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Abstract

Hepatocytes from rats that were fed ethanol chronically for 6-
8 wk were found to have a modest decrease in cytosolic GSH
(24%) and a marked decrease in mitochondrial GSH(65%) as
compared with pair-fed controls. Incubation of hepatocytes from
ethanol-fed rats for 4 h in modified Fisher's medium revealed a
greater absolute and fractional GSHefflux rate than controls
with maintenance of constant cellular GSH, indicating increased
net GSHsynthesis. Inhibition of y-glutamyltransferase had no
effect on these results, which indicates that no degradation of
GSHhad occurred during these studies. Enhanced fractional
efflux was also noted in the perfused livers from ethanol-fed
rats. Incubation of hepatocytes in medium containing up to 50
mMethanol had no effect on cellular GSH, accumulation of
GSHin the medium, or cell viability. Thus, chronic ethanol
feeding causes a modest fall in cytosolic and a marked fall in
mitochondrial GSH. Fractional GSHefflux and therefore syn-
thesis are increased under basal conditions by chronic ethanol
feeding, whereas the cellular concentration of GSHdrops to a
lower steady state level. Incubation of hepatocytes with ethanol
indicates that it has no direct, acute effect on hepatic GSHho-
meostasis.

Introduction

Glutathione (GSH) is a tripeptide that plays a very important
role in cell defense (i). Cellular GSHexists as two metabolically
independent pools, the bulk of which (85-90%) is localized in
the cytoplasm, whereas the remainder is compartmentalized in
the mitochondria (2). During aerobic metabolism, mitochondria
consume molecular oxygen producing some oxygen-free radicals
and hydrogen peroxide (H202) (3, 4). GSHis critical in reducing
H202 as well as organic peroxides-breaking the chain of re-
actions leading from superoxide anion to the active hydroxyl
radical through intermediate H202-by the action of glutathione
redox cycle (5). When mitochondrial GSH(6, 7) is severely de-
pleted, cell viability may be lost, although as to how general a
phenomenon this may be remains controversial (8).

The status of hepatic GSHafter acute or chronic exposure
to ethanol has been a matter of intense investigation. Large doses
of ethanol deplete hepatic GSHin vivo (9) and in vitro (10) by
mechanisms that are not yet clear. It has been suggested that

Address all correspondence and reprint requests to Dr. Kaplowitz,
W151 N Liver Research Lab, Wadsworth Veterans Administration Hos-
pital, Los Angeles, CA 90073.

Receivedfor publication 13 November 1986 and in revisedform 11
February 1987.

The Journal of Clinical Investigation, Inc.
Volume 80, July 1987, 57-62

acute GSHdepletion by ethanol is caused by an acetaldehyde
adduct (10) or by impairing GSHsynthesis (1 1, 12). The reports
of the effect of chronic ethanol exposure on hepatic GSHhave
been inconsistent with decreases, increases, or no changes ob-
served in GSHlevels (13-15). No work has been done to define
the effect of ethanol on the small but vital mitochondrial pool
of GSH. Since mitochondria are an important target for ethanol
toxicity (16, 17), it is important to know if selective depletion
of mitochondrial GSHoccurs with acute or chronic ethanol ex-
posure.

The aims of the current studies were to determine the effect
of chronic ethanol feeding on the compartmentation of hepa-
tocytic GSHand efflux of cytosolic GSHunder steady state con-
ditions, the contribution of degradation by y-glutamyltransferase
(y-GT)' to GSHlevels in cells and medium, and the effect of
incubations in the presence of ethanol.

