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Abstract—-Slices of rat liver were incubated with {Rjethanol-1->H and (S)ethanol-1-*H at a concentration
of 1 mg/ml. During the course of the incubation, the ethanol in the flask containing the (S) isomer,
but not the (R) isomer. was enriched with *H. For the same quantity of *H metabolized from the
(R)ethanol-1-*H as from the (S)ethanol-1-*H. much less *H from the (S) than from the (R) isomer
was incorporated into the lactate formed during the incubation. This indicates that the (R) hydrogen
has a much greater access than the (S) hydrogen to the pool of NADH in the cytosol utilized in
the reduction of pyruvate to lactate. Tt is concluded that the formation of NADH from acetaldehyde
occurs under these conditions. primarily in a compartment other than the cytosol. It is presumed

that this compartment is mitochondrial.

Until recently, acetaldehyde oxidation by the hepato-
cyte was generally believed to occur in the cytosol
so that two equivalents of NADH were formed in
the cytosol per mole of ethanol utilized. Reducing
equivalents formed were assumed to be rapidly trans-
ported from the cytosol to the mitochondria via the
malate-aspartate cycle to account for the rapid reduc-
tion of pyridine nucleotides occurring in the mito-
chondria of liver oxidizing ethanol [1]. More
recently. the major portion of aldehyde dehydro-
genase activity in rat liver has been localized to its
mitochondria [2-4]. Most recently, Parrilla et al. [5]
showed that inhibition of the extra mitochondrial
reactions associated with the malate-aspartate cycle
did not alter the reduction of mitochondrial pyridine
nucleotides occurring in rat hepatocytes incubated
with low concentrations of acetaldehyde but did to
some extent with higher concentrations of acetalde-
hyde. They [5, 6] concluded that acetaldehyde at con-
centrations below 0-2 to 0-4 mM was oxidized predo-
minantly in the mitochondria.

The present study was intended to localize the site
of formation of NADH during acetaldehyde oxi-
dation in the intact liver cell without recourse to inhi-
bitors. The approach depends upon the stereospecifi-
city of hydrogen removal in the oxidation of ethanol
to acetaldehyde [7.8]. The oxidation of 1 mole of
(R)ethanol-1-3H to acetaldehyde catalyzed by alcohol
dehydrogenase will yield one equivalent of *H-labeled
NADH. while the oxidation of (S)ethanol-1-*H will
yield one equivalent of unlabeled NADH. One equiv-
alent of unlabeled NADH will be produced on oxi-
dation of the unlabeled acetaldehyde formed from the
(R)ethanol-1-*H and one equivalent of 3H-labeled
NADH produced from the labeled acetaldehyde
formed from (S)ethanol-1-*H. Thus. for the same
quantities of the (R) and (S) ethanols oxidized to ace-
tate. the same quantities of labeled NADH will be
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formed. The *H should be on the same side of the
pyridine ring of the nucleotide. whether from the (R)
or (S) ethanol. since alcohol dehydrogenase and ace-
taldehyde dehydrogenase are A-type enzymes [9].

Therefore, if acetaldehyde oxidation. like ethanol
oxidation. occurs in the cytosol. the cytosolic pool
of NADH should be identically labeled with *H. The
specific activity of the NADH pool formed from
(S)ethanol-1-*H relative to that from (R)ethanol-1-*H
should then reflect the extent of formation of NADH
from acetaldehyde in the cytosol. These relative speci-
fic activities can be determined from the relative spe-
cific activities of the *H-labeled lactate formed during
the metabolism of the (R) as compared to the (S)eth-
anol-1-3H. since lactic dehydrogenase is localized to
the cytosol and is also an A-type enzyme.

EXPERIMENTAL PROCEDURE

Materials. (R)ethanol-1-*H. (S)ethanol-1-*H and
acetaldehyde-1->H were prepared and purified as pre-
viously described. Ethanol-1-'*C was purchased from
New England Nuclear Corp.. Boston, Mass.. and
Amersham/Searle Corp.. Arlington Park. Ill.. and also
purified as previously described [8].

