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Abstract

Isolated hepatocytes incubated with 3S1-methionine were ex-
amined for the time-dependent accumulation of 135Si-glutathi-
one (GSH) in cytosol and mitochondria, the latter confirmed by
density gradient purification. In GSH-depleted and -repleted
hepatocytes, the increase of specific activity of mitochondrial
GSHlagged behind cytosol, reaching nearly the same specific
activity by 1-2 h. However, in hepatocytes from ethanol-fed
rats, the rate of increase of total GSHspecific radioactivity in
mitochondria was markedly suppressed. In in vivo steady-state
experiments, the mass transport of GSHfrom cytosol to mito-
chondria and vice versa was 18 nmol/min per g liver, indicating
that the half-life of mitochondrial GSHwas 18 min in con-
trols. The fractional transport rate of GSHfrom cytosol to
mitochondria, but not mitochondria to cytosol, was signifi-
cantly reduced in the livers of ethanol-fed rats. Thus, ethanol-
fed rats exhibit a decreased mitochondrial GSHpool size due to
an impaired entry of cytosol GSHinto mitochondria. Hepato-
cytes from ethanol-fed rats exhibited a greater susceptibility to
the oxidant stress-induced cell death from tert-butylhydroper-
oxide. Incubation with glutathione monoethyl ester normalized
the mitochondrial GSHand protected against the increased
susceptibility to t-butylhydroperoxide, which was directly re-
lated to the lowered mitochondrial GSHpool size in ethanol-
fed cells. (J. Clin. Invest. 1991. 87:397-405.) Key words: com-
partmentalization - transport * oxidant stress * glutathione ester
* cell death * tert-butylhydroperoxide

Introduction

Glutathione (GSH)' plays a key role in detoxification of elec-
trophiles and peroxides (1, 2) and has been proposed that GSH
is a storage and transfer vehicle for cysteine (3). The liver plays
an important role in GSHhomeostasis because it supplies GSH
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1. Abbreviations used in this paper: GSH, reduced glutathione; GSSG,
oxidized glutathione; GSH-EE, glutathione monoethyl ester; LDH,
lactic dehydrogenase; SDH, succinic dehydrogenase; t-BOOH, tert-bu-
tylhydroperoxide.

to plasma and bile to support the interorgan homeostasis (4, 5).
GSHis biosynthesized exclusively in cytosol where the bulk of
it is found. However, 10-15% of the hepatic GSHis seques-
tered in organelles, presumed to be almost exclusively mito-
chondria (6). The origin of this mitochondrial pool has recently
been clarified using tracer kinetic studies which reveal that mi-
tochondrial GSHis derived from cytosol (7).

Wehave been studying the effects of chronic ethanol intake
on the homeostasis of hepatic GSHand have identified an
impairment in mitochondrial GSHsequestration (8, 9). The
rationale for these studies: (a) A variety of mechanisms and
evidence for the existence of oxidant stress have been found in
ethanol-fed animals leading to the hypothesis that oxidant
stress, including lipid peroxidation, may contribute to the
pathogenesis of alcoholic liver disease (10). (b) The mitochon-
dria of alcohol-fed animals show structural and functional
changes suggesting that this organelle is an important target of
ethanol toxicity (1 1, 12). (c) The small pool of GSHin mito-
chondria maintains the integrity of this organelle against oxi-
dant stress produced both under basal aerobic conditions and
under conditions of stimulation from exogenous factors; in-
deed, the depletion of this pool leads to loss of cell viability (13,
14). Our initial studies demonstrated a selective decreased mi-
tochondrial GSHpool size in rat liver with chronic ethanol
feeding and a decrease in the accumulation of GSHin mito-
chondria when the cytosol GSHwas increased (9). Our
previous studies, however, did not address four critical issues
which are the subject of this report. First, it is important to
prove that the compartmentalized GSHin hepatocytes indeed
is mainly mitochondrial. Second, it is important to determine
if the decrease in accumulation of mitochondrial GSHin hepa-
tocytes from ethanol-fed rats is due to impaired uptake of GSH
from cytosol or enhanced efflux and loss of GSHfrom mito-
chondria. Third, the possibility that impaired accumulation of
GSHin mitochondria in the isolated hepatocytes from eth-
anol-fed rats is an in vitro artifact needs to be excluded by
determining if the same phenomenon occurs in vivo; concur-
rently, information on the normal steady-state kinetics of up-
take and release of GSHfrom mitochondria in vivo is lacking,
which is an additional important goal of the present studies;
fourth, because elevation of cytosol GSHlevels does not raise
mitochondrial GSHin hepatocytes from ethanol-fed rats and
because GSHester has been shown to raise GSHin mitochon-
dria of skeletal muscle and heart (15), the possibility that the
ester might restore mitochondrial GSHin hepatocytes from
ethanol-fed rats needs to be examined. In addition, the poten-
tial pathophysiologic consequence of the decreased mitochon-
drial GSHpool in chronic ethanol-fed rats has been examined
by determining the susceptibility of isolated cells to the exoge-
nous oxidant stress induced by tert-butylhydroperoxide (t-
BOOH)and the effect of restoration of normal mitochondrial
GSHlevels with the use of GSHester on this susceptibility.
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Methods

