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Abstract-Systems containing soiubte fraction of rat liver, with or without mitochondrial fraction, 
oxidised [l-i4C] ethanol to acetaldehyde, i4COr and non-volatile “C-products of which acetate was the 
principal, and possibly the only, component. Ethanol oxidation was stimulated by pyruvate which 
served as an electron sink thereby allowing rapid regeneration of NAD. When no mitochondria were 
present acetaldehyde accumulated, rapidly at first but eventually reaching a plateau. The rate of ethanoi 
oxidation in these systems was much lower than the measured m~imum activity of alcohol dehydrogenase 
(ADH) and it was concluded that ADH was inhibited by the accumulated acetaldehyde. ~itochondria, 
because of their relatively high aldehyde dehydrogenase (ALDH) activity, prevented the accumulation 
of acetaldehyde, or quickly removed acetaldehyde already accumulated. This action was accompanied 
by a sharp increase in the rate of ethanol oxidation, presumably due to the deinhibition of ADH. 
Cyanamide, an inhibitor of mitochondrial ALDH, blocked the stimulatory effect of mitochondria on 
ethanol oxidation. It was concluded that, in the reconstituted systems, acetaldehyde played a dominant 
role in controlling the rate of ethanol oxidation. The possible importance of acetaldehyde in governing 
ethanol oxidation in viva is discussed. 

There are two contrasting views of how the metab- 
olism of ethanol is regulated in mammalian liver. 
One is that there is ample alcohol dehydrogenase 
(ADH) present but that its activity is curtailed by 
the liver’s limited capacity to reoxidise cytosolic 
NADH generated during ethanol oxidation [l-5]. 
The other is that the liver has a more than adequate 
capacity to reoxidise cytosolic NADH and that it is 
the ADH level which governs the rate of ethanol 
metabolism [6-S]. 

Arguments against the first hypothesis are based 
largely on the kinetic properties of ADH [6,9] and 
are supported by the observation [lo] that the 
malate-aspartate shuttle, through which the oxida- 
tion of cytosolic NADH may be partly mediated 
[ll], probably has a much greater capacity than was 
at first thought (121. On the other hand, the notion 
that the ADH level is the governing factor, while 
favoured by some theoretical and experimental evi- 
dence, is put in doubt by the fact that, except in one 
or two special instances [7,13], the correlation 
between the rate of ethanol elimination in uiuo and 
the activity of hepatic ADH is poor when both are 
expressed on a “per g liver” basis [S, 14,151. 

It appears, therefore, that the regulation of 
ethanal oxidation could involve other factors that 
have either been overlooked or have not yet been 
accorded their due weight. In an earlier article [16] 
we suggested that acetaldehyde might play a more 
prominent role than had previously been recognised. 
The suggestion arose from the observation that ace- 
taldehyde strongly inhibits the oxidation of ethanol 

by soluble fraction of rat liver under near-physio- 
logical conditions, just as it inhibits the activity of 
purified ADH under non-physiological conditions 
(17,181. The influence of acetaldehyde on ethanol 
oxidation has now been explored further by using 
reconstituted ethanol-metabolising systems contain- 
ing soluble and mitochondrial fractions of rat liver. 
It is shown that, even when the reaction catalysed 
by ADH lies far from equilibrium, the overall rate 
of ethanol oxidation appears to be governed by the 
removal of acetaldehyde rather than by the level of 
ADH. 

MATERIALSANDMETHODS 

Chemicals. Biochemical grade substrates, cofac- 
tors, enzymes and inhibitors were purchased from 
Boehringer Mannheim Australia Pty Ltd (North 
Ryde, N.S.W., Australia) and Sigma Chemical Co. 
(St. Louis, MO). Acetaldehyde was from BDH 
Chemicals Australia Pty Ltd (North Sydney, 
N.S.W., Australia) and was redistilled before use. 
[1-iYZ]Ethanol (56 mCi/mmole, radiochemical 
purity > 98%) was obtained from Amersham Aus- 
tralia Pty Ltd (Surry Hills, N.S.W., Australia) and 
was diluted with unlabelled ethanol for use in the 
experiments described later. Other reagents were 
analytical grade. 

Tissue preparations. Livers from adult female 
Wistar rats were homogenised in a Potter-Elvehjem 
Teflon/glass homogeniser and the homogenate was 
fractionated by differential centrifugation. Soluble 
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fraction was obtained as described previously [16] 
except that microsomes were removed by centrifu- 
gation at 120,OOOg for 1 hr instead of 50,OOOg for 
1 hr. The protein content of the final dialysed fraction 
was 35-45 mg/ml . 

Mitochondria were isolated after homogenising 
the liver with 3 vol. of 0.3 M sucrose containing 2 mM 
HEPES buffer, pH 7.2 and 0.05% (w/v) defatted 
bovine serum albumin. The procedure was essen- 
tially that described by Bustamante ef nl. [19] and 
the washed mitochondrial pellet was suspended in 
fresh isolation medium at a concentration of 30- 
40 mg of protein/ml. 

Znc~bat~oFzs. Reaction mixtures (total volume 
3ml) containing soluble fraction (up to 16mg pro- 
tein) and/or mitochondrial fraction (up to 8 mg pro- 
tein) were incubated at 30” in sealed Warburg reac- 
tion vessels. The vessels were shaken at 110 cycles/ 
min in a reciprocating shaking water bath for up to 
90 min. The incubation medium, pH 7.2, comprised 
210 mM sucrose, 14 mM KCI, 8 mM potassium phos- 
phate buffer, 3.8mM HEPES buffer, 1.5 mM 
MgC12, 0.6mM NAD and, except where indicated 
otherwise, 12 mM sodium pyruvate. To avoid the 
possibility of mitochondrial respiration becoming 
limiting the mixture also contained 2.5 mM ADP, 
10 mM D-glucose and 3 units of hexokinase, and was 
gassed with 100 % medical-grade oxygen prior to 
incubation. Reactions were started by adding 30 mM 
fl-“Clethanol (9 ,~C~mmole) and the centre well of 
each vessel contained 0.1 ml of 2 M NaOH to trap 
‘4CO2. 