Animals. Sprague-Dawley white female rats weigh-
ing 260-300 g were fed ad lib. until the time of killing
by decapitation.

Incubation. Five experiments were performed. In
each experiment, six flasks with content were incu-
bated. Each of the S00-ml Erlenmeyer flasks con-
tained 30 ml medium. The medium [10] contained
in m-moles/liter: K*, 110; Mg”*. 20; Ca2*. 10;
HCO73. 40; C17, 130; and glucose and ethanol, each
at a concentration of 1 mg/ml, Ethanol-1-'*C (02 to
1-5 uCi) was added to all the flasks. (R)ethanol-1-*H
(1-5 uCi) to three of the flasks. and (S)ethanol-1-*H
(1-5 uCi) to the remaining three flasks. Flasks con-
taining the (R) and (S) ethanols were paired. One pair.
serving as controls, was incubated without addition
of liver slices. Liver slices from two rats were ran-
domly distributed into the sccond pair of flasks and
liver slices from two other rats were distributed into



18 R. J. M, CORRALL ¢t ul.

the third pair. Between 3-6 and 44 g of slices was
added to each flask. Paired flasks differed in weight
of slices by no more than 0-1 g. The contents of the
flasks were gassed with 95% O,-5% CO, for 10 min
and then stoppered and incubated at 37" with shaking
for 90 min. To terminate incubation. 3 ml of 2 N
H,SO, was injected into cach flask through a rubber
inlet in the stopper. CO, evolved was collected in
a vial which was suspended from each stopper and
into which 3 ml of 1 N CO,-frece NaOH was intro-
duced by injection through the inlet. In three of the
experiments. 32 mg acetaldechyde in aqueous solution
was injected through the inlet into each of the flasks
after addition of the sulfuric acid.

Analyses. The sealed flasks were stored 12 hr to
complete absorption of the '*CO, into the sodium
hydroxide. The acidified medium with slices from
each flask was then cooled in ice and homogenized.
The homogenate in a closed bottle was centrifuged
at 4". The supernatant was ncutralized. 1 ml of (3
N Ba(OH), and | ml of 5%, Zn(SO), werc added and
the mixture was recentrifuged at 4°. The con-
centrations of ethanol in an aliquot of the supernatant
and the initial medium were determined enzymati-
cally [11]. From these determinations, the volume of
medium incubated. and the volumes of the superna-
tant (corrected to the volume of the homogenate), the
quantity of ethanol taken up during the incubation
was determined. There was no disappearance of eth-
anol in flasks without added slices. A 10-ml aliquot
of each supernatant was made alkaline with NaOH
and distilled. The first mi of distillate was used to
determine the amount of *H that remained in ethanol
at the completion of incubation. the next 5 ml of dis-
tillate was discarded. and the next ml (the seventh
mi) was used to determine incorporation of *H into
water.

To the first ml of distillate and to an aliquot of
the initial medium, carrier unlabeled ethanol was
added and the p-nitrobenzoate derivative of ethanol
was prepared from these aqueous solutions [12]. In
the first three experiments. cthanol was then regener-
ated from cach p-nitrobenzoate by refluxing it in 1
N NaOH and then distilling the resulting solution.
An aliquot of the first portion of each of these distil-
lates was added to scintillation fluid (Aquasol pur-
chased from the New England Nuclear Corp.) and
assayed for *H and '*C. Internal standards were used
in these and in all other assays of radioactivity. Eth-
anols assayed after formation of the p-nitrobenzoate
from the distillate of the supernatants obtained in the
incubations without slices had *H/'*C ratios identical
to the ratios in the cthanols initially present in the
incubation medium. providing evidence for the ade-
quacy of the procedure.