Materials and animals. Feeding the liquid diet (16) (Bioserv, Rahway,
NJ) to male Sprague-Dawley rats and several reagents used were as
described previously (8, 9). All studies were performed on overnight-
fasted animals after 6 wk of feeding unless stated otherwise.

Cell isolation. Hepatocytes from pair- and ethanol-fed rats were
isolated according to Moldeus (17) and handled as previously reported
(18, 19). Initial viability (2 90%) did not change significantly over the
course of the incubations in the modified Fisher's medium, as de-
scribed in our previous work (8).

Incubation of cells with L-[35S]methionine to label GSH. To insure a
maximal labeling of GSHfrom the precursor, L-[35S]methionine, hepa-
tocytes were first depleted of GSHby preincubation with DEM(0.8
mM, for 15 min) in Krebs-Henseleit buffer. Cells were then washed
twice with Krebs buffer and finally resuspended in modified Fisher's
medium. The same labeling experiments were performed in cells with
replete GSHstatus. Hepatocytes were suspended at a concentration of
2-3 X 106 cells/ml in the Fisher's medium supplemented with I mM
methionine and serine to replenish the GSHpool (20) plus 3-4 tCi/ml
of L-[35S]methionine (Amersham, Boston, MA, sp act 1,164 Ci/mmol).
Cells were incubated as described previously (8, 9). At indicated time
points (see figures) aliquots of cell suspensions were removed and cells
were fractionated with digitonin into cytosol and particulate fractions
as described previously (8, 9). Both fractions were derivatized to quan-
titate GSHmass and radioactivity by the HPLCmethod (21).

In some experiments, the particulate fraction was further fraction-
ated in a continuous linear gradient of 40% metrizamide-0.25 Msu-
crose and centrifuged at 1 3,000 g for 1 h at 0C in a SW40Ti swing
rotor (22). 1 -ml fractions were collected automatically by an Auto
Densi Flow II (Haake Buchler Instruments, Inc., Saddle Brook, NJ)
and marker enzyme activities determined for lysosomes, microsomes,
mitochondria, and GSHin each fraction.

In vivo experiments. Both pair- and ethanol-fed rats were anesthe-
tized and tracheotomized. A tracer dose of L-[35S]methionine (- 200
MCi) was given i.v. (jugular vein), afterwhich biopsies (- 300-500 mg
tissue) from each liver were taken in a time course. The tissue was
weighed, homogenized, and fractionated in a discontinuous Percoll
gradient and centrifuged at 43,000 g for 1 min in a model SS-34 rotor
(Sorvall Instruments, Newton, CT) (23). The density of the cytosol and
mitochondrial fractions was 1.04-1.05 g/ml and 1.085-1.095 g/ml,
respectively, determined by density marker-beads (Sigma Chemical
Co., St. Louis, MO). The cytosol- and mitochondrial-enriched frac-
tions were collected and checked for cross-contamination by measur-
ing the activity of lactic dehydrogenase (LDH) and succinic dehydroge-
nase (SDH), and both fractions were derivatized for analysis with a
radio-HPLC technique to determine GSHmass and radioactivity as
described below.

