid diet for 30 d. The concentrations of ethanol 
were 23, 6, 0, 0, 24 and 18 mM respectively. The wide variations were evidently due 

https://doi.org/10.1079/BJN
19730105  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1079/BJN19730105


Vol. 29 Ethanol and lipogenetic enzymes in rat liver 315 
to the fact that the animals had eaten at different times during the preceding night. 
However, the concentration of ethanol was high enough in at least thrce animals to 
allow more ethanol to be oxidized through the microsomal ethanol-oxidizing system. 
As has already been pointed out, there is no corresponding increase in the activity of 
malic enzymc (Fig. 3 a). Thus, indirectly, our results yield no support for the existence 
of a microsomal ethanol-oxidizing system, which is in agreement with the results of 
many other authors (Klaasen, 1969; Tephly, Tinelli & Watkins, 1969; Isselbacher & 
Carter, 1970). 

It is generally accepted that the mitochondrial membrane in the liver is imperme- 
able to NADH (Lehninger, 19j1) and several systems have been suggcsted to transfer 
the reducing equivalents formed when ethanol is oxidized from the cytoplasm to the 
mitochondria (Bucher & Klingenberg, 1958; Borst, 1963; Sacktor & Dick, 1964; 
Hassinen, 1967; Whereat, Orishimo, Nelson & Phillips, 1969). Citrate lyasc is prob- 
ably involved in two of these shuttles. In  the citrate-malate shuttle (Borst, 1963)) 
citrate diffuses out of the mitochondria and is split by the citrate lyase reaction. The 
oxaloacetate that is formed is reduccd and NADH is oxidized by the malatc dehydro- 
genase. In  the second system, the fatty acid elongation mechanism (Whereat et al. 
1969; Grunnet, 1970; Lundquist et al. 1971), there must be a continuous supply of 
acetyl-CoA for the elongation of acyl-CoA. Normally this acetyl-CoA is mainly formed 
in the mitochondrial matrix and must be transferred to the outer mitochondrial mem- 
brane, where the NADH-dependent, fatty acid elongation system is located (Whereat 
et al. 1969). The only system of quantitative importance for the transfer of acetyl- 
CoA through the inner mitochondrial membrane is by means of citrate (Kornacker 
& Lowenstein, 1965 a)  and a subsequent extramitochondrial splitting of the citrate 
by means of citrate lyase. During the oxidation of ethanol, acetyl-CoA derived from 
ethanol may be an additional mechanism for supplying the fatty acid elongation 
mechanism with acetyl-CoA. 

From our results concerning the decreased activity of citrate lyase (Fig. 3 b) and the 
almost unaffected activity of acetyl-CoA synthetase (Fig. 3 c), we suggest that, when 
ethanol is metabolized, none of the shuttles outlined above is involved in the transport 
of NADH to the mitochondria. 

This work was supported financially by the Swedish Medical Rcsearch Council, 
Grant No. B71-12Y-2364-04. 
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