The ratio of *H to '*C in dis./min in the ethanol
of each flask at the completion of incubation was cal-
culated as follows. Aliquots of the initial solution
were assayed for *H and '*C and from these data
the total *H and '*C in dis./min added as ethanol
was calculated. The *H present in the cthanol at the
completion of incubation was calculated from the *H/
14C ratio in the ethanol at the completion of incuba-
tion. the **C in the ethanol at the beginning of incu-
bation. and the fraction of cthanol that was not uti-
lized as determined from the uptake of ethanol. For

this calculation it is assumed that there is no isotope
discrimination between '*C and '*C so that the per-
centage uptake of ethanol and of the '*C of the cth-
anol-1-'%C is the same. In the last two cxperiments,
the p-nitrobenzoates werc oxidized to '*CO, and
3H,0 in an oxidizer (modecl 306, Packard Instrument
Co.. Downers Grove, [ll). Uptake of '*C and *H
could then be calculated directly from the aliquot
taken. the quantity of nitrobenzoate oxidized, and its
activity, The uptake of "*C of cthanol-1-"*C was in
good agreement with the uptake of cthanol deter-
mined enzymatically [11].

An aliquot of the seventh ml of the distillate was
assayed for *H and '*C content. All "*C in this distil-
late was assumed to bc in ethanol. and ail “H other
than that i ethanol was assumed to be in water.
The *H in ethanol was estimated from the ‘H/'C
ratio in ethanol in the distillate. as just detailed. and
the **C in the distillate. In the seventh ml of distillate.
about 25 per cent of the total *H was thus found
to be due to ethanol with the remainder ascribed to
*H,0. Negligible *H was found in *H,O in the incu-
bations without slices. When *H,O was distilled in
a control experiment, the specific activity of the initial
and final distillate was the same. The total incorpor-
ation of *H into water has, thereforc. been calculated
from the *H in the aliquot of the distillate and the
total volume of the supernatant.

To another aliquot of each supernatant. carrier lac-
tate was added. The aliquot was acidified with H,SO,
and the lactatc extracted with ether. The lactate in
the ether was isolated as its sodium salt and purified
on a Celite column [13]. Lactate from the column
was converted 1o its phenacyl derivative [14]. which
was assayed for *H and '*C. The incorporation of
*H and '*C into lactatc was calculated from this
ratio, the weight of the phenacyl lactate assayved. the
quantity of lactate added as carricer. and the volume
of the aliquot of the supcernatant. Again in the last
two experiments, the phenacyl lactates were oxidized
and the **CO, and *H.O counted.

In the three experiments in which carrier acetalde-
hyde was added. an aliquot of the supernatant from
each flask was distilled in vacuo at room temperature
into dimedone reagent [§] contained in a glass-
jointed tube immersed in ice water. After the collece-
tion of a few ml of distillate. the tube was stoppered
and warmed to complete the formation of acctaldime-
done, which was collected and assayed for '*C and
3H. The quantities of *H and "*C in acctaldchyde
in the incubation medium plus slices at the comple-
tion of incubation were calculated from the 32 mg
acetaldehyde added as carrier and the weight of ace-
taldimedone assayed for radioactivity. Negligible *H
and '*C radioactivity was in the acctaldimedone iso-
lated from the incubations without slices. exeept in
one experiment where therc was a quantity of '*C.
despite purification of the cthanol-1-'*C used. The
cthanol-1-"*C was a new batch which. when pur-
chased. had several per cent of its activity precipitated
with dimedone reagent. The quantity of acctaldchyde
present in the slices and incubation medium of cach
flask at the completion of incubation for the two cx-
periments where there was no contamination was cal-
culated from the total '*C in acctaldchyde at the
completion of incubation and the molar specific acti-
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vity of the acetaldehyde-1-'*C formed during the in-
cubation, assumed to be the same as that of the eth-
anol-1-'*C incubated.

A control experiment showed that no significant
guantity of acetaldehyde was lost during the course
of the incubation. Acetaldehyde-1-H (5 mg) was in-
jected into medium with slices immediately after aci-
dification and without incubation. It was then incu-
bated for 90 min. carrier acetaldehyde (32 mg) was
added and the above procedure was followed.
Twenty-six mg acetaldimedone was recovered. Its spe-
cific activity was such that the theoretical yield of
acetaldimedone from 37 mg acetaldehyde (257 mg)
would have contained 97 per cent of the dis./min
added to the flask.