Synthesis of the glutathione monoester (GSH-EE). The GSH-EE
was prepared by selective esterification of the glycine carboxyl group of
glutathione with ethanol according to (24) using sulfuric acid in the
esterification reaction, which was monitored by TLC (24). The product
contained 98-100% GSH-EE.

Incubation of hepatocytes with GSH-EEand tert-butylhydroperox-
ide (t-BOOH). Cells (2 X 106 cells/ml) were first preincubated for 10
min with a moderate dose of DEM(0.20 mM)to selectively deplete the
cytosolic pool of GSH. Separate cells from the same preparations were
incubated with 7 mMGSH-EE for 2 h in a sulfur-free amino acid
Fisher's medium to increase the levels of hepatic GSHas has been
described for other cell types (15, 25-27). Cells were washed three times
with fresh buffer to remove excess GSH-EEand were then treated with
DEM(0.32 mM)to deplete the cytosolic GSHpool size. At the end of
both DEMtreatment periods, cells were fractionated into soluble and
particulate fractions as described (8, 9). GSHwas determined in both
fractions by the recycling method (28).

The DEM-treated cells (2 X 106 cells/ml) were incubated in the
presence of t-BOOH (0-5 mM) in sulfur-free amino acid culture me-
dium. After 45 min of incubation, a 1-ml aliquot was taken and cells

were separated from medium by rapid spinning in a microfuge (Beck-
man Instruments Inc., Fullerton, CA). The cell death was expressed as
the GSHS-transferase (GST) activity found in the medium as percent-
age of the total activity present in the cells, after lysing the cells with
10% Triton X- 100, giving nearly identical results if trypan blue or LDH
release were determined.

HPLCanalyses. HPLCseparations were made by the method of
Reed et al. (2 1) using an Altex 1 1OAdouble-pump gradient system with
model 420 controller/programmer and an ISCO V4 detector. The out-
flow from the UV detector was passed through a Radiomatic FLO-
ONE/Beta model CR radioactivity detector equipped with a 2.5-ml
liquid cell and an IBM PCXT data acquisition and processing system
for both UVand radioactivity data. The HPLCoutflow (1 ml/min) was
mixed with Scintiverse E (Fisher Scientific Co., Pittsburgh, PA) scintil-
lation cocktail (4 ml/min) to detect the radioactivity in a flow-through
mode. Thus, both total and specific activity data for GSHwere mea-
sured in the same separation from the computer-integrated values
under the radioactivity and mass peaks. To express the radioactivity in
percent dose units, we made the necessary quench corrections.

Assays. In some cases, cytosolic and mitochondrial total GSHcon-
tent was determined after extraction with 10% TCAaccording to refer-
ence 28. LDH (cytosol marker) was measured by a kit (340-LD) from
Sigma Chemical Co.; SDH(mitochondrial marker) was measured ac-
cording to reference 29. Glucose-6-phosphatase (microsomal marker)
and acid phosphatase (lysosomal marker), were measured by the re-
lease of inorganic phosphate (30) from glucose-6-phosphate and (3-gly-
cerophosphate, respectively. Protein concentration was determined by
using the commercial reagent from Bio-Rad Laboratories (Rich-
mond, CA).