Incubations were routinely terminated by the 
addition of 0.2ml of 3M perchloric acid and the 
vessels were immediately placed on ice. After 
approximately 10 min the contents of the centre well 
were removed from each vessel and placed in scin- 
tillation vials while portions of the acidified reaction 
mixtures were transferred to capped Eppendorf 
tubes (1.5 ml capacity) and centrifuged to remove 
precipitated protein. The acid supernatants were 
then transferred to clean Eppendorf tubes, neutral- 
ised with 3 M KOH and centrifuged to remove the 
KC104 precipitates. The clear, neutral supernatants 
were retained on ice for use in metabolite 
determinations. 

In some experiments in which NADH was to be 
determined directly incubations were terminated by 
treatment with 1 M KOH in ethanolic solution 
according to a standard procedure [ZO]. 

Metabolite determinations. Acetaldehyde, pyru- 
vate and lactate were determined routinely by use 
of enzymatic methods adapted for a CentrifiChem 
300 photometric analyser. Acetaldehyde was meas- 
ured by following the reduction of NAD in the 
presence of yeast aldehyde dehydrogenase (ALDH) 
in a medium containing 5Omm sodium pyrophos- 
phate, 50 mM potassium phosphate, 50 mM KC1 and 
6 mM 2-mercaptoethanol, pH 8 (cf. Ref. 21). Stan- 
dard procedures were employed for the determi- 
nation of pyruvate [22] and lactate [23,24]. 

fn some experiments glucose, glucose 6-phosphate 
and ATP were measured using minor modifications 
of a procedure employing hexokinase. glucose-6- 
phosphate dehydrogenase and NADP 1251. 

Acetate determinations were made by the method 

of Guynn and Veech [26] but with yeast acetyl-CoA 
synthetase instead of the beef heart enzyme, scaled 
down for the CentrifiChem system. NADH in 
samples from systems terminated with alkali was 
measured by a UV assay [ZO]. 

Non-volatile “C-labelled substances formed from 
[l-‘“Clethanol were measured by a method similar 
to that described by Berry et al. 1271. Samples of the 
neutralised extracts were transferred to scintillation 
vials and evaporated to dryness under a warm air 
stream. The dried material in each vial was redis- 
solved in 0.5 ml of distilled Hz0 and then 10 ml of 
a liquid scintillation cocktail [28] was added. Appro- 
priate controls were treated in the same way and the 
counting was performed on a Packard Tri-Carb 
C2425 Liquid Scintillation Spectrometer. 

Samples from the centre wells of the reaction 
vessels, in which “CO2 had been trapped, were also 
evaporated to dryness and then redissolved in dis- 
tilled Hz0 before adding the scintillation cocktail. 
This procedure was undertaken so that any 14C- 
labelted ethanol or acetaldehyde that might have 
distilled into the centre wells during incubation was 
not falsely accounted for as 14C02. 

Enzyme ~ct~uit~es. ADH, lactate dehydrogenase 
(LDH) and ALDH activities of the soluble fraction 
were assayed spectrophotometrically at 30” under 
conditions very close to those used in routine incu- 
bations. Measurements were made either on the 
CentrifiChem analyser or on a Varian DMS 90 
UV-VIS recording spectrophotometer. ADH was 
assayed in the same reaction mixture as that 
described for incubations except that pyruvate was 
omitted thereby permitting NADH formation to be 
monitored. For the assay of LDH ethanol was omit- 
ted and 0.15 mM NADH and 12 miM pyruvate were 
included. ALDH was determined with 0.05 or 
OSmM acetaldehyde in systems from which both 
ethanol and pyruvate were omitted but to which 
0.2mM 4-methylpyrazole was added. It was dem- 
onstrated that methylpyrazole at this concentration 
completely inhibited the reduction of acetaldehyde 
by NADH in the presence of soluble fraction, so 
preventing the underestimation of ALDH due to 
reoxidation of NADH. 

The oxidation of acetaldehyde and ethanol by 
mitochondrial fraction at 30” was measured using a 
Rank oxygen electrode. The reaction mixture, which 
was not gassed with oxygen, was that used for routine 
incubations but lacking pyruvate and NAD. Follow- 
ing the establishment of a basal rate of oxygen uptake 
ethanol (30 mM) or acetaldehyde (0.05 or 0.5 mM) 
was added and the increase, if any, in oxygen uptake 
was recorded. The effect of ethanol was also deter- 
mined in the presence of added NAD (0.6 mM). 

Protein estimations. The protein content of the 
liver fractions was determined by the method of 
Lowry et al. [29] with bovine serum albumin as the 
reference standard. 

