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Abstract-Chronic consumption of ethanol by rats produced a Fatty liver and resulted in a pronounced 
increase in the rate of ethanol oxidation by isolated hcpatocgtcs. Despite the increase in ethanol 
oxidation. oxygen consumption with several substrates was not enhanced after chronic ethanol treat- 
ment. Ouabain, an inhibitor of the (Na’ + K+)-ATPase activity. did not abolish the increase in the 
rate of ethanol oxidation. About 40--50 per cent of the increase in ethanol oxidation persisted 
after inhibition of alcohol dehydrogenase. mitochondrial oxygen consumption or the maiateaspartate 
shuttle. The addition of substrates for the malate-aspartate shuttie slightly increased the rate of ethanol 
oxidation in hepatocytes from control and ethanol-treated animals. The increased rate or ethanol oxi- 
dation was not abolished by the uncoupling agent dinitrophenoi, which by, itselI’ had little effect on 
ethanol oxidation. In the presence of aspartate or z-glycerophosphate, dmitrophenol augmented the 
rate of ethanol oxidation; in the presence of glutamate, the rate of ethanol oxidation was doubled 
by dinitrophenol. However. the higher rate of ethanol oxidation after ethanol consumption was still 
found in the presence of various combinations of substrate shuttles. with or without dimtrophenol. 
Pathways independent of alcohol dehydrogenase may contribute. at least in part. to the increase in 
ethanol oxidation found after chronic ethanol consumption. It is concluded that ethanol oxidation 
may be enhanced after chronic ethanol consumption without the estabishment of a hypermctabohc 
state of the tiver. 

Chronic administration of ethanol to rats results in 
an increase in the rate of ethanol oxi&tion [l-4]. The 
mechanisms underlying this metabolic adaptation to 
ethanol are not clear. Alcohol dehydrogenase is the 
major enzyme responsible for the oxidation of ethanol 
in the normal liver. The reaction of ethanol with alco- 
hol dehydrogenase generates NADH in the cyto- 
plasm; reoxidation of the alcohol dehydrogenase- 
NADH complex is believed to represent the rate- 
limiting step in the overali oxidation of ethanol by 
the alcohol d~hydrogena~-medjated pathway [S. 6). 
Since cytop~s~c processes do not appear to be cap- 
able of oxidizing all the NADH generated during the 
meta~lism of ethanol, the reducing equivalents must 
enter the mitochondria for their eventual oxidation 
by the respiratory chain. In view of the impermeabi- 
lity of intact mitochondr~a to NADH [7], it is necess- 
ary for this transport to be mediated via substrate 
shuttles. The malate-aspartate [S, 91 and the s-glycer- 
ophosphate [ 10, 1 i] shuttles have been proposed as 
the major pathways for the transport of reducing 
equivalents into the mitochondria. In particular the 
importance of the malate-aspartate shuttle in ethanol 
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oxidation has been demonstrated [12,13]. The capa- 
city of the mitochondria to oxidize reducing equivat- 

ents may also be a controlling factor in ethanol meta- 
bolism. Dinitrophenol, an uncoupler of oxidative 
phosphorylation, has been reported to increase the 
rate of ethanol oxidation in r:itro and il2 

Hepatic microsomes are also capable of oxidizing 
ethanol [ 1,16,17]. The microsomal ethanol oxidizing 
system shares certain characteristics with the micro- 
somal mixed Function ox&se system. and has been 
shown to increase after chronic ethanol consump 
tion [I. 2, IS]. The peroxidatic activity of catalase 
may play some role in microsomal acctaldehyde pro- 
duction [IY. 201. NADPH oxidase. the microsomal 
enzyme system which produces hydrogen peroxide, 
increases in activity after chronic ethanol consump- 
tion [21, 223. The residual ethanol oxidation, which 
persists in the presence of pyrazole. a potent inhi- 
bitor of alcohol dehydrogenase, is believed to repre- 
sent ethanol metabolism by hepatic microsomes 
[I. 18.23-251. 

The rate of ethanol metabolism may therefore be 
affected by several factors. including the activity of 
akohof dehydrogenase. the activity of substrate shut- 
tles, the capacity of mitochondria to oxidize reducing 
equivalents and the activity of the microsomaf path- 
ways which oxidize ethanol to acetaldehyde. Of par- 
ticular importance are the reports that chronic ad- 



ministration of ethanol results in a hypermetabolic 
state of the liver [ 14.26.271. thus stimulating mito- 
chondrial oxidation of NADH. and consequently eth- 
anol oxidation. 

To study factors which may contribute to the meta- 
bolic adaptation found after chronic ethanol con- 
sumption. various aspects of ethanol oxidation by 
hepatocytes isolated from control rats and those fed 
ethanol chronically were measured. 