Kinetic analysis and modeling. The tracer kinetic data for GSH
from both pair-fed and ethanol-fed groups were fitted with a two-com-
partment model, representing the cytosolic and mitochondrial pools of
GSH, to compute the rates of cytosolic and mitochondrial GSHtrans-
port (exchange) in vivo. Initially, the cytosolic data were fitted (nonlin-
ear regression) separately with polynomial functions. Using a special
feature of the SAAMprogram, these polynomial functions were then
submitted as forcing functions in the SAAMprogram to represent the
profiles of cytosolic radioactivity. This treatment allows the mitochon-
drial GSHcompartment to "see" the response of the cytosol and adjust
the transport parameters to fit the mitochondrial response. The mito-
chondrial data were then fitted by allowing the fractional rate of cyto-
solic to mitochondrial transport to adjust in the two-compartment
model to obtain the best (least squares) fits to the data. The mean values
of the data used for fitting were statistically weighted with their respec-
tive standard deviations. To maintain the pool sizes at steady state, the
mitochondrial to cytosolic fractional transport rates were constrained
in the SAAMruns according to the ratio of the mean of the two pool
sizes measured for each group. Statistical comparisons between groups
were by the unpaired t test, and different treatments of the same cell
preparations were compared by the paired t test.

Results

Fractionation of the particulate fraction from digitonin-treated
hepatocytes. In our previous work in which we have related
changes in the compartmentation of hepatic GSHto ethanol
intake (8, 9) we have used the technique of selective perme-
abilization of the plasma membrane with digitonin to obtain a
particulate fraction-enriched in the mitochondrial marker,
SDH (8, 31). However, to our knowledge no work has been
done to demonstrate that the compartmentalized GSHidenti-
fied by the digitonin permeabilization technique is indeed mi-
tochondrial and not to some extent microsomal or lysosomal.
Isolated hepatocytes from ad lib chow-fed rats were incubated
in Fisher's medium in the presence of 1 mM? cold methionine
as precursor and [35S]-methionine (3-4 ,tCi/ml) for 2 h to label
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cellular GSH. Cells were fractionated into a cytosol and particu-
late fraction by exposing 4.5 X I 6 cells/ml to 80 ,M digitonin
for 30 s. The particulate fraction was homogenized in 0.25 M
sucrose and further fractionated in a metrizamide-sucrose con-
tinuous density gradient to resolve mitochondria from other
subcellular organelles. Fig. 1 shows the profile of protein, dif-
ferent enzymatic activities, and GSHmass and radioactivity
along the gradient. The enzymatic activities are expressed as
the percentage of the activity from the particulate fraction ob-
tained after digitonin, before density gradient fractionation.
With this approach, we have obtained a separation of the re-
spective lysosomal and microsomal markers, acid phosphatase
and glucose-6-phosphatase, from the mitochondrial marker,
SDH(Fig. 1). The LDHactivity found in the top of the gradient
was < 0.5% of the total LDHactivity found in intact cells. As
shown in Fig. 1 bottom, the gradient profile of labeled GSHand
its mass coincide exactly with the mitochondrial SDHmarker,
suggesting that the GSHassociated with the particulate fraction
obtained from isolated hepatocytes is a mitochondrial pool.

In vitro labeling of GSHin cytosol and mitochondria of
hepatocytes from pair- and ethanol-fed rats. Hepatocytes from
pair- and ethanol-fed rats were first treated with DEM(0.8
mM, 15 min) and then resuspended in modified Fisher's me-
dium supplemented with 1 mMmethionine and [35S]methio-
nine plus serine to label newly synthesized GSHfrom the pre-
cursor [35S]-methionine. At different time points, cells were
fractionated into cytosol and particulate fractions, and both
were analyzed for GSHmass and radioactivity. The mass of
GSH, as determined from the UVchannel of the HPLCprofile,
in cytosol of hepatocytes from ethanol-fed rats was replenished
after depletion with DEMas effectively as the pair-fed cells in
the course of 4 h, whereas the mitochondrial GSHpool from
the ethanol-treated group increased very little over time as
compared to the pair-fed (Fig. 2).