Expression of results. Where possible results are 
expressed as mean values & S.E.M. for three or four 
replicate experiments. However, with some experi- 
ments it was not possible to replicate conditions 
exactly from one experiment to the next and so the 
results of typical individual experiments are given 
in these cases. However, data from individua1 experi- 
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Table 1. Enzyme activities of soluble and mitochondrial fractions of rat liver 

Enzyme Substrate 

Enzyme activity 
(nmoles/min per mg protein) 

Soluble fraction Mitochondrial fraction 

ALDH 

ADH 
LDH 

0.05 mM acetaldehyde 
0.5 mM acetaldehyde 
30 mM ethanol 
12 mM pyruvate 

0.54 ? 0.03 11.7 * 1.3 
1.06 + 0.06 7.7 2 1.2 
15.8 2 0.8 ND 
4148 + 380 NT 

Cell fractions were incubated at 30” in buffered medium containing 10 mM glucose and 
2.5 mM ADP. The activities of alcohol dehydrogenase (ADH), aldehyde dehydrogenase 
(ALDH) and lactate dehydrogenase (LDH) in the soluble fraction were measured spectro- 
photometrically by following changes in absorbance at 340 nm as described under Materials 
and Methods, ALDH and ADH activities of mitochondrial fraction were estimated by mon- 
itoring changes in the rate of oxygen consumption as described under Materials and Methods. 
Results are expressed as the mean values 2 S.E.M. for four separate preparations in each case. 

ND = not detected; NT = not tested. 
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ments are presented only if they accurately represent 
observations made in each of three or more separate 
experiments performed under similar conditions. 

The amount of ethanol oxidised could not be 
determined directly because of its high initial con- 
centration and the relatively small amount meta- 
bolised. Therefore, ethanol oxidation is calculated 
as the sum of the measured products, acetaldehyde, 
non-volatile 14C-products and r4C02 [27]. 

Calculations of the equilibrium factor [9] were 
made as described previously [16] except that the 
NAD/NADH ratio was calculated from the 
lactate/pyruvate ratio rather than being determined 
directly. The equilibrium constants at 30” for the 
reactions catalysed by LDH and ADH were those 
reported by Williamson et al. [30] and Backlin [31] 
respectively. 

0.1 

0 20 10 60 80 

MINUTES 

Fig. 1. Effect of pyruvate on ethanol oxidation by soluble 
fraction. Soluble fraction (7.4 mg protein) was incubated 
at 30” in 3 ml of buffered medium, pH 7.2, containing 
30mM [l-‘4C]ethanol, 0.6mM NAD, 2.5 mM ADP, 
10 mM glucose and 3 units of hexokinase with or without 
added pyruvate. The amount of ethanol oxidised was taken 
to be equal to the sum of the non-volatile ‘%-products, 
14C02 and acetaldehyde present at the end of the incuba- 

tion. 0, no pyruvate; 0, 12 mM pyruvate. 

RESULTS 

The activities of ADH, ALDH and LDH in the 
soluble and mitochondrial fractions are given in 
Table 1. Acetaldehyde, at either 0.05 or 0.5 mM, 
stimulated the uptake of oxygen by mitochondria, 
the greater response being elicited by the lower 
concentration of acetaldehyde. In contrast, ethanol 
had no detectable effect on respiration even in the 
presence of added NAD. The results suggest that 
the mitochondria contained ALDH but were devoid 
of significant ADH activity. This position was 
reversed in the soluble fraction in which the activity 
of ADH exceeded by a very wide margin that of 
ALDH. Also, the ALDH activity of soluble fraction 
was seen to be much lower than that of the mito- 
chondria, especially at the lower concentration of 
acetaldehyde. Very high LDH activity was found in 
the soluble fraction, reduction of pyruvate taking 
place over 200 times more rapidly than the oxidation 
of ethanol by ADH. 

Metabolism of [l-‘4C]ethanol in systems contain- 
ing only soluble fraction was very slow when no 
pyruvate was added (Fig. 1). Non-volatile 14C- 
labelled compounds and 14C02 were the major 
metabolic products and very little acetaldehyde 
accumulated (approximately 6 nmoles/mg protein). 
However, it was found that the concentration of 
NADH in the incubation mixture rose from zero to 
more than 0.05 mM during the course of the incu- 
bation (data not shown). This rise in NADH was 
abolished by pyruvate which also caused a marked 
increase in the rate of ethanol metabolism as shown 
in Fig. 1. Accompanying this increase was a change 
in the metabolic pattern, illustrated in Fig. 2. During 
the early part of the incubation acetaldehyde accu- 
mulated rapidly but the concentration of acetalde- 
hyde in the system tended towards a plateau as the 
incubation progressed. i4C02 was formed at a very 
slow rate throughout the incubation period and con- 
stituted less than 5% of the total products of ethanol 
metabolism. Non-volatile “C-products were formed 
at a relatively constant rate and eventually became 
the major product. The precise nature of the non- 
volatile 14C-products was not examined in detail but 

it was found that their formation was paralleled by 
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Fig. 2. Products of ethanol oxidation by soluble fraction. 
Soluble fraction (7-8 mg protein) was incubated at 30” as 
described for Fig. 1 in the presence of 12mM pyruvate. 
The curves show the amount of WO2 formed (0), the 
amount of non-volatile “C-products formed (a), the 
amount of acetaldehyde accumulated (0) and the sum of 
these, taken to represent total ethanol oxidation (0). Each 
point represents the mean value ? S.E.M. for four separate 

experiments performed with different preparations. 

the production of an almost stoichiometrically equal 
amount of acetate. The acetate formed was equal 
to 99 ? 7% of the 14C incorporated into non-volatile 
products (mean 2 S.E.M.; N = 8) suggesting that 
acetate was the main, if not exclusive, non-volatile 
“C-product. The close correlation between acetate 
and non-volatile “C-products in these and other 
experiments is shown in Fig. 3. The data in Table 
2 show that pyruvate was used, and lactate produced, 
at a rate sufficient to account fully for the oxidation 
of NADH generated during the conversion of 
ethanol to acetaldehyde and acetate. It was therefore 
concluded that the oxidative removal of NADH was 
responsible for the acceleration of ethanol metab- 
olism in the presence of pyruvate. None the less, it 
is important to note that, even under these condi- 
tions, the rate of ethanol metabolism was less than 
30% of that expected if ADH were assumed to 
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Fig. 3. Correlation between the amount of acetate formed 
and the amount of non-volatile 14C-products formed. Eight 
of the points shown were from experiments in which only 
soluble fraction was present, and the remaining 24 points 
were from experiments in which both soluble and mito- 
chondrial fractions were present. The correlation coeffi- 

cient, r, was equal to 0.94. 