Methods

Materials. L-alanine, L-arginine, L-asparagine, L-aspartate, L-hydroxy-
proline, L-glutamine, L-histidine, L-isoleucine, L-leucine, L-lysine, L-
phenylalanine, L-proline, L-senne, L-threonine, L-tryptophan, L-tyrosine,
L-taurine, L-valine, collagenase (type IV), GSH, and oxidized glutathione
(GSSG) were purchased from Sigma Chemical Co. (St. Louis, MO). L-
(aS-5S)-a-amino-3-chloro-4,5-dihydro-5-isoxazoleacetic acid (AT-125)
was a gift from Ruth Davis, National Cancer Institute, Bethesda, MD.
NADPHwas obtained from United States Biochemical Corp. (Cleveland,
OH). The incubation medium was a modified Fisher's medium (18) as
follows: 50.0 mg/liter L-alanine, 60.0 mg/liter L-aspartic acid, 50.0 mg/
liter L-glycine, 10.0 mg/liter L-hydroxyproline, 40.0 mg/liter L-proline,
20.0 mg/liter L-ornithine, and 23.7 mg/liter L-taurine were added, whereas
phenol red, methionine, cystine, penicillin, streptomycin, and horse serum
were omitted. The medium was supplemented before use with 1.125 g
NaHCO3/liter and 20 mMHepes, gassed with 95%02 and 5%C02, and
the pH adjusted to 7.4.

Animals. Male Sprague-Dawley rats weighing 160-180 g were pair
fed liquid diets (19) (Bioserv, Rahway, NJ) containing 36% of calories
as ethanol or an isocaloric mixture with maltose dextrin substituted for
ethanol. Animals were housed in individual cages and pair fed for 6 wk
from 7 p.m. to 7 a.m. The amount of ethanol consumed by the ethanol-
treated group was 25.3 g ethanol per kg/d. The weight gain was similar
in both groups (final weight 360±19 vs. 385±25 g).

Preparation of mitochondria from whole liver. Two livers from pair-
fed control and two from ethanol-fed rats were homogenized (25% wt/
vol) in iced-cold buffer consisting of 70 mMsucrose, 220 mMo-mannitol,
and 2.0 mMHepes, pH 7.4. Debris and nuclei were pelleted at 2,450 g
for 10 min. The mitochondrial pellet was obtained after centrifugation
at 7,000 g for 15 min and washed three times. The crude homogenate
and mitochondrial fractions were assayed for lactic dehydrogenase (LDH)

1. Abbreviations used in this paper: AT-125, L-aS-5S)-a-amino-3-chloro-
4,5-dihydro-5-isoxazoleacetic acid; y-GT, 'y-glutamyltransferase; GSSG,
oxidized glutathione; LDH, lactic dehydrogenase; SDH, succinic dehy-
drogenase.
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and succinic dehydrogenase (SDH). The recovery of SDHand LDHin
the mitochondrial pellet averaged 10.4% and 0.23%, respectively, from
pair-fed controls and 9.7 and 0.25%, respectively, from ethanol-fed liver.
Thus, correction for contamination with cytosolic GSHcould be neglected
and the nearly identical recovery of mitochondria in the two groups
validates correcting the recovered mitochondrial GSHfor mitochondrial
recovery.

Cell isolation and incubation. Hepatocytes were isolated according
to the method of Moldeus et al. (20). The viability of the cells was as-
certained by the trypan blue exclusion: routinely, 94-97% of the cells
excluded 0.2% trypan blue. The cells were resuspended in modified Fish-
er's medium and maintained at 20'C in a rotating round-bottom flask
without loss of viability. Cells were incubated at 370C in 25-ml Erlen-
meyer flasks at concentrations of 2 X 106 to 3 X 106 cells/ml in an
orbital-shaker bath under the atmosphere of 95% 02/5% C02 for 4 h.
At hourly intervals, 0.5-ml aliquots were removed for fractionation of
cells and for GSHdetermination in the cytosol, mitochondria, and me-
dium.

In some incubations, ethanol in vitro at concentrations of 10, 20,
and 50 mMwas included in the medium and the incubation continued
for 4 h as described above.

Separation of cytosol and particulate fractions. At various times of
incubations plasma membrane of cells was selectively disrupted by dig-
itonin according to Andersson et al. (21). Briefly, in 1.5-ml Eppendorf
tubes containing from the bottom: 0.1 ml 40%glycerol; 0.5 ml silicone-
mineral oil mixture; and a 0. l-ml top layer of 19.8 mMEDTA, 250 mM
mannitol in 17.0 mMHepes, pH 7.4, a 0.5-ml aliquot of the cell sus-
pension was mixed with the top layer and centrifuged at 13,000 g in a
microfuge at room temperature for 3 min. Separation of cytosolic and
mitochondrial compartments was achieved by including 0.24 mg/ml
digitonin in the Hepes buffer. A sample from the supernatant was with-
drawn and kept to measure enzyme activities; oil mixture was carefully
removed and discarded without perturbing the glycerol layer. 0.4 ml
Krebs-Henseleit buffer and 0.1 ml 10% Triton X-100 were added to the
glycerol layer followed by 15-20 s of sonication. Samples from the s-u-
pernatant and glycerol layer were assayed spectrophotometrically for
LDHand SDHactivities as described by Veeger et al. (22) and compared
with whole cells lysed with Triton X-100.