The '*CO, absorbed into the sodium hydroxide
was precipitated as Ba'*CO,;. The Ba!*CO; was
weighed and then treated with H,SO, and the *CO,
evolved collected in ethylenediamine in methyleellu-
solve [15] and assayed for '*C. Incorporation into
14CQO, was calculated from the specific activity of the
14CO, and the quantity of CO, estimated to be pres-
ent in the medium and gas phase of each flask.

RESULTS

Results of the five experiments are presented in
Table 1. Uptake of ethanol, measured enzymatically,
was about 50 per cent of the added ethanol with very
similar uptakes in the paired incubations. The per
cent uptake of *H from (R)ethanol-1-*H was similar
to the per cent uptake of ethanol determined enzyma-
tically, ie. the *H/**C ratio in the ethanol remaining
at the completion of incubation was similar to,
although somewhat higher than, the ratio in the eth-
anol at the beginning of the incubation. In contrast,
the uptake of *H from (S)ethanol-t-*H was only
about half of the uptake of ethanol. ie. enrichment
of *H in ethanol occurred. so that the *H/'*C ratio
in ethanol at the end of incubation was higher than
that in ethanol at the beginning of incubation.

In support of a similar metabolism of ethanol-1-
'4C in the flasks containing the (S) and (R) isomers
are the similar yields of '*C in '*CO,. About four
times as much of the uptake of *H from (R)ethanol-1-
*H as from (S)ethanol-1-*H was recovered in lactate.
However, of the uptakes of *H. a similar amount,
about 60 per cent. was recovered in water from both
isomers. The per cent of the *H uptake recovered
in acetaldehyde was very small with the (R)ethanol-1-
3H. It was more with the (S)ethanol-1-*H. but of the
uptake of *H it was still a small percentage. In Table
2 are recorded the >H/'*C ratios in ethanol and ace-
taldehyde for the two experiments with the (S) isomer.
The ratios in ethanol, as already noted, were higher
at the completion than initiation of incubation. The
ratios in acetaldehyde were the same as or greater
than those in the ethanol remaining in the medium
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Table 2. 3H/'*C Ratio in cthanol at the beginning and
completion and in acetaldehyde at the completion of incu-
bation with (S)ethanol-1-*H and ethanol-1-'*C

Ethanol Acetaldehyde
Expt. Initial Final Final
| 2:53 327 328
253 337 362
2 2-14 330 344
214 280 281

at the completion of incubation. Acetaldehyde in the
reaction mixture at the completion of incubation
in these experiments contained 0-1 to 04 per cent
of the added '*C; assuming that the specific activity
of the acetaldehyde had the same molar specific acti-
vity as that of the ethanol-1-'*C. this calculates to
a total acetaldehyde content of 30-120 ug.

DISCUSSION

Our major conclusion is that the (S) hydrogen of
ethanol has much less access to the NADH pool used
in pyruvate reduction than does the (R) hydrogen.
when the ethanol is metabolized by rat liver slices
at concentrations between 1-0 and about 0-5 mg/ml,
the initial and final concentrations in the medium.
This is concluded from the fact that for the same
quantity of *H in ethanol-1-*H utilized. much less
*H from the (S) *H-labeled than from the (R) *H-
labeled hydrogen is incorporated into lactate. Since
lactate dehydrogenase is well documented to be in
the cytosol, the specific activity of lactate must reflect
the specific activity of this NADH pool.

Several explanations for the above observation are
possible. Acetaldehyde could be oxidized by a process
not involving NADH formation or by a dehydro-
genase of the B-type. There are several aldchyde
dehydrogenases in liver. including one with NADPH
as a cofactor [3,4, 16], and xanthine oxidase has. for
example, been reported to catalyze the oxidation of
acetaldehyde [17]. However, specificity. affinity and
activity data would indicate that it is thc NADH-
dependent aldechyde dehydrogenases that arc func-
tionally important and the acetaldehyde dchydro-
genase from bovine liver that has been examined has
proven to be of the A-type [18].