The specific activity profiles of GSHsynthesized in cytosol
during the course of rapid repletion after DEMdepletion and
transfer of the labeled GSHfrom cytosol into the mitochondria
are shown in Fig. 3. In both pair-fed controls (Fig. 2 A) and
ethanol-fed cases (Fig. 2 B) the specific activity of cytosol GSH
reached an essentially identical plateau value by 60 min. The
continued increase in pool size (Fig. 2) for the second 60-min
interval is at near constant specific activity. Although strictly
not a steady-state experiment (expanding pool sizes) the data
permit an assessment of the changes of mitochondrial specific
activity in relationship to cytosol and therefore provide an esti-
mate of the rate of entry of newly synthesized cytosol GSHinto
mitochondria. In the pair-fed control case, the mitochondrial
specific activity lags behind the cytosol and increases in a near-
linear manner to reach the cytosol plateau by 120 min. In sharp
contrast, in the cells from ethanol-fed rats, only a small in-
crease in mitochondrial specific activity was observed.

To insure that the DEMpretreatment had not selectively
induced mitochondrial damage due to a toxic effect in the eth-
anol-fed case, we also examined the incorporation of methio-
nine into GSHin hepatocytes from pair-fed and ethanol-fed
rats without DEMtreatment. As shown in Fig. 4, similar in-
creases in mass of GSHin cytosol were observed in both groups
but the mitochondria showed a marked difference; the GSH
pool increased in mitochondria of pair-fed cells in parallel with
cytosol but did not increase at all in the cells from the ethanol-
fed rats. The results with incorporation of [35S]-methionine
into GSHshowed a similar pattern as in the DEMcase (Fig. 5).

In the pair-fed cells, the specific activity in mitochondria lagged
behind cytosol, reaching equilibrium at 2 h. Again in the cells
from ethanol-fed rats, the specific activity of mitochondrial
GSHincreased at a markedly diminished rate and did not
reach isotopic equilibrium with cytosol during the course of the
4-h incubations. Thus, in both GSH-depleted and -repleted
cases, under the incubation conditions in culture media, the
hepatocyte mitochondria of ethanol-fed rats exhibit a similar
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Figure 1. Fractionation of the particulate-fraction from digitonin-
permeabilized hepatocytes. Freshly isolated hepatocytes were
fractionated with digitonin (80 uM for 30 s) as previously described
(8, 9). The resulting particulate pellet was homogenized in 2.0 ml of
0.25 Msucrose, with a glass Dounce tight-fitting homogenizer (eight
strokes) and then further fractionated in a continuous linear
metrizamide-sucrose density gradient as described in Methods.
Aliquots were taken from 12 fractions of the gradient to determine
(A) the protein content; (B) the enzymatic activities for lysosomes
(acid phosphatase) (-), microsomes (glucose-6-phosphatase) (-),
cytosol (LDH) (c), and mitochondria (SDH) (o); (C) the profile of
GSHmass (A) and labeled GSH(A) along the gradient. The figure is
from a single experiment and is representative of three experiments.
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Figure 2. Accumulation of GSHin cytosol and mitochondrial
fractions after depletion with DEM. Hepatocytes were first treated
with DEM(0.8 mM)to deplete GSHand then allowed to resynthesize
GSHin the presence of methionine in modified Fisher's medium as
described in Methods. At each time point, a l-ml aliquot of cells (2-3
x 106) was fractionated with digitonin into cytosol (A) and
mitochondrial (B) fractions from (- * -) pair-fed and (- o -) ethanol-
fed hepatocytes. The GSHcontent was determined by the HPLC
(21). Data are mean±SDof n = 7 cell preparations from each group.

marked suppression in the entry of radiolabeled GSHfrom
cytosol.

In vivo GSHlabeling. Wehave used a rapid subcellular
fractionation technique to isolate mitochondrial- and cytosol-
enriched fractions to avoid artifactual redistributions of metab-
olites during the procedure. Within 10 min after the homog-
enization of the liver tissue, we obtained mitochondrial and
cytosolic fractions enriched three and four times in LDHand
SDH, respectively, with a recovery of > 90% for LDH in the
cytosol fraction and of 55-60% for total SDHactivity in the
mitochondrial fraction with minimal cross-contamination (Ta-
ble I). There was no difference in the enrichment of the frac-
tions from pair- and ethanol-fed liver.