operate at maximum activity (cf. Table 1). The low 
rate was not attributable to a loss of ADH during 
incubation as soluble fraction that was preincubated 
for 60 min at 30” before exposure to ethanol had an 
ADH activity almost identical to that of the soluble 
fraction which was not preincubated. Nor could the 
low rate be attributed to a reversal of the reaction 
catalysed by ADH. Even by 80min the lactate/ 
pyruvate ratio had risen to only 0.21 i 0.04 
(mean 2 S.E.M.; N = 3) and the ethanol/acetalde- 
hyde ratio had fallen to only 85 * 13 (mean * 
S.E.M.; N = 3). If it is assumed that the LDH 

reaction was at effective equilibrium it can be cal- 
culated that the ADH reaction lay very far from 
equilibrium (equilibrium factor > 0.99) and the rate 
in the reverse direction was therefore negligible. It 
was concluded that the low rate of ethanol oxidation 
was probably due to the direct inhibition of ADH 
by a component of the system, most likely 
acetaldehyde. 

Experiments in which ethanol metabolism was 
investigated in systems containing different amounts 
of the same preparation of soluble fraction gave 

Table 2. Generation and reoxidation of NADH during ethanol oxidation by soluble fraction of rat 
liver 

Metabolite 

Acetaldehyde 
Non-volatile 14C-products 

(acetate) 
“Yzo2 
Pyruvate 
Lactate 

Change 
(nmoles/mg protein) 

+132? 13 

+164? 16 
+15 2 1 

-499 ? 55 
+533 _’ 52 

NADH equivalents 
(nmoles/mg protein) 

+132 

+328 
I +30* 

-499 

> -533 

Total + 490 

Average - 517 

Soluble fraction (7-8 mg protein) was incubated for 60 min at 30” in 3 ml of buffered medium containing 
30 mM [l-‘4C]ethanol, 0.6 mM NAD, 12 mM pyruvate, 2.5 mM ADP, 10 mM glucose and 3 units of 
hexokinase. Changes in the metabolite levels are presented as the mean values + S.E.M. for three 
separate experiments. The calculated amount of NADH produced or used as a consequence of the 
changes in metabolite levels is shown. 

* The amount of NADH associated with ‘“CO2 formation is uncertain. 
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Effect of varying amount of soluble fraction on: (a) ethanol oxidation and (b) acetaldehyde 
accumulation. Soluble fraction was incubated under the conditions described for Fig. 2. 0, 3.6mg 
protein; 0, 7.2 mg protein; 0, 14.4 mg protein. The values beside each of the curves in (a) give the 

average rate of ethanol oxidation over the full incubation period in nmoles/min per mg protein. 

results which supported this conclusion. These are 
presented in Fig. 4. The values against each of the 
three curves in Fig. 4a give the rates of ethanol 
oxidation in nmoles/min per mg of protein and show 
that the rate was almost directly proportional to the 
amount of soluble fraction added. However, the 
curves in Fig. 4b show that, although the initial rate 
of accumulation of acetaldehyde mirrored the overall 
rate of ethanol oxidation, the level to which acetal- 
dehyde finally accumulated was the same in all sys- 
tems. Given that the acetaldehyde concentration 
stopped rising when its production was balanced by 

MINUTES 

Fig. 5. Effect of mitochondria on the oxidation of ethanol. 
Systems containing soluble fraction alone (7-8 mg protein) 
or together with mitochondrial fraction (7-10 mg protein) 
were incubated as described for Fig. 2. 0, without mito- 
chondrial fraction; 0, with mitochondrial fraction. Each 
point represents the mean value + S.E.M. for four separate 
experiments performed with different tissue preparations. 
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its removal, and accepting that the relative levels of 
ADH and ALDH were the same whatever the 
amount of soluble fraction present, it may be inferred 
that the concentration of acetaldehyde itself was the 
critical factor in bringing about the balance between 
production and removal. Moreover, the fact that the 
rate of ethanol metabolism declined throughout the 
incubation, most noticeably when the least amount 
of soluble fraction was present, suggests that the 
balance was achieved mainly through a fall in the 
activity of ADH. 

The relationship between enzyme activities, rates 
of ethanol oxidation and the degree of acetaldehyde 
accumulation was explored further by introducing 
mitochondria into the systems. Mitochondria were 
earlier shown to possess much more ALDH activity 
than did soluble fraction, but negligible ADH 
activity. In Fig. 5 it is shown that addition of an 
amount of mitochondrial fraction protein roughly 
equal to the amount of soluble fraction protein led 
to a very marked increase in the rate of ethanol 
oxidation. Over the 80-min period the average rate 
rose from 4.4 ? 0.4 to 11.5 ? 1.1 nmoles/min per mg 
soluble fraction protein (means t S.E.M.; N = 4). 
Experiments with mitochondria alone revealed that 
less than one fifth of the increase could be attributed 
to a simple additive effect, indicating that the 
increase must have required a rise in the ADH 
activity provided by the soluble fraction. However, 
despite this increase in ADH activity, no acetalde- 
hyde accumulated in these systems. Non-volatile 
14C-products, of which acetate again appeared to be 
the main, if not exclusive, component, made up 98% 
of the total products and 14C02 constituted the 
remaining 2%. Lactate was produced at a near con- 
stant rate of 15 nmoles/min per mg soluble fraction 
protein throughout the 80-min incubation, whereas 
pyruvate, which can be oxidised by mitochondria, 
was used at twice that rate during the early part of 
the incubation but at a rate much closer to that of 