MATERIALS AND METHODS 

Ethanol-treutrmwr. Male Sprague-Dawley rats. in- 
itially weighing about 15Og, were fed for 4 weeks a 
nutritionally adequate liquid diet [Xl. in which eth- 
anol provided 36 per cent of total calories. protein 
18 per cent, fat 35 per cent and the remainder. carbo- 
hydrate. Pair-fed litter-mates consumed the same diet. 
except that ethanol was isocalorically replaced by 
carbohydrate. The hepatic triglyceride content in- 
creased about 6-fold [28]. 

Prrparutio,r of‘ hepatoc~trs. Hcpatocytes were pre- 
pared by a slight modification of the method of Berry 
and Friend [29]. Rats were placed under light ether 
anaesthesia and the portal vein cannulated. Perfusion 
of the liver at a rate of ~~-3Oml~min with CaZi- and 
- Mg”-free Hanks buffer, was initiated at the time 

of cannulation and continued until the liver blanched. 
The entire liver was excised and placed in a plastic 
support in the perfusion apparatus. The perfusion rate 
was increased to about 40 ml per min. and colla- 
genase and hyaluronidase (both to a final concen- 
tration of O.OS’,) were added. The buffer was con- 
tinuously equilibrated at pH 7.4 with 95”,, 0,-S’,, 
CO2 in a disc oxygenator. The recirculating medium 
was maintained at 37 and passed through a nylon 
filter before entering the liver. After IO 15 min of pcr- 
fusion. the liver was transferred to a plastic bcakcr 
containing Mg” + Cal- Hanks buffer. and dis- 
persed by gentle stirring. The resulting cell suspension 
was filtered through nylon mesh. The cells were col- 
lected by centrifugation. washed twice and resus- 
pended in the complete Hanks buffer supplemented 
with IO mM phosphate buffer. 

~~~ubuf~o}~. The oxidation of ethanol was carried 
out. under air. in closed 25 ml plastic Erienmeyer 
flasks at 37’ in a Dubnoff metabolic shaker. using 
a reaction mixture consisting of Hank’s buffer. about 
Z&30 mg liver cell protein and ethanol at a final con- 
ccntration of 12.5 mM, in a total reaction volume of 
3.0 ml. Cells were incubated with the various additives 
for 5 min before the reaction was initiated by the 
addition of ethanol. Although the usual reaction 
period was 60 min. ethanol oxidation with both prep 
arations was linear up to at least 90 min. After 60 min 
the reaction was terminated by the addition of trich- 
loracetic acid (final concentration of 4.5”,,) and the 
remaining ethanol was determined on aliquots of the 
supernatant obtained after centrifugation as pre- 
viously described [30]. Oxygen consumption was 
assayed at 30’ using a Clark oxygen electrode and 
Yellow Springs Oxygen Monitor. 

Source ~~~~ut~~iu~s. Collagenase (CLS Type II) was 
from Worthington Biochemicals, Freehold. NJ. Hya- 
furonidase was tither from Worthington or Sigma 
Chemical Co.. St. Louis. MO, Antimycin. rotcnonc. 

oligomycin. hydrazinc, NAD /. ammo-oxyacctatc, 
atractyloside and ouabain were from Sigma Chemical 
Co.. Iodobenzylmalonic acid was obtained from K 
& K Laboratories Inc.. Plainview. NJ. Avcnaciolidc 
was a generous gift of Dr. W. B. Turner and Dr. 
D. C. Aldridge, Imperial Chemical Industries Ltd.. 
Macclesfield. Cheshire. U.K. Methylpyrazole was a 
generous gift of Dr. R. Pietruszko. Center of Alcohol 
Studies, Rutgers University. New Brunswick. NJ. 

Sturi.stics. All values refer to mean f SE. of the 
mean. Statistical analysis was performed by the paired 
f test. The number of pairs is given in the legends. 

RESULTS 

The viability of the isolated liver cells was routinely 
determined by- Trypdn Blue exclusion, and by assaying 
for the leakage of lactic de~~ydrogenase into the sus- 
pension medium. Liver cells prepared from cthanol- 
fed rats and controls were comparable. both prcp- 
arations showing 75 -90 per cent cells which cxcludcd 
the dye. After incubation for 1 hr at 37 the number 
of cells which excluded trypan blue decreased by 
about IO per cent in both preparations. whereas 
about 90 per cent of the lactic dehydrogenase activity 
was still associated with the pellets. 

E&f of ~~~~~~7~~ ~,r~~~f~~)~ u~}?7i~7isfrfffj~~r amf rncthjf- 

pyrazolr or7 the rurr of dmol tnmhoiistn. The mean 
rate of ethanol oxidation in liver cells isolated from 
controls was 56 ~moles,hr jg liver, wet weight (Fig. I). 