The levels (mass) of GSHin cytosolic and mitochondrial
fractions from pair- and ethanol-fed livers were determined
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Figure 3. Time-course of GSHspecific activity in pair-fed and
ethanol-fed cells after depletion with DEM. Conditions were exactly
as those of Fig. 2. The specific activity of GSHwas calculated from
HPLCby dividing the GSHcounts from the "S-cpm channel
expressed as percent of the dose by the GSHmass from the UV
channel. (A) Pair-fed cells, (- * -) cytosol and (-----) mitochondrial
fractions, and (B) ethanol-fed cells, (- o -) cytosol and (--o--)
mitochondrial fractions. Data are mean±SDof n = 7 cell preparations
for each group.

after correction for recovery of marker enzymes. A steady level
of GSHfor both pools was observed with no significant change
over 2 h. Whereas the cytosolic pool from ethanol-fed liver
(2.9±0.4 umol/g) contained the same level as the pair-fed livers
(2.9±0.4 gmol/g), the mitochondrial pool showed a signifi-
cantly decreased pool size (0.45±0.057 vs. 0.31±0.018 ,umol/g
for pair-fed and ethanol-fed livers, P < 0.05, n = 4 and 5,
respectively). Under these steady-state conditions, the rate of
incorporation of labeled precursor methionine and change in
the total and, thus, the specific activity of GSHwas indistin-
guishable in cytosol from control and ethanol livers (Fig. 6).
However, the profiles of mitochondrial specific activity were
markedly different. Pair-fed mitochondrial specific activity
lagged behind the cytosol, reaching the same specific activity by
90 min. However, in the ethanol-fed case, the rise in the mito-

400 Fernandez-Checa, Garcfa-Ruiz, Ookhtens, and Kaplowitz



6o -

0

U)

0 20
0

0 60 1 20 1 80 240

Time, min

16

1)40 0 6

0
E

o 6'0 120 1 80 240

Time, min

Figure 4. Synthesis of GSHin cytosol and mitochondrial fractions
from repleted pair- and ethanol-fed cells. Conditions were the same
as described for Fig. 2 except that cells were not preincubated with
DEMto deplete GSH. (A) Cytosol fraction and (B) mitochondrial
fraction for (- * -) pair-fed and (- o -) ethanol-fed-cells. Data are
mean±SDof n = 3 cell preparations for each group.

chondrial specific activity lagged far behind and did not reach
the specific activity of the cytosol in the 2-h period of our obser-
vation (Fig. 6).

The cytosol- and mitochondrial-specific GSHactivity data
were fitted with a two-compartment model as described in
Methods. The fits are shown by the continuous lines in Fig. 6
for both groups. The numerical values of the computed frac-
tional rates are shown in Table II. As can be seen, there was a
statistically significant (P < 0.01) 36%decrease in the fractional
rate of transport of cytosolic GSHto the mitochondria in the
ethanol-fed group, as compared to the pair-fed. This decrease
translates into an identical percent decrease in the mass trans-
port rate, because the cytosolic GSHpool sizes are essentially
identical in the two groups (Table II).

Effects of GSH-EEon mitochondrial GSHand susceptibil-
ity to lethal toxicity oft-BOOH. Weattempted to normalize the
mitochondrial GSHin the ethanol case. As is apparent in Figs.
2 and 4, raising cytosol GSHthrough precursor incorporation
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Figure 5. Time course of GSHspecific activity of repleted pair- and
ethanol-fed cells. The GSHspecific activity was determined as
described in Fig. 3. (A) Pair-fed, (- * -) cytosol, and (--.--)
mitochondrial fractions, and (B) ethanol-fed cells, (- o -) cytosol, and
(--o--) mitochondrial fractions. Data are mean±SDof n = 3 cell
preparations for each group.