2162 

id 

A. G. DAWSON 

1.0 

0 
0 20 LO 60 80 0 20 40 60 80 

MINUTES MINUTES 

Fig. 6. Effect of mitochondria on the oxidation of ethanol. Soluble fraction (7.9~1s nmtpinj WRE 
incubated as described for Fig. 2. Mitochondrial fraction (7.9 mg protein) was absent (I., ~~ ___._ 
at either O&n (0) or 4Omin (Cl). The curves in (a) show the amount of ethanol oxidised; those in 

(b) show the amount of acetaldehyde accumulated. 

lactate formation during the later stages. Reduction 
of pyruvate to lactate could account for the reoxi- 
dation of only 55-6.5% of the NADH generated by 
ethanol oxidation and, as no NADH accumulated, 
it was concluded that the rest was oxidised by the 
mitochondria. This conclusion seems reasonable in 
view of the intramitochond~al location of most of 
the ALDH activity which was assumed to be respon- 
sible for up to half of the total NADH production. 
Data not presented here showed that there was a 
continuous disappearance of glucose and a smaller 
accumulation of glucose 6-phosphate during the 
incubation, consistent with there having been a con- 
tinuous turnover of ATP. ATP itself was not detect- 

able and it therefore appears unlikely that mito- 
chondrial respiration limited the oxidation of 
ethanol. 

The role of mitochondria in ethanol metabolism 
was investigated further by adding mitochondria 
midway through the incubation period when the 
~ncentration of acetaldehyde was already 
approaching its plateau level. The results in Fig. 6 
show that upon addition of mitochondria there was 
an immediate increase in the rate of ethanol oxi- 
dation (Fig. 6a) accompanied by a dramatic fall in 
the level of accumulated acetaldehyde (Fig. 6b). Less 
than one-third of the additional non-volatile V- 
products and 14C02 formed during the 40 min fol- 

0 
0 20 LO 60 80 

MINUTES 

0.6 

0 
0 20 10 60 80 

MINUTES 

Fig. 7. Effect of cyanamide on the oxidation of ethanol. Systems containing soluble fraction (7.9 mg 
protein) and mitochondrial fraction (8.4 mg protein) were preincubated at 30” for 8 min with or without 
0.2 mM cyanamide before addition of 30 mM [l-““Clethanol. The incubation then proceeded as described 
for Fig. 2. The curves in (a) show the amount of ethanol oxidised (0, 0) and the amount of non- 
volatile ‘YZ-products formed (A, A). The curves in (b) show the amount of acetaldehyde accumulated 
(0,O). In each case the open symbol represents the absence of cyanamide and the closed symbol 

represents the presence of cyanamide. 
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lowing the addition of mitochondria was directly 
attributable to the oxidation of aeetaldehyde accu- 
mulated during the previous 40min, again empha- 
sizing that with mitochondria present the activity of 
ADH rises thus generating an increase in total flux 
through the metabolic pathway. 

The simplest explanation of these results is that, 
by oxidising acetaldehyde, mitochondria brought 
about the deinhibition of ADH activity. This 
inte~retation was supported by other observations, 
one of which was that addition of a smaller amount 
of mitochondrial fraction than those used in the 
experiments shown in Fig. 5 was less effective both 
in preventing acetaldehyde accumulation and in 
stimulating ethanol oxidation (data not shown). 
However, more conclusive support came from 
experiments in which cyanamide, an inhibitor of 
mitochondrial ALDH, was used. The results of one 
such experiment, presented in Fig. 7, show that 
preincubation with cyanamide led to a marked 
decrease in ethanol oxidation due to a very steep fall 
in the formation of non-volatile “C-products (Fig. 
7a). Although acetaldehyde accumulation rose very 
substantially (Fig. 7b) the rise was far lower than the 
fall in acetaldehyde oxidation. Hence, the pattern 
that emerged in systems containing mitochondria 
and cyanamide was virtually identical to that seen 
in systems lacking mitochondria, strongly suggesting 
that the stimulatory action of mitochondria on 
ethanol oxidation was entirely due to their ability to 
oxidise acetaldehyde. The decrease in the rate at 
which ethanol was oxidised to acetaldehyde in the 
presence of cyanamide was closely followed by a 
decrease in the rate at which pyruvate was reduced 
to lactate but other avenues of pyruvate metabolism 
were apparently unaffected, indicating that the effect 
of cyanamide on ALDH was specific. These data 
suggest that ALDH activity and, consequently, the 
removal of acetaldehyde influences the activity of 
ADH and hence the rate of flux through the 
ethanol-metabolising pathway. 