The mean rate of ethanol osidation in cells from eth- 
anol-fed rats was 7X ~molcsbrig liver. wet weight 
(Fig. I ). The increase of 39 per cent in the rate of 
ethanol oxidation found with isolated liver cells is 
comparable to that found irk riru) (44-45”,, [l. 1 X]). [II 

the presence of 10 mM pyruvatc. the rates of ethanol 
oxidation were 159 i: 13.9 and 17 1 & I ?.7 jlmoles 
hr:g liver. wet weight for control and chronic ethanol 

Fig. 1. Effect of chronic ethanol consumption and methqi- 
pyrazole on the rate of ethanol oxidation by isolated hepa- 
tocytes. Ethanol oxidation (11.5 mM ethanol) was assayed 
as described m Methods. in the absence, or prcscncc. of 
2 mM methylpyruole. Results arc from mne pir< of 

animal‘;. 
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preparations, respectively. These rates approach the 
rates measured in uizw [31-361. At a concentration of 
2 mM, 4-methylpyrazole strikingly decreased the rate 
of ethanol oxidation in cells from controls (86 per 
cent) as well as ethanol-fed rats (77 per cent) (Fig. 
1). However, the rate of ethanol oxidation by cells 
from ethanol-fed rats (17.5 pmoles/hr/g) was still 
higher than the rate from control cells (7.7 pmoles,l 
brig, P < 0.02). About 40 per cent of the increase in 
the rate of ethanol oxidation found after chronic eth- 
anol administration persisted in the presence of con- 
centrations of methylpyrazote which totally blocked 
the activity of alcohol dehydrogenase in liver superna- 

taflt fractions. 

E&et t$ ~~~~~~b~~~~s of ~~jZ~~~zo77~rja~ ~e~p~~~t~~ff of7 

the rate qf’ ethanol metubulism. Antimycin. which in- 
hibits NAD+-dependent and Ravin-linked oxygen 
uptake, blocks both the malate-aspartate and T-gly- 
cerophosphate shuttles. Rotenone, which inhibits only 
NAD”-dependent oxygen uptake, inhibits the mala- 
te-aspartate. but not the r-glycerophosphate shuttle. 
Antimycin decreased the rate of ethanol oxidation by 
70-80 per cent with both cell preparations. whereas 
rotenone decreased the rate less than 50 per cent 
(Table 1). This suggests that although a system which 
transports reducing equivalents into the rnito~hondri~~ 
and is sensitive to rotenone, plays an im~rtant role 
in ethanol meta~lisrn. a second system which is 
rotenone-insensitive. but antimycin-sensitive (presum- 
ably the r-glycerophosphate shuttle) also contributes 
to the transport of reducing equivalents into hepatic 
mitochondria. In the presence of either of these in- 
hibitors of mitochondrial oxygen consumption. the 
rate of ethanol oxidation was greater in cells from 
ethanol-fed rats than controls (Table I). About 43 per 
cent (antimycin) and 50 per cent (rotenone) of the 
increase in ethanol oxidation persisted in the presence 
of these inhibitors. Cyanide, which inhibits both mito- 
chondrial oxygen consumption and cytochrome 
P-450 mediated oxidation of ethanol [I]. strikingly 
decreased the rate of ethanol oxidation with both 
preparations (Tabie 1). In the presence of this inhibl- 
tor, the rate of ethanol oxidation in ceils from eth- 
anol-fed rats was not increased (Table I). Ohgomycin, 
which is an inhibitor of ADP-dependent oxygen con- 

sumption by mitochondria, decreased the rate of eth- 
anol oxidation by about 50 per cent. However. the 
rate of ethanol oxidation still remained higher in cells 
from ethanol-fed rats (Table 1). Similar results were 
obtained with atractylosidc, an inhibitor of the 
adenine nucleotide translocase, and hence of ADP 
entry into the mitochondria. (Table 1). In the presence 
of these inhibitors of ADP-dependent oxygen con- 
sumption, 40-X) per cent of the increase in ethanol 
oxidation found after chronic ethanol consumption 
persisted. 

&$x? ef ~}~~i~ir~~.s of the ~~~af~-as~artutf~ shuttle 

m the raft’ qj’ ~t~taff~i ~~rubol~s~z. in view of the im- 
portance of the malate~aspar~te shuttle in transport- 
ing reducing equivalents produced by the oxidation 
of ethanol into the mitochondria [ 12. 131. the effects 
of inhibitors of this shuttle were studied. Hydrazine 
sulfate and amino-oxyacetate were used to inhibit 
aspartate aminotransferase. Previous results indicated 
that the activities of the mitochondrial or cytosolic 
enzyme. as well as the sensitivity to inhibitors or an 
activator were not changed by ethanol consump- 
tion [30]. For operation of the malate-aspartate shut- 
tle, glutamate and malate must enter the mitochon- 
dria. while r-ketoglutarate and aspartate exit. Avena- 
cioiide is a specific inhibitor of glutamate trans- 
port [37j. whereas ~odobe~~zylmalona~e blocks the 
transport of malate and ~-ketoglutarate across the 
mitochondrial membrane [383. These two inhibitors 
decreased the activity of the malate--aspartate shuttle 
reconstituted it7 vitro with mitochondria from ethanol- 
fed rats and controls 130.391. Chronic ethanol con- 
sumption did not alter the response to these transport 
inhibitors 1301. The rate of ethanol oxidation was de- 
creased by about 50 per cent in the presence of these 
inhibitors of the malate-aspartate shuttle (Fig, 2). 