Liver perfusion. Rats were anesthetized with 50 mg/kg pentobarbitol
i.p. and given 50 IU heparin i.v. Liver of both controls and ethanol-
treated rats were perfused in situ, single pass with Krebs-Ringer bicar-
bonate buffer gassed to equilibrium with 95% 02 and 5%CO2of pH 7.4
at 370C as previously described (23, 24). Wecontinuously monitored
the 02 tension in the inflow and outflow lines to determine the rate of
02 uptake by the liver. GSHwas measured in the effluent samples.

Table . Fractionation of Hepatocytes
from Control and Ethanol-treated Rats

Group Digitonin LDH SDH

Control
Supernatant - 8.95±0.5 1.97±0.4
Pellet - 89.1±2.3 94.0±1.5
Supernatant + 98.4±0.3 2.9±0.6
Pellet + 1.3±0.1 91.6±2.2

Ethanol
Supernatant - 7.7±0.1 1.3±0.1
Pellet - 91.2±2.4 86.3±3.4
Supernatant + 98.7±0.1 3.1±0.4
Pellet + 1.3±0.1 94.3±3.4

All values are mean±SD, n = 8.
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Figure 1. Effects of
chronic ethanol admin-
istration on total hepa-
tocellular, cytoplasmic,
and mitochondrial
GSH. Cells from control
(0) and ethanol-treated
(i) rats immediately
upon isolation under-
went disruption of
plasma membrane by
digitonin to separate cy-
tosolic and particulate
fractions as described in
Methods. Values are

mean±SD, n = 8. * and
** indicate P < 0.01
and P < 0.001, respec-
tively.

Gas chromatography of ethanol and acetaldehyde. Head space aliquots
(25) liberated from the incubations of cells with ethanol in vitro were
run on a Sulpeco 80/120 carbopack B column (5% carbowax, 20 M)
obtained from Supelco Inc., Bellefonte, PA. Column temperature ranged
from 700 to 170'C at 50C/min; flow rate was 20 ml/min. The values
were checked against standards. Ethanol and acetaldehyde had retention
times of 5.1 and 1.4 min, respectively.

Inhibition of'y-GT. Inhibition of -y-GT was achieved by preincubating
hepatocytes from both control and ethanol-treated rats with 0.25 mM
AT-125 for 15 min at 370C. Then the hepatocytes were washed twice
with Fisher's modified medium and resuspended at 2 X 106 cells/ml for
continuation of the experiment. The activity of y-GT was measured as
the release of p-nitroanilide (26).

Assays. Total cellular or mitochondrial GSHplus GSSGcontent was
determined after extraction with 10% trichloroacetic acid (1:1 vol/vol)
by using the method of Tietze (27). Some samples were spoi checked
for GSHand GSSGby using the high performance liquid chromatography
(HPLC) method of Reed et al. (28).

Statistical analysis. Data were expressed as the mean and standard
deviation. Statistical evaluations between sample means were made by
the two-tailed Student's t test. P < 0.05 was used as the criterion of
significance.

Results

Fractionation ofhepatocytes by digitonin. A rapid separation of
mitochondria from soluble fraction was achieved by treatment
of the cell suspension with digitonin, followed by immediate
centrifugation. By using 0.24 mg/ml of digitonin, > 98% of the
cytosolic marker, LDH, was recovered in the supernatant and
1.3% in the pellet (glycerol layer) for both control and ethanol-
treated cells (Table I). This shows that there was almost complete
disruption of plasma membrane and virtually no cross-contam-
ination. Since only 3%of the mitochondrial marker, SDH, was
released into the supernatant for both control and ethanol-treated
hepatocytes, mitochondria were recovered intact in the glycerol
layer.