DISCUSSION 

Despite the apparent simplicity of the metabolic 
pathway leading from ethanol to acetate consider- 
able controversy has surrounded the question of 
what factors are most important in regulating the 
rate of ethanol oxidation in mammalian liver. The 
three factors thought to be potentially important are 
the concentrations of free NAD and/or NADH in 
the cytosol [l-5], the real level of hepatic ADH 
16-81 and the intrahepatic concentration of acetal- 
dehyde [S, 9,161. However, it must be pointed out 
that although many workers have elected to favour 
one or other of these factors as being uniquely 
important there is no reason why all should not make 
a significant contribution to the regulation of ethanol 
metabolism. The purpose of the present study was 
to look at possible regulatory mechanisms by using 
an ethanol-metabolising system reconstituted from 
soluble and mitochondrial fractions of rat liver, 

The fully reconstituted systems metabolised high 
concentrations of ethanol in a similar way to other 
in vitro preparations of liver ]27,32,33], acetate 
apparently being the principal end product and only 

very small quantities of CO2 being formed. Accu- 
mulation of acetaldehyde was variable and depended 
on the particular expe~mental circumstances. Pyru- 
vate, which readily accepts electrons from NADH 
in the presence of LDH, stimulated ethanol metab- 
olism especially when little or no mitochondrial frac- 
tion was present, indicating that ethanol oxidation 
in the reconstituted systems may be restricted by a 
lack of adequate NADH-oxidising activity. The same 
phenomenon has been reported frequently in studies 
with isofated hepatocytes [34-383 but, as Crow et at. 
[37] and Berry et al. [38] have pointed out, pyruvate 
merely restores ethanol oxidation in hepatocytes to 
the in uiuo rate and, despite claims to the contrary 
1391, it seems unlikely that administration of pyruvate 
to intact rats has any impact on ethanol oxidation 

181. 
When NADH oxidation was eliminated as the 

rate-limiting process in the reconstituted systems 
other regulatory mechanisms appeared. In systems 
lacking mitochondria a pronounced accumulation of 
acetaldehyde occurred and the rate of ethanol 
metabolism was far lower than would have been the 
case had ADH been fully active. This was a clear 
indication that the ADH level per se was not the 
sole governing factor. However, when mitochondrial 
fraction was added in sufficient quantity to prevent 
acetaldehyde accumulation the rate of ethanol 
metabolism almost tripled despite the fact that the 
mitochondria contributed no detectable ADH . ‘ 
actrvity. Cyanamide, a potent inhibitor of mito- 
chondrial ALDH both in U&U and in uiuo [4Q-451, 
abolished the stimulatory effect of mitochondria and 
returned ethanol metabolism to the rate and pattern 
observed in systems containing only the soluble 
fraction. 

These findings strongly suggest that ALDH 
activity and acetaldehyde accumulation were impor- 
tant factors in determining the rate of ethanol oxi- 
dation in reconstituted systems. Furthermore, the 
observations bore a strong similarity to those made 
in studies with isolated hepatocytes in which inhibi- 
tors of ALDH, especially in the presence of pyru- 
vate, promote the accumulation of acetaldehyde and 
cause the rate of ethanol metabolism to fall 
[35,46,47]. 

The relationship between raised acetaldehyde lev- 
els and lowered rates of ethanol oxidation is seen 
not only in reconstituted systems and hepatocytes 
but has also been noted in experiments with perfused 
liver [2] and intact animals 148,491. At first sight it 
appears paradoxical that acetaldehyde levels should 
rise in the face of decreased acetaldehyde production 
but the phenomenon can be explained relatively 
easily in either of two ways. Both explanations accept 
the obvious point that for acetaldehyde to accu- 
mulate the mechanisms responsible for its removal, 
principally ALDH, must be less active than those 
responsible for its production, principally ADH. 
Both also accept that, because the low K, mito- 
chondrial ALDH, which is thought to be of prime 
importance in hepatic ethanol metabolism [50,51], 
must be saturated at about 1OpM acetaldehyde 
[X&55] and may be inhibited by concentrations in 
excess of 25 ;tM 1561, it is highly unlikely that ace- 
taldehyde removal can accommodate to a constant 
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rate of acetaldehyde formation. Even if this were 
theoretically possible it wouid require the attainment 
of intolerably high acetaldehyde concentrations in 
order to raise sufficiently the activity of the high K, 
ALDH isoenzymes. Hence, to reach a steady state, 
there must be a downward adjustment in the rate 
of acetaldehyde production to balance the more fixed 
rate of acetaldehyde removal. Where the two expla- 
nations differ is in the way they each account for this 
downward adjustment of acetaldehyde production. 
One suggests that the accumulation of acetaldehyde 
leads to the reversal of the ADH reaction until the 
net flux in the forward direction is just enough to 
balance the loss of a~taldehyde through the ALDH 
reaction. This explanation has been used frequently 
[2,46,47,49,57] and implies that ADH behaves as 
an equilibrium enzyme [57]. The alternative expla- 
nation [16] is that acetaldehyde directly inhibits, in 
a concentration-dependent fashion, the oxidation of 
ethanol by ADH thereby regulating its own pro- 
duction. Hence, in simple terms, the first expJanation 
has the net rate of acetaldehyde production being 
determined by the concentration of all the reactants 
of the ADH reaction since all affect the equilibrium 
position, whereas the second considers the acetal- 
dehyde concentration alone to be important. 

When the merits of the two explanations are exam- 
ined in relation to the observations made in the 
present study, it becomes clear that, provided one 
major assumption is made, the second is the more 
satisfactory. The assumption is that because LDH 
activity is very high in the reconstituted systems the 
reaction it catalyses will be maintained at, or very 
close to, equilibrium. If this is so it can be calculated, 
using the appropriate equilibrium constant [30], that 
even at the highest lactate/ yruvate ratio achieved 
in the systems, the NAD i”N ADH ratio exceeded 
10,000. When this value is used together with the 
observed ethanol and acetaldehyde concentrations 
and the equilibrium constant for the reaction cata- 
lysed by ADH 1311, it is found that the reaction Jay 
so far from equilib~um than any reversal would have 
diminished net flux in the forward direction by less 
than 1%. Therefore, the decrease in acetaldehyde 
formation that accompanies the increase in acetal- 
dehyde concentration cannot be attributed to rever- 
sal of the ADH reaction and must instead be due 
to a direct inhibition of ADH, presumably by ace- 
taldehyde itself. 