However, part of the increase (SO per cent) in the 
rate of ethanol oxidation found after chronic ethanol 
consumption persisted in the presence of these inhibi- 

tors of the malate-aspar~te shuttle, in agreement 
with the increase which remained in the presence of 
rotenone. 

!@‘~t yf’ ouuhain 017 ethanol oxidation Ouabain is 

classIcally used as the inhibitor of the (Na+ + K+t 
activated ATPase 1401. Since ADP derived from this 

Table I. Effect of inhibitors of mttochondrlal oxygen consumption on the rate of ethanol 
oxidation* 

Inhibitor 

Ethanol oxldatlon Increase m 
- ethanol 

Control Ethanol-treated oxidation P 

pmoles!hr/g wet wt 

None 56.53 + 3.58 78.37 $ 3.93 21.84 <0.001 
Antimycin 14.40 * 3.48 ‘3.78 + 2.26 9.3x <0.05 
Rotenone 32.73 * 3.84 44.04 + 7.25 11.31 tO.05 
Cyanide 6.95 * 2.50 IO.15 + 5.32 3.20 N.S. 
Oligomycin 30.46 f 3.59 38.52 i: 2.81 8.06 to.05 
Atractyloside 32.96 + 4.76 45.55 + 4.05 12.59 <0.02 

* Ethanol oxidation was assayed as described in Methods in the presence or absence 
of the indicated inhibitors. Final concentrations of the inhibitors were: antimycin. 4 PM : 
rotenone, 4.3 PM; cyanide 2 mM; oligomycin. 4pM: atractyloside. 0.1 mM. Results are from 
nine pairs of rats except for the experiments with atractyloside. in which case results are 
from 5 pairs. All values are means + S.E.M. 
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Fig. 2. Effect of inhibitors of the malateeaspartate shuttle 
on ethanol oxidation by isolated hepatocytes. Ethanol oxi- 
dation was assayed as described in Methods in the absence 
or presence of the indicated inhibitors. Final inhibitor con- 
centrations were: hydrazine sulfate, 10 mM; amino oxyace- 
tate, 0.2 mM ; avenaciolide, 50 PM ; iodobenzylmalonate, 

5 mM. Results are from X-9 pairs of animals. 

enzyme activity could stimulate mitochond~al respir- 
ation, and hence the reoxidation of reducing equival- 
ents generated during ethanol oxidation, the effect of 
ouabain on ethanol oxidation was studied. The addi- 
tion of 1 or 3.3 mM ouabain produced about a 20 
per cent decrease in the rate of ethanol oxidation by 
both liver cell preparations (Fig. 3). This is consistent 
with the estimate that the (Na” + K+tactivated 
ATPase system utilizes about 7-10 per cent of the 
total ATP formed in the liver [ 14,41,42]. In perfusion 
studies. 2 mM ouabain produced a 19 per cent de- 
crease in the control rate of ethanol oxidation 1431. 
After chronic ethanol consumption, the net increase 
in the rate of ethanol oxidation in the presence of 
ouabain was as great as that found in the absence 
of ouabain (Fig. 3). Ouabain did not prevent the 
adaptive increase in ethanol oxidation produced by 
the chronic consumption of ethanol. 

E&et qf shuttle substrata on rthanol o.~~~ation. The 
rate of ethanol oxidation is greater in fed rats than 
fasted rats [44,45]. The concept that the level of sub- 
strates participating in shuttles, especially the malate- 
aspartate shuttle, plays an important role in ethanol 
oxidation has been recently emphasized [ 13,46.47]. 
It was concluded that in the liver of the starved rat. 
ethanol oxidation is limited by the activity of the 
shuttles since the levels of substrates for the shuttles 
is low. This contrasts with the liver of the fed rat, 
in which the mitochondrial reoxidation of NADH 
may be limiting 1461. The addition of the components 
of the malateasp&ate shuttle stimulated ethanol 
oxidation in liver cells isolated from starved ani- 
mals [46.47]. We have confirmed that the rate of eth- 
anol oxidation was greater in isolated liver cells pre- 
pared from fed animals than fasted.* The addition 
of malate. glutamate of n-glycerophosphate stimu- 
lated ethanol oxidation considerably more in cells 
prepared from fasted rats than in those from fed rats. 

*A. 1. Cederbaum. E. Dicker and E. Rubin, drchs Bio- 
chrm. Bi0ph.r.s. (in press). 