Effect of chronic ethanol administration on hepatic GSH.
Cells from both control and ethanol-treated rats were used im-
mediately after isolation for total cellular GSHdetermination
and for disruption of plasma membrane by digitonin to measure
the cytosolic and mitochondrial GSHcontent. Results in Fig. 1
show that chronic ethanol administration significantly decreased
the GSHcontent of whole cells, cytosol, and mitochondria with
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Table II. Hepatocellular GSHContent and Efflux Rate from Control and Ethanol-treated Rats

Accumulation of GSH(nmol/lO' cells)

GSHefflux rate (nmol/10' cells per
Medium GSH Total GSH* min) Fractional GSHefflux rate (h-')

Time Control Chronic ETOH Control Chronic ETOH Control Chronic ETOH Control Chronic ETOH

h

0-1 6.8±2.1 16.6±3.41 9.5±1.8 19.0±4.51 0.113±0.01 0.276±0.03§ 0.132±0.03 0.416±0.03"
1-4 9.7±1.7 10.5±2.9 16.5±2.5 18.0±2.3 0.053±0.01 0.057±0.01 0.058±0.01 0.079±0.02§
0-4 16.5±3.2 27.1±3.71 26.0±3.1 37.0±4.3# 0.068±0.01 0.113±0.021 0.073±0.01 0.152±0.02§

All values are mean±SD, n = 8. * Total represents accumulation of GSHin cells plus medium during the time intervals. tFractional GSH
efflux rate was calculated as the fraction of cellular GSHfound in the medium as nmol/106 cells/min at each time interval. *P < 0.01 vs. con-
trol. "I P < 0.001 vs. control.

31, 24, and 65% decreases, respectively, in the ethanol-treated
rats vs. control. More than 90% of glutathione in cytosol and
mitochondria was in the reduced form.

To verify that the mitochondrial GSHdepletion in freshly
isolated cells from ethanol-fed rats was not an artifact of cell
isolation, we determined GSHin the mitochondrial pellet and
cytosol prepared from whole liver of two ethanol-fed and two
pair-fed rats. The cytosolic GSHin ethanol-fed rats was decreased
by 30%, whereas the mitochondrial GSHwas decreased by 63%
vs. control, confirming the findings in isolated cells.

GSHin cells and medium during 4-h incubations. Hepato-
cytes from control and ethanol-treated rats maintained total GSH
levels (Fig. 2) as well as relative mitochondrial and cytosolic
levels (not shown) nearly constant throughout 4 h of incubation
in medium without sulfur amino acids. GSHcontinued to ac-

cumulate extracellularly during the experiments. During the 1st
h the absolute amount of GSHaccumulated in the medium was

significantly greater with ethanol-treated cells despite a somewhat
lower cellular GSH(Table II). After the 1st h the rate of accu-

mulation was parallel in both groups. Since GSHin cells re-

mained nearly constant while medium GSHincreased, the total
GSHincrease in the system (cells plus medium) represented a

minimum estimate of net synthesis (not accounting for degra-
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Figure 2. Changes in hepatocellular and medium GSHover time.
Cells were incubated for 4 h in Fisher's modified medium at 370C. At
the indicated times, an aliquot of cell suspension (2 X 106 cells/ml)
was taken and the medium rapidly separated from cells by centrifuga-
tion. GSHwas determined in cells and medium. Total refers to the
sum of cellular and medium GSHat each time. Values are mean±SD,
n = 8. (A) control. (B) chronic ethanol-treated.

dation). Thus, the absolute and fractional increase in total (cell
plus medium) GSHwas significantly greater in incubations of
the cells from ethanol-treated rats, largely due to the accumu-

lation in medium (Table II). Even without adding precursor

amino acids, it is apparent that sufficient precursor must have
been available to maintain cellular GSHnear steady state while
supporting greater net synthesis in the cells from chronic ethanol-
treated rats.