The conclusion that acetaIdehyde is the inhibitory 
agent is supported by previous studies in which it 
was demonstrated that the concentrations of acet- 
aldehyde attained in the reconstituted systems 
strongly depressed the oxidation of ethanol by rat 
liver soluble fraction 1161 or by purified ADH 
117,181. Given that concentrations of a similar mag- 
nitude may also occur in systems containing isolated 
hepatocytes [35,46, 471 and in the liver in vivo 
[8,58,59], the possiblity exists that regulation of 
ADH by acetaldehyde could extend to these systems. 
Indeed, the situation in hepatocytes incubated with 
pyruvate and ALDH inhibitors [46,47] resembles 
so closely that in reconstituted systems that this might 
be the only satisfactory explanation of the lowered 
rates of ethanol metabolism that accompany rises in 
the acetaldehyde concentration. In intact animals 

too there is little evidence to suggest that ADH acts 
as an equiiibrium enzyme. Guynn and PiekJik [603 
observed that the cytoplasmic NAD/NADH ratio in 
the liver increased at higher ethanol doses, contrary 
to what might be expected if ADH were maintaining 
equilibrium unless acetaldehyde were also to rise 
dramatically. Similarly it has been found that the 
rate of ethanol metabolism in rats is positively cor- 
related with the lactate/pyruvate ratio in the blood 
[7,8], an observation which is difficult to reconcile 
with the idea of the ADH reaction lying at, or close 
to, equilibrium. 

It is concluded, therefore, that in the reconstituted 
systems the rate at which ethanol is oxidised by ADH 
may be dictated to a large degree by the concentra- 
tion of acetaldehyde, and that this constitutes the 
mechanism by which the rates of production and 
removal of acetaldehyde are balanced. The steady- 
state concentration of acetaldehyde could vary 
widely depending on the relative activities of ADH 
and ALDH, and the overall rate of ethanol oxidation 
must be primarily determined by the lower of the 
two activities. The degree to which this mode of 
regulation operates in vivo remains to be established, 
though the fact that relatively high concentrations 
of acetaldehyde may be found in the liver and hepatic 
venous blood of experimental animals suggests that 
its importance might so far have been 
underestimated. 

Acknowledgements-This work was supported by research 
grants received under the Australian Research Grants 
Scheme and from the New South Wales Institute of Tech- 
nology. The Centrifi~hem 300 was donated by Roche 
Diagnostics (Dee Why, N.S.W., AustraIia). 

REFERENCES 

1. Y. Israel, J. M. Khanna and R. Lin, Biochem. J. 120, 
447 (1970). 

2. K. 0. Lindros, R. Vimha and 0. A. Forsander, 
B&hem. J. 126, 945 (1972). 

3. A. J. Meijer, G. M. vanwoerkom, J. R. Williamson 
and J. M. Tager, Biochem. i. 150, 205 (1975). 

4. R. Rognstad,Biochim. biophys. Acta 67‘6, 276 (1981). 
5. T. Kashiwagi, S. Ji, J. J. Lemasters and R. G. Thurman, 

Molec. Pharmac. 21, 438 (1982). 
6. N. W. Cornell, K. E. Crow, M. G. Leadbetter and 

R. L. Veech, in Aico~ol and f~u~rifjon (Eds. T-K. Li. 
S. Schenker and L. Lumen&, pp. 315-3‘30. U.S. Gov- 
ernment Printing Office, *a&i&ton, DC (1979). 

7. E. Mezev. J. J. Potter, M. Harmon and P. D. Tsitouras. 
Biochem.‘Pharmac. 29, 3175 (1980). 

8. T. J. Braggins and K. E. Crow, Eur. J. Biochem. 119, 
633 (1981). 

9. J. J.‘ Higgins, in Biochemistry and Pharmacology of 
Efhanot (Eds. E. Majchrowicz and E. P. Noble), Vol. 
1, pp. 249-351. Plenum Press, New York (1979). 

10. A. G. Dawson, Biochem. Pharmac. 31, 2733 (1982). 
11. A. G. Dawson. Trends Biochem. Sci. 4. 171 (1979). 
12. A. I. Cederbaum, C. S. Lieber, D. S. Beat& and’E. 

Rubin, Archs Biochem. Biophys. 158, 763 (1973). 
13. G. Rachamin, J. A. Macdonald. S. Wahid. J. J. Clapp, 

J. M. Khanna and Y. Israel, Biochem. 1. 186, 483 
f 19801. 

14. H. Waligren and H. Barry, Acfions of Alcohol, Vol. 
1, pp. 77-153. Elsevier, Amsterdam (1970). 

15. L. Lumeng, W. F. Bosron and T-K. Li, Biochem. 
Pharmac. 28, 1547 (1979). 



Ethanol oxidation by subcellular fractions of rat liver 2165 

16. A. G. Dawson, Rio&em. Pharmac. 30, 2349 (1981). 
17. C. C. Wratten and W. W. Cleland, Biochemistry 2,935 

(1963). 
18. C. S. Hanes, P. M. Bronskill, P. A. Gurr and J.T-F. 

Wong, Can J. Biochem. 50, 1385 (1972). 
19. E. Bustamante, J. W. Soper and P. L. Pederson, Ana- 

lyt. Biochem. 80, 401 (1977). 
20. M. Klingenberg, in Methods of Enzymatic Analysis 

(Ed. H. U. Bergmeyer), 2nd Edn, pp. 2045-2072. 
Academic Press, New York (1974). _. 