a finding which is consistent with the suggestion that 
shuttle mctabolites are especially limiting in the fasted 
state. Dinitrophenol stimulated ethanol oxidation in 
the presence of substrates for the malatc-aspartate 
shuttle to a greater extent than the stimulation pro- 
duced by these substrates alone.* This suggests that 
when the shuttles are fully functional, the capacity 
of the respiratory chain is rate-limiting for ethanol 
oxidation. The possibility that the higher rate of eth- 
anol oxidation in cells prepared from rats chronically 
fed ethanol may reflect varying levels of endogenous 
metabolites was tested by assaying ethanol oxidation 
in the presence of shuttle substrates. The addition of 
malate, aspartate or glutamate produced a IO-15 per 
cent increase in the rate of ethanol oxidation with 
both liver cell preparations, whereas r-glycerophos- 
phate had no effect (Fig. 4). The absence of significant 
effects by these shuttle substrates indicates that the 
animals were in the fed state. The increase in the rate 
of ethanol oxidation in cells from ethanol-fed rats was 
the same in the presence of the shuttle substrates. 
as in the absence of these components (Fig. 4). 

The addition of 50pM dinitrophenol had no sig- 
nificant effect on ethanol oxidation with both cell 
preparations (Fig. 5). The adaptive increase in ethanol 
oxidation was the same in the presence and absence 
of dinitrophenol. The addition of aspartate or r-gly- 
cerophosphate in the presence of dinitrophenol pro- 
duced about a 30 per cent increase in the rate of 
ethanol oxidation with both preparations, whereas 
the combination of dinitrophenol plus glutamate in- 
creased ethanol oxidation by SO-90 per cent (Fig. 5). 
Almost the entire increase in ethanol oxidation per- 
sisted in the presence of the various combinations of 
d~nitrophenoi with shuttle substrates. Furthermore. 
the adaptive increase also persisted in the presence 
of various combinations of shuttle substrates. with or 
without dinitrophenol (Table 2). 

Fig. 3. Effect of ouahin on ethanol oxidation by isolated 
hepatocytes. Ethanof oxidation was assayed in the absence 
or presence of either I.0 or 3.3 mM ouabain. Resuits are 
from 9 (no addition and 1 mM ouabainf or 7 (3.3 mM oua- 

hain) pairs of animals. 
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Fig. 4. Effect of components of the malate-aspartate and 
r-glycerophosphate shuttles on ethanol oxidation by iso- 
lated hepatocytes. Ethanol oxidation was assayed in the 
absence or presence of the indicated shuttle components. 
All substrates were added to a final concentration of 

13.3 mM. Results are from 7 pairs of animals. 

Oxygen col~s~~ption. Oxygen uptake was assayed 
in the presence of 12.5 mM ethanol, the same concen- 
tration used in the studies of ethanol metabolism. The 
endogenous rate of oxygen uptake by isolated hepato- 
cytes was slightly decreased (-11 per cent) after 
chronic ethanol consumption (Table 3). Similar 
results were obtained in the presence of succinate, glu- 
tamate, r-glycerophosphate and pyruvate (Table 3). 
Dinitrophenol stimulated endogenous oxygen uptake 
by about 35 per cent with both preparations. In the 
presence of dinitrophenol, the rate of oxygen uptake 
by cells from ethanol-treated rats was 87 per cent 
that of controls (Table 3). These data suggest that 
chronic ethanol consumption in a diet which leads 
to a fatty liver does not produce an increase in oxygen 
consumption per g liver. wet weight. 

1 SEM il I 

Fig. 5. Effect of shuttle components plus dinitrophenol on 
ethanol metabolism by isolated hepatocytes. Ethanol oxi- 
dation was assayed in the absence or presence of the indi- 
cated additions. The final concentration of all the sub- 
strates was 13.3 mM, and of dinitrophenoi. 50 FM. Results 

are from 6 to 7 pairs of animals. 

DISCUSSION 

Chronic administration of ethanol in a diet which 
leads to a fatty liver [28], was previously shown to 
result in a 45 per cent increase in the rate of blood 
ethanol clearance [ 1, 181. The increase in ethanol oxi- 
dation did not correlate with the activity of alcohol 
dehydrogenase, the activity of which was slightly de- 
creased after ethanol consumption [I. 181. The recon- 
stituted malate-aspartate, fatty acid. and r-glycero- 
phosphate shuttles were equally effective in transport- 
ing reducing equivalents into the mitochondria from 
both ethanol-fed and control rats [30]. The activities 

Table 2. ERect of shuttle components and dinitcophenol on ethanol oxidation* 

Addition 

Ethanol oxidation 

Ethanol- 
Control treated 

Increase 
in ethanol 
oxidation P 

~moles/hr/g/wet wt 

None 54.01 + 3.70 69.57 f 5.41 15.56 < 0.005 
Aspartate + glutamate 62.13 + 4.82 79.17 t: 6.73 Il.04 < 0.02 
Malate + aspartate + 

glutamate 66.56 * 3.01 83.65 & 5.81 17.09 <0.02 
Malate + aspartate + 

gtutamate + x-glycero- 
phosphate 70.63 * 3.60 88.86 + 5.40 18.23 <0.002 

Malate + aspartate + 
glutamate + z-glycero- 
phosphate + dinitro- 
phenol 121.39 + 8.43 147.06 * 16.61 25.67 < 0.02 

* Ethanol oxidation was assayed as described in the Legends to Figs 4 and 5. Results are from 7 pairs of animals, 
All values are means + S.E.M. 