did not raise mitochondrial GSH. Furthermore, incubations
with GSHwere unsuccessful in raising cellular or mitochon-
drial GSH(not shown). Weturned to the alternative strategy of
using the GSH-EE. Hepatocytes isolated from ethanol-fed rats
after 2 wk of feeding, showed the expected selective decreased
mitochondrial GSHcontent compared to pair-fed cells (Fig. 7),
as described previously (9). When cells were incubated with
GSH-EE for 2 h, both cytosol and mitochondrial GSHpool
sizes increased significantly in both groups to levels that were
not significantly different between pair- and ethanol-fed cells.
Treatment of cells with a moderate dose of DEMdepleted the
cytosol pool of GSHto a much greater extent than the mito-
chondrial pool of GSH. Thus, cells incubated with DEMimme-
diately after isolation or after preincubation with GSH-EE
were depleted by 85-90% of the starting cytosol GSHwith no
significant difference between the pair-fed and ethanol-fed
cells, whereas the mitochondrial GSHpool size remained at
70-85% of the initial level after DEMtreatment. However, the
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Table I. Relative Enrichment and Recovery of Enzi'matic Activities in Cytosol and Mitochondrial Fractions from Pair-
and Ethanol-fed Livers

Pair-fed

Protein

mg/g liver

Cytosol 90.7±23.0

Mitochondria 50.0±4.7

SDH

0.4±0.3
(7.5±0.9)

4.4±1.1
(59±6.1)

Ethanol-fed

LDH

2.8±0.7
(91.5±7.5)

0.5±0.3
(1.4±0.3)

Protein

mg/g liver

93.1±25.0

46.2±14.4

SDH LDH

0.4±0.1
(6.5±0.6)

4.1±0.6
(54±4.1)

2.9±0.9
(91±7.6)

0.3±0.2
(1.2±0.2)

The relative enrichment of the enzymatic activities is calculated as the ratio of fraction/homogenate enzyme specific activities. The number in
parentheses is the percentage of the total activity from homogenate recovered in the corresponding fraction. Results are mean±SDof n = 4 and
5 for pair-fed and ethanol-fed livers.
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Figure 6. GSHspecific activity time course from pair-fed and
ethanol-fed livers in vivo. (A) Pair-fed liver (- * -) cytosol and (-----)
mitochondrial fractions, and (B) ethanol-fed liver (- o -) cytosol and
(--a--) mitochondrial fractions. Data are mean±SDof n = 4 and 5 for
pair-fed and ethanol-fed rats, respectively. *P < 0.01 **P < 0.05
mitochondria vs. the corresponding cytosol fraction using paired
test. The solid lines are the fits of the two-compartment model to
these data (see Methods).

mitochondrial GSHcontent in the GSH-EE+ DEMcondition
was significantly higher (P < 0.01) in either pair- or ethanol-fed
cells compared to DEMtreatment. Of note, the mitochondrial
GSHin the ethanol case after GSH-EE + DEMwas nearly
identical to normal controls (±DEM). Thus, by manipulating
cytosol and mitochondrial GSHwith GSH-EEand DEM, we
produced conditions in which the mitochondrial pool was nor-
mal in the ethanol case and the cytosol pool was low and not
different between the groups. These conditions were then used
to assess the susceptibility to oxidant stress.

After DEMor GSH-EE+ DEMtreatment, cells were incu-
bated with various doses of t-BOOH (0.1-5 mM) for 45 min.
Previous studies showed that at this time interval, the percent
cell death reached a plateau and did not increase significantly
thereafter (Femnandez-Checa, J. C., and N. Kaplowitz, unpub-
lished observations). Fig. 8 shows the dose-response curves for
cell death with t-BOOH. In the ethanol-fed cells, there was a
shift to the left of the dose-response curve compared to pair-fed
cells, indicating a greater susceptibility to the lethal oxidative
stress induced by t-BOOH. Both pair- and ethanol-fed cells
were protected by preincubation with GSH-EEwith a shift in
the dose response curves to the right. Of particular note, in the

Table II. Rates of GSHTransport between the Cytosolic
and Mitochondrial Pools

Pair-fed Ethanol-fed

(n = 4) (n = 5)