Inhibition of y-GT. In normal liver it is well known that
efflux of GSHat steady state nearly matches total turnover and
thus synthesis. However, we considered the possibility that
ethanol might induce cell surface or intracellular y-GT that might
lead to hydrolysis of GSHand underestimation of its accumu-

lation in cells or medium.
Wefound no differences in total cellular y-GT in hepatocytes

from control and ethanol-fed rats. Preincubation for 15 min
with AT-125 lead to nearly complete loss of enzyme activity
(not shown). AT-125 pretreatment had no effect on the levels
of GSHin cells or medium from either group over the course

of 4-h incubation (Table III). Thus, we could be confident that
no degradation of GSHhad occurred in our system. Therefore,
GSHefflux represented net synthesis at near steady cellular GSH.

GSHefflux from the perjused liver. To verify the increased

Table III. Effect ofA T-125 on Cellular and Medium GSH
from Control and Ethanol-treated Cells

Time Group Addition Cellular* Medium*

h

0 Control 51.0±6.0 14.9±2.1

Ethanol 35.8±2.0 10.7±1.4

2 Control None 54.7±6.1 24.9±5.3
Control AT-125 57.7±2.9 25.3±3.4
Ethanol None 42.3±6.7 28.4±3.4
Ethanol AT-125 45.3±3.7 30.3±2.5

4 Control None 60.2±7.7 32.9±6.1

Control AT-125 64.3±3.6 33.8±0.4

Ethanol None 46.0±4.9 38.0±4.1

Ethanol AT-125 47.2±5.2 40.9±7.9

All values are mean+SD, n = 3. 'In nmol/10' cells of GSH.
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Table IV. Sinusoidal GSHEfflux from Control and Ethanol-treated Liver in the Absence or Presence of 50 mMEthanol

Sinusoidal GSHefflux rate

0 mMETOH 50 mMETOH

Group Hepatic GSH 02 uptake Mass Fractional Mass Fractional

umol/g liver jsmol * min-' *g' nmol/min per g h-1 nmol/min per g h-1

Control 5.96±0.48 2.3±0.05 18.7±2.9 0.18±0.03 19.6±3.2 0.19±0.01
Ethanol 3.70±0.33* 2.2±0.07 25.9±3.9* 0.42±0.03t 25.0±0.9* 0.40±0.02*

All values are mean±SD, n = 3. * P < 0.01 vs. control. t P < 0.001 vs. control.

efflux seen in the 1st h of incubation of cells from chronic alcohol-
fed rats, we examined the steady state efflux in a more physiologic
organ model (i.e., the isolated, perfused liver). A significant in-
crease in efflux was observed from the chronic ethanol-fed rat
liver that was even more pronounced as a fractional rate (Table
IV). The addition of 50 mMethanol to the perfusion, to our

surprise, had absolutely no effect on the release of GSHinto the
perfusate. This finding prompted a detailed examination of the
effects of ethanol added to the incubation medium of isolated
hepatocytes from control and ethanol-fed rats.

Effect of incubation of cells with ethanol. Whenhepatocytes
were incubated with 10, 20, or 50 mMethanol over 4 h, no

effect on cell viability (Fig. 3), cellular GSH, or medium GSH
(Fig. 4) was observed either in controls or after chronic ethanol
feeding. Moreover, hepatocytes from chow-fed rats exhibited no

change in GSHwhen incubated with 50 mMethanol or 0.1 mM
acetaldehyde plus 0.1 mMcyanamide (data not shown).

To insure that the cells were metabolizing ethanol, we ex-
amined the ethanol and acetaldehyde concentrations in incu-
bations with or without cells. In the suspending buffer alone
there was negligible evaporation throughout the 4-h incubations.
In the presence of cells, however, there was a drop in ethanol
concentrations in the incubations (Fig. 5). With each of the
ethanol concentrations studied, a constant amount of acetal-
dehyde (- 100 ;tM) was observed in the incubation medium
throughout the incubation, as well as the accumulation of acetate
at 10 mMat4h.

Discussion
Chronic ethanol feeding resulted in a modest fall in cytosolic
GSHsimilar to some but not all previous reports. However, we
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Figure 3. The viability of hepatocytes from control (A) and ethanol-
treated (B) cells was determined by trypan blue exclusion in the ab-

sence (-) or presence of 10 (o), 20 (u), and 50 mM(A) ethanol incu-
bated for 4 h at 370C in Fisher's modified medium. Values are

mean±SD, n = 8.

have shown for the first time that mitochondrial GSHwas dra-
matically diminished in hepatocytes from chronic ethanol-fed
rats. Ethanol is well known to exert somewhat selective toxic
effects on mitochondria (29, 30). Since lipid peroxidation may
be an important factor in mediating the hepatotoxicity of ethanol
(31, 32), the depletion of mitochondrial GSHmay markedly
affect the susceptibility of hepatic mitochondria to oxidant stress.
Whether this is an important factor in the pathogenesis of al-
coholic liver disease remains to be determined.