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of enzymes involved in the shuttles. such as cytoplas- 
mic and mitochondrial ~-glycerophosphate dehydro- 
genase and glutamic oxalacetic tran~minase. were 

either decreased or unchanged by chronic ethanol 
consumption [Xl]. The ability of isolated mitochon- 
dria from ethanol-treated rats to oxidise numerous 
substrates, including NAD ‘-dependent sub- 
strates 1481. ilavin-linked substrates [30,4X]. fatty 
acids 1491 and ascorbate [48] was depressed. Further- 
more the amount of mitochondrial protein per g liver. 
wet weight. was not changed by ethanol-trcat- 
ment [30]. Studies by others have also suggested that 
oxygen consumption is impaired after chronic ethanol 
ingestion [SGSZ]. Of interest is the recent observa- 
tion by Thurman rr u/. [43] that in a model which 
does not produce a fatty liver, chronic consumption 
of ethanol resulted in a decrease in state 3 succinate 
oxidation. without affecting the respiratory control. 
These results arc identical with those reported for the 
fatty liver model with this Navin-linked substrate [4X]. 
These data indicate that total mitochondrial activity. 
us reflected by studies irz vitro was decreased after 
chronic ethanol consumption and could therefore not 
account for the increased rate of ethanol oxidation. 
Since experiments with isolated mit~hondria need 
not necessarily reflect conditions which exist in the 
ceil, especially with regard to factors regulating 
oxygen consumption. the studies reported here with 
isolated hepatocytes were carried out to determine 
factors which may contribute to the increased rate 
of ethanol oxid~ition. 

Isolated rat liver cells from ethanol-treated rats 
show a X&40 per cent increase in the rate of ethanol 
oxidation compared to controls. This increase is com- 
parable to the increase in blood ethanol clear- 
ance [ 1. 1 X]. and indicates that most of the metabolic 
adaptation occurs in the liver. There is considerable 
evidence that in addition to the alcohol dehydrogen- 
ase pathway. ethanol is meta~lized by alcohol 
d~hydrogenase-independent pathways f I. 18.23-251. 
Chronic ethanol treatment results in adaptive 
changes, which include proliferation of the smooth 
endoplasmic reticulum. increased activities of the 
microsomal drug meta~lizing enzymes and aug- 
mented activity of the microsomal ethanol oxidizing 
system [Y-56]. It has been suggested that when cor- 
rected for microsomal losses. j- 3 of the increase in 

the rate of ethanol oxidation after chrome ethanol 
administration can be accounted for by the micro- 
somaf ethanol oxidizing pathway [ IX]. Met~~y~pyr~~- 
zole. an inhibitor of alcohol dehvdrogen~i~. strikingly 
lowered the rate of ethanol oiidation in liver cells 
from controls and ethanol-treated rats. confirming the 
dominant role of alcohol dehydrogenase. However. 
the rate of ethanol oxidation by cells from ethanol- 
treated rats was still higher than the rate shown by 
control cells. Of the 22 pmole/hrjg increase in the rate 
of ethanol oxidation found after chronic ethanol con- 
sumption. about -10-35 per cent of this increase 
(IO pmoles/hr/g) persisted in the presence of methyl- 
pyrazole. Thus whereas at 12.5 mM ethanol. only 
10 15 per cent of the ethanol-oxidizing capacity oi 
the normal liver cell seems to be independent of ;tlco- 
hoi d~hydrogenase. this proportion is incrcascd to 
about 25 per cent in hepatocytes from animals given 
ethanol. Even these values may be somewhat of an 
underestimation since methylpyrazole can slightly in- 
hibit the activity of the microsomal pathways of eth- 
anol oxidation. Of considerable intorcst are the obser- 
vations that after chronic ethanol consumption hq 
male rats the activity of the microsomal pathways 
of ethanol oxidation increase by about 0.25 prnoles, 
min:g liver (I 5 ~~rnol~s~~r~g) [I 1,57,5X]. which can 
account for the increase of about IO~molcs~hr;g it1 
the rate of pyrazole insensitive ethanol oxidation by 
liver cells from ethanol-treated rats. It is possible that 
the non-alcohol dehydrogenasc pathways may 
account for an even greater extent of the increase in 
the rate of ethanol oxidation found at higher ethanol 
concentrations (241. 