21. A. R. Stowell. K. E. Crow, R. M. Greenwav and 
. R. D. Batt, Analyt. Biochem. 84, 384 (1978). 

22. R. Czok and W. Lamprecht, in Methods of Enzymatic 
Analysis (Ed. H. U. Bergmeyer), 2nd Edn, pp. 
14461451. Academic Press, New York (1974). 

23. I. Gutmann and A. W. Wahlefeld, in Methods of 
Enzymatic Analysis (Ed. H. U. Bergmeyer), 2nd Edn, 
pp. 1464-1468. Academic Press, New York (1974). 

24. P. C. Engel and J. B. Jones, Analyt. Biochem. 88,475 
(1978). 

25. H. U. Bergmeyer, E. Bernt, F. Schmidt and H. Stork, 
in Methods of. Enzymatic Analysis (Ed. H. U. Berg- 
mever). 2nd Edn. DD. 1196-1201. AcademicPress. New 
York (i974). A A 

26. R. W. Guynn and R. L. Veech, Analyt. Biochem. 61, 
6 (1974). 

27. M. N. Berry, H. V. Werner and E. Kun, Biochem. J. 
140, 355 (1974). 

28. G. A. Bray, Analyt. Biochem. 1, 279 (1960). 
29. 0. H. Lowry, N. J. Rosebrough, A. L. Farr and 

R. J. Randall, J. biol. Chem. 193, 265 (1951). 
30. D. H. Williamson, P. Lund and H. A. Krebs, Biochem. 

J. 103, 514 (1967). 
31. K. I. Backlin, Acta them. &and. 12, 1279 (1958). 
32. 0. A. Forsander and N. C. R. Raiha, J. biol. Chem. 

235, 34 (1960). 
33. T. J. Braggins, K. E. Crow and R. D. Batt, in Alcohol 

and Aldehyde Metabolizing Systems (Ed. R. G. Thur- 
man), Vol. 4, pp. 441-449. Plenum Publishing, New 
York (1980). 

34. N. Grunnet, B. Quistorff and H. I. D. Thieden, Eur. 
J. Biochem. 40, 275 (1973). 

35. K. E. Crow, N. W. Cornell and R. L. Veech, Alcohol- 
ism clin. exe. Res. 1, 43 (1977). 

36. A. I. Cederbaum, E. Dicker’ and E. Rubin, Archs 
Biochem. Biophys. 183, 638 (1977). 

37. K. E. Crow, N. W. Cornell and R. L. Veech, Biochem. 
J. 178, 29 (1978). 

38. M. N. Berry, D. C. Fanning, A. R. Grivell and P. G. 
Wallace, Biochem. Pharmac. 29, 2161 (1980). 

39. G. D. Wendell and R. G. Thurman, Biochem. Phar- 
mat. 28, 273 (1979). 

40. R. A. Dietrich, P. A. Troxwell, W. S. Worth and 
V. G. Erwin, Biochem. Pharmac. 2.5, 2733 (1976). 

41. H. Marchner and 0. A. Tottmar, Actapharmac. Tox. 
43, 219 (1978). 

42. T. M. Kitson and K. E. Crow, Biochem. Pharmac. 28, 
2551 (1979). 

43. A. R. Stowell, K. 0. Lindros and M. P. Salaspuro, 
Biochem. Pharmac. 29, 783 (1980). 

44. A. I. Cederbaum, Alcoholism clin. exp. Res. 5, 38 
(1981). 

45. F. N. Shirota, E. G. DeMaster and H. T. Nagasawa, 
Biochem. Pharmac. 31. 1999 11982). 

46. A. I. Cederbaum and E. Dicker, Akhs Biochem. Bio- 
phys. 193, 551 (1979). 

47. A. I. Cederbaum and E. Dicker, Biochem. Pharmac. 
30, 3079 (1981). 

48. H. Marchner and 0. Tottmar, Actupharmac. Tox. 38, 
59 (1976). 

49. 0. Tottmar and H. Marchner. Acta oharmac. tox. 38. 
1 

366 (1976). 
50. R. Parilla, K. Ohkawa, K. 0. Lindros, U-J.P. Zim- 

merman, K. Kobavashi and J. R. Williamson. J. biol. 
Chem. 249, 4926 0974). 

51. C. J. P. Eriksson, M. Marselos and T. Koivula, 
Biochem. J. 152, 709 (1975). 

52. N. Grunnet, Eur. J. Biochem. 35, 236 (1973). 
53. S. 0. C. Tottmar, H. Pettersson and K-H. Kiessling, 

Biochem. J. 135, 577 (1973). 
54. T. Koivula and M. Koivusalo, Biochim. biophys. Acta 

397, 9 (1975). 
55. A. W. Tank, H. Weiner and J. A. Thurman, Biochem. 

Pharmac. 30, 3265 (1981). 
56. K. Nishiki, B. Chance and M. A. Morris, in Alcohol 

and Aldehvde Metabolizina Svstems (Eds. R. G. Thur- 
man, J. R: Williamson, H: R. Drott and B. Chance), 
Vol. 3, pp. 271-284. Academic Press, New York 
(1977). 

57. H. A. Krebs, in Current Topics in Cellular Regulation 
(Eds. B. L. Horecker and E. R. Stadtman), Vol. 1, 
pp. 45-55. Academic Press, New York (1969). 

58. Y. Kesaniemi, Biochem. Pharmac. 23. 1157 (1974). 
59. C. J. P. Eriksson and H. W. Sippel, Biochem. @harkzc 

26. 241 (1977). 
60. R. W. Guynn’and J. R. Pieklik, J. clin. Inuest. 56, 1411 

(1975). 