Wehave confirmed the findings of Pierson et al. (33) that
chronic ethanol feeding enhances hepatic GSHefflux from the
perfused liver. Current evidence suggests that GSHefflux is a

carrier-mediated process (24). It is uncertain if enhanced efflux
despite lower cytosolic GSHis due to induction of a carrier

protein as a constituent of the plasma membrane, a change in
the lipid milieu of the carrier, or a change in the driving forces
for transport.

Wecould not identify a direct, acute effect of ethanol or its
metabolites in isolated hepatocytes on the concentration of cel-
lular GSHor on the accumulation of GSHin the medium. In
a previous report (10), a decreased GSHis observed with acute
ethanol administration to hepatocytes. According to those data,
the potentiation of the acetaldehyde effect by using an inhibitor
of aldehyde dehydrogenase (disulfir) showed that the effect
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Figure 4. Variations of cellular and medium GSHwith time in the
presence of different ethanol concentrations. Cells (2 X 106/ml) from
control (A and B) and ethanol-treated (C and D) rats were incubated
in the absence (-) and presence of 10 (o), 20 (m), and 50 mM(A)
ethanol concentrations. Values are mean±SD, n = 8.

60 J. C. Fernandez-Checa, M. Ookhtens, and N. Kaplowitz

_A CELL GSH C CELL GSH

I I I 1

_B MEDIUMGSH D MEDIUMGSH

£ 0 C~~~~~~~~~~ONTROL
l *,>' 010mMETHANOL

U 20mMETHANOL

n=8a 50mMETHANOL



Figure 5. Metabolism of
10(o), 20(w), and 50
mM(A) ethanol by he-
patocytes (2 X 106 cells/
ml)( )at370Cin
modified Fisher's me-
dium in an orbital-
shaker bath. Evapora-
tion of ethanol in the
absence of cells (-- -)
was negligible at all
ethanol concentrations
during the course of in-
cubation. Values are
mean±SD, n = 5.

of ethanol is due to its conversion to acetaldehyde. However,
disulfiram inhibits the low-Michaelis constant aldehyde dehy-
drogenase by reacting with sulfydryl groups (34). Potentially,
disulfiram has the ability to perturb the sulfydryl group of GSH
and cause misleading results.

Since AT-125 did not affect cellular or medium GSH, no

significant degradation of GSHhad occurred during our incu-
bations. Furthermore, since cellular GSHwas maintained nearly
constant while GSHaccumulated in the medium, GSHefflux
must have closely approximated total synthesis. Thus, synthesis
was neither impaired by chronic ethanol treatment nor was it
inhibited by up to 50 mMethanol. In vivo studies have suggested
marked depletion of hepatic GSHand decreased synthesis with
massive doses of ethanol (12). Our findings suggest that these in
vivo effects are not due to the direct action of ethanol or acet-
aldehyde on the hepatocyte, but could be due to either nonspe-
cific systemic toxicity or other modulators of GSHturnover,
such as hormones, present in vivo but not in vitro.

In our experimental approach, we have not included sulfur
amino acids in the medium to simplify the assay of glutathione.
Clearly, sufficient intracellular precursors were available to sus-

tain net synthesis of GSHand to maintain steady state cell levels
of GSH. GSHsynthesis (efflux) was greater in hepatocytes from
ethanol-fed rats. The lower steady state concentration of cellular
GSHin ethanol-fed liver may be due, at least partially, to the
greater efflux rate. Thus, it is possible that the hepatocytes cannot
compensate for the elevated efflux by maintaining normal GSH
levels, but rather, a new and lower steady state level of hepatic
GSHis established when synthesis matches efflux. Future work
will need to examine the effect of optimizing precursor amino
acid concentrations in the medium to determine the capacity
to maintain steady state synthesis (efflux) and cellular concen-

trations of GSH.
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