In agreement with the data obtained using methyl- 
pyrazole, about 4&50 per cent of the increase in eth- 
anol oxidation found after chronic ethanol consump- 
tion was not abolished in the presence of inhibitors 
of the mitochondriai respiratory chain. inhibitors 01 
ADP-de~ndent oxygen uptake. inhibitors of aspar- 
tate amino-tr~insf~rase and inhibitors of glutamate 
and malate transport across the mitochondrial mcm- 
branc. Most of the increase was abolished in the pres- 
ence of cyanide. However. this compound can inhrhit 
both the mitochondria~ and microsomal-depe,ondent 
pathways of ethanol oxidation. Rognstad presented 
the same explanation for his data concerning ths 
absence of an accelerated rate of ethanol oxidation 

Table 3. Etfect of chronic ethanol consumption on oxygen consumption h> 
isolated hepatocytes* 

Oxygen consumption 
(~mol~s~rnin~rn~ protein) 

Addition Control Ethanof-treated 

None 
Glutamate 
~-~i~cerophosphate 
Pyruvate 
Succinatc 
Dinltrophcno’ 

24s * 0.13 
2.79 + 0.17 
2.88 It 0.18 
7.49 + 0.09 
4.35 + 0.37 
3.36 + 02x 

* Oxygen uptake was assayed as described in Methods. in a reaction mixture 
consisting of Hanks buffer. 12.5 mM ethanol. the indicated additions and about 
4-X mg cell protein in a final volume of 3.0 ml. Substrate concentrations were 
13.3 mM and the concentration of dinitrophenol was 50 FM. Results arc from 
5 to 9 pairs of animals. 
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in the presence of cyanide [23]. It is therefore possible 
that part of the increase in ethanol oxidation is con- 
tributed by pathways that are independent of alcohol 
dehydrogenase and the transfer and oxidation of 
reducing equivalents by the mitochondrial respiratory 
chain. However, when comparing the percentage inhi- 
bition produced by the various inhibitors, in most 
cases each inhibitor produces almost the same degree 
of inhibition in control and chronic ethanol prep- 
arations, e.g. antimycin produced 75 per cent (con- 
trols) and 70 per cent (chronic ethanol) inhibition: 
oligomycin produced 46 per cent (controls) and 51 
per cent (chronic ethanol) inhibition; iodobenzylma- 
lonate produced 54 per cent (controls) and 53 per 
cent (chronic ethanol) inhibition, etc. Since these in- 
hibitors are affecting both preparations in the same 
way. the differences in ethanol oxidation between the 
two preparations can also be attributable to different 
degrees of activity of the same enzyme system. i.e. 
the alcohol dehydrogenase pathway. It is possible that 
the metabolic adaptation may involve alcohol dehyd- 
rogenase-de~ndcnt and -inde~ndent pathways. It 
has been suggested that acceleration of the NADPH- 
dependent microsomal oxidation of ethanol pathway 
by chronic ethanol treatment could also accelerate 
the NAD’-dependent alcohol dehydrogenase path- 
way [SZ]. The microsomal pathways utilize NADPH, 
thereby generating NADP+. Transhydrogenation 
between NADP+ and NADH (generated from the 
alcohol dehydrogenase reaction) could regenerate the 
NAD-’ required for the alcohol dehydrogenase reac- 
tion. Cytoplasmic pathways linking diphospho- and 
triphospho-pyridine nucleotides, e.g.. the malic 
enzyme reaction which can produce pyruvate, have 
been suggested [So]. Under these conditions. since 
alcohol dehydrogenase is involved, part of the in- 
crease in ethanol oxidation would be blocked by 
methylpyrazole. However, it would not be sensitive 
to inhibitors of mitochondrial oxygen consumption 
or the malate-aspartate shuttle, because reoxidation 
of the NADH would not require transport and oxi- 
dation of reducing equivalents by the mitochondrial 
respiratory chain. The fact that methylpyrazole did 
not abolish the increment in ethanol oxidation pro- 
duced by the chronic consumption of ethanol to a 
greater extent than did inhibitors of mitochondrial 
oxygen consumption or the malate aspartate shuttle 
might suggest that cytopiasmic processes linking 
NADP ’ and NADH do not play a major role in 
the metabolic a~p~tion. However, the inhibition of 
part of the increase in ethanol oxidation produced 
by antimycin. rotenone or oligomycin may reflect 
non-specific secondary effects; the inhibition of 
oxygen uptake and energy transduction produced by 
these compounds may interfere with functions of the 
liver cell itself. Moreover, methylpyrazole causes some 
inhibition of the microsomal oxidation of ethanol, 
whereas antimycin and oligomycin do not (unpub- 
lished observations). Thus the effects of methylpyra- 
zole may reflect action on microsomal pathways in 
addition to pathways mediated by alcohol dehydro- 
genase. Further studies are required to determine if 
these “linking” pathways contribute to the metabolic 
adaptation. 