The decreased incorporation of *H into lactate
from the (S) compared to the (R) ethanol cannot be
explained by an isotopic cffect. since only a small
amount of *H from the (S) ethanol that was utilized
was recovered in acetaldehyde, while large. similar
percentages of *H were recovered in water from the
(S) and the (R) ethanol. Conceivably. separatc NADH
pools in the cytoplasm could exist, one having greater
access to the hydrogen removed from ethanol than
acetaldehyde. but there is a considerable amount of

Table 1. Metabolism by rat liver slice of (R)ethanol-1-*H and (S)ethanol-1-*H euach in the prescnce of ethanol-1-'4C*

Ethanol % Ethanol o *H %, '*C uptake °; *H uptake to

isomer uptake uptake to CO, Lactate Water Acetaldehyde
R 529 + 22 442 + 36 114 + 20 117 £ 27 594 4 45 0-:07 + 001
S 50-8 + 23 274+ 19 95+ 16 27402 62:0 & 33 16 + 06

*Mean +8S. E.
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data to support the presence of a single pool of
NADH in the cytosol [19].

The most likely explanation is that the conversion
of cthanol to acetaldchyde occurs in the cytosol. but
the acetaldchyde oxidation occurs primarily in
another compartment. presumably the mitochondrial
compartment. The data indicate that under the condi-
tions of our study at most one-quarter of the oxi-
dation of acctaldehyde occurred in the cytosol.

In this discussion we have assumed cthanol oxi-
dation to be catalyzed solely by alcohol dehydro-
genase. There is evidence that catalase and a microso-
mal oxidizing cnzyme system may contribute. at least
to a degree. to the conversion of ethanol to acetalde-
hyde. In these oxidations the (R) hydrogen of ethanol
is removed. but NADH is not formed [8.20]. To the
extent that these reactions occur rather than oxi-
dation via alcohol dehydrogenase. the extent of the
compartmentation determined with the (R) and (S)
isomers would be underestimated.

As noted. the data of Parrilla ¢t al. [5] and Lindros
et ul. [6] indicate that the oxidation of acctaldehyde
occurs almost entirely in the mitochondrial compart-
ment at aldchyde concentrations below 02 and 04
mM. concentrations normally ¢ncountered in ethanol
metabolism. The 30 120 ug acctaldehyde estimated
to be in the medium plus liver slices at the termina-
tion of incubation. even if present solely in the ap-
proximately 3 ml water in the slices. would give an
acetaldehyde concentration of 02 to 0-8 mM.

The enrichment of ethanol with *H relative to '*C
during the incubation with the (S) isomer presumably
reflects a primary isotopic cffect during the dehydro-
genation of acetaldchyde-1-*H. since. as shown in
Table 2. the acetaldchyde is enriched with *H relative
to '*C. Since the dchydrogenation of ethanol to form
acctaldehyde, catalyzed by alcohol dehydrogenase. is
readily reversible. resynthesis of ethanol from acetal-
dehyde would explain the enrichment of *H in the
ethanol. We (P. Havre and B. Landau. unpublished
observations) have performed cxperiments identical to
those described in this study but with cthanol unla-
beled and sorbitol-2-*H added to the medium at a
concentration of O-1 mg/ml. Between 10 and 20 per
cent of the *H taken up was recovered in cthanol.
supporting the reversibility of the alcohol dehydro-
genasc-catalyzed dehydrogenation under the condi-
tions cmployed.

Rognstad and Clark [21]. using a theoretical
approach similar to ours, compared the specific yield
of *H in water and glucose formed by liver cells from
(R) and (S)ethanol-1-*H. with the specific yiclds from
substrates oxidized by dehydrogenascs with known
cytoplasmic and mitochondrial locations. They also
concluded that ethanol is oxidized predominantly in
the mitochondria. Lactate was present in their incu-

bation media at a concentration of 0-72 mg/ml (in one
experiment pyruvate was substituted at a concen-
tration of 1-32 mg/ml), and the (R) and (8) cthanols
at the beginning of the I-hr incubations were at con-
centrations between 0-001 and 0-01 mg/ml
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