AS discussed above, no changes in the mitochon- 
dria themselves seem to explain any adaptive mechan- 

ism in ethanol oxidation. The mechanism underlying 
the alcohol dehydrogenase-dependent contribution to 
the metabolic adaptation does not appear to involve 
levels of shuttle substrates, since the increase in eth- 
anol oxidation was the same in the presence or 
absence of malate. aspartate, glutamate or r-glycero- 
phosphate. The increase in ethanol oxidation was also 
observed when dinitrophenoi was added together 
with the shuttle substrates. The addition of the shuttle 
substrates produced only a slight increase in the rate 
of ethanol oxidation, indicating that substrate levels 
were not rate-limiting in these experiments, i.e., the 
rats were not in a starved state. In the presence of 
the substrates, especially with glutamate. dinitro- 
phenol strikingly increased the rate of ethanol oxi- 
dation with liver cells from both control and ethanol- 
fed animals. Thus when the shuttles appear to be 
operating near maximum capacity, i.e. substrate levels 
are not limiting, ethanol oxidation may be limited 
by the capacity of the respiratory chain. Under these 
conditions, dinitrophenol, which stimulates oxygen 
uptake (Table 3) could therefore stimulate the rate 
of ethanol oxi~tion. However, the possibility that 
dinitrophenol promotes the entry of the shuttle sub- 
strates cannot be discarded at this time. The liver 
cell membrane shows restricted permeability to dicar- 
boxylate anions [60]. It is possible that dinitrophenol 
increases this permeability. Massive entry of substrate 
anions is not required to promote ethanol oxidation; 
the entry of a few pmoles is sufficient to initiate cyclic 
shuttle processes. This is more readily seen in starved 
rats, in which case the addition of shuttle substrates 
led to a significant increase in the rate of ethanol 
oxidation C46.471. 

Israel and his collabordtors [ 14,X. 273 suggest that 
chronic ethanol consumption results in the produc- 
tion of a hypermetabolic state of the liver. thereby 
accelerating the reoxidation of NADH produced in 
the alcohol dehydrogenase reaction. They postulate 
that an increase in (Na+ + K+)-activated ATPase 
generates more ADP, and brings the hepatocyte 
closer to “state 3”, i.e. the phosphorylation potential 
which regulates the rate of oxygen consumption 
would be lowered [ 14,26,27]. Ouabain. an inhibitor 
of the (Na* + K+)_activated ATPase was reported 
to abolish the hypermetabolic state as well as the in- 
crease in ethanol oxidation found after chronic eth- 
anol consumption [ 14,26,27]. However, in hepato- 
cytes isolated from a fatty liver. oxygen consumption 
in the presence of ethanol and several substrates was 
not increased in cells from ethanol-treated rats. and 
ouabain did not abolish the increase in ethanol oxi- 
dation (Fig. 3). The fact that after chronic ethanol 
treatment oxygen consumption was depressed 20-35 
per cent with mitochondria [48] whereas a nonsignifi- 
cant decrease of about 10 per cent was observed with 
liver cells of ethanol-treated rats suggests the possibi- 
lity that in the intact liver cell, the decrease in mite- 
chondrial oxygen uptake may be coupled to an in.. 
crease in microsomal oxygen uptake. thereby result- 
ing in no significant change in total oxygen uptake 
by the whole cell. Some increase in microsomal 
oxygen uptake would be consistent with the prolifer- 
ation of the endoplasmic reticulum and the adaptive 
increase in microsomal oxidation of ethanol and 
drugs found after chronic ethanol consumn- 
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tion [53-561. Preljminary experiments with the fatty 
liver model reveal no change in the activity of the 
sodium plus potassium-activated ATPase in liver 
homogenates and plasma membranes of ethanol- 
treated rats.* Gordon [61 J has recently reported that 
chronic ethanol treatment did not produce a hyper- 
metabolic state of the liver and that the (Na+ + K+)- 
activated ATPase was not significantly affected. 
Christensen et al. [62] did not find a hypermetabolic 
state of the liver after chronic ethanol ingestion as 
hepatic oxygen uptake was slightly decreased. Of 
major consideration is the fact that the model system 
used in this report (and that by Gordon [61]) results 
in the production of a fatty liver, whereas the regimen 
used by Israel produces no significant elevation in 
triglyceride levels [26,27]. 

The studies reported here employed a diet contain- 
ing an amount of fat comparable to that in the human 
diet. The differences in ATPase activities. ouabain 
sensitivity and “hypermetabolic state” of the liver may 
consequently reflect the different diets employed, and 
may also be related to other differences in the design 
of the experiments such as the use of liver slices versus 
hepatocytes. use of Wistar versus Sprague-Dawley 
rats, differences in the protein content of the diet (28 
per cent versus 18 per cent of total calories) and fast- 
ing or not-fasting the rats for 16-18 hr prior to sacri- 
fice. Nevertheless, under our conditions, chronic eth- 
anol consumption leads to an accelerated rate of eth- 
anol me~bolism which is not associated with a 
hypermetabolic state of the liver. 
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