Fractional rates (%/min)
Cytosol to mitochondria
Mitochondria to cytosol

Pool sizes (nmol/g)
Cytosolic GSH
Mitochondrial GSH

Mass fluxes (nmol/min per g)
Cytosol to mitochondria
Mitochondria to cytosol

decrease

0.614±0.098 0.394±0.075* 36
3.94±0.63 3.64±0.69 7.6

2938±419 2921±431 0.6
457±57 316±18* 31

18.0±3.8 11.5±2.9t 36
18.0±3.8 11.5±2.9t 36

Results were determined by compartmental analysis and modeling
using the tracer kinetic data shown in Fig. 6 (fits shown by the con-
tinuous lines in Fig. 6; see text for details). * P < 0.01 compared to
pair-fed. t P < 0.025 compared to pair-fed.

402 Fernandez-Checa, Garcia-Ruiz, Ookhtens, and Kaplowitz



.......

.-..,..
........

.......
..........

.. ...

..-.....

...........

..........

.... .. ....

80

w

a)

-0
0-

60

40 -

20 -

Basal GSH-EE DEM.¶ GSH-EE+DE!.1

tBOOH, mM

c) B _

D~~~~~~~~~~~~~~~~~~~~~~~..'. ,:"".: . :.: * ~~~~~~~~~~~~...':.::':::..C-)

z ~~~~~~. ..'..'..'..'.......A :''',>'.::....:.'.:.::.'::: ....

V <-'-I.... . ..'.... ... . ....~~~~~.,.... ., ,~~~~~........- -2
v.O ~~-i; . --- l

- l
0.....C...

Basal GSH-EE DEM GSH-EE+DEM

Figure 7. Cytosolic (A) and mitochondrial (B) GSHpool sizes from
pair-fed (hatched bars) and ethanol-fed cells (open bars) isolated after
2 wk of dietary treatment. Cells were treated with GSH-EE(7 mMfor
2 h). Starting cells or cells after preincubation with the GSHester
(GSH-EE, 7 mMfor 2 h) were then treated with diethylmaleate
(DEM) for 10 min at 0.2 or 0.32 mMDEM, respectively. After this
DEMpreincubation, cells were separated into cytosol and
mitochondrial fractions by digitonin (see Methods) and GSH
determined in both pools. Data is mean±SDof n = 4 cell preparations
for each. *P < 0.01 versus pair-fed cells using unpaired t test.

ethanol-fed cells, the dose-response after incubation with the
GSH-EEwas almost identical to the dose-response curve from
the pair-fed cells without the ester. This difference in suscepti-
bility to peroxidative-induced cell death and protection by in-
cubation with GSH-EEwas related to differences in the mito-
chondrial GSHpool size as shown in Fig. 8 B for the 0.5 and 1

mMdoses of t-BOOH. Raising mitochondrial GSH(and not
cytosol) in the ethanol cells to the levels found in pair-fed cells
with the use of GSH-EE, lowered cell death in the ethanol cells
to match the pair-fed cells.

Discussion

Wehave previously observed an impaired capacity to sequester
GSHin the particulate fraction of hepatocytes from ethanol-
fed rats (9). Our previous work and that of others (14), which
have employed the digitonin permeabilization technique, have

60

C.) 40- T

20 - 0.5mM tBOOH

0 2 4 6 8 1

6

Mitochondrial GSH, nmol/10 cells

Figure 8. Susceptibility to t-BOOH-induced cell death. (A) Shows the
dose-response curves obtained by incubating pair- (e, A) and ethanol-
fed cells (o, A) with various doses of t-BOOH for 45 min in sulfur
amino acid-free culture medium after DEMpretreatment as described
in Fig. 7. Solid lines represent data without the GSH-EE
preincubation, and broken lines with ester preincubation. (B) The
relationship of the initial mitochondrial GSHpool size and cell death
at two doses of t-BOOH. The initial mitochondrial GSHcontent was

established by incubation of basal cells (o, *) or cells that were first
preincubated with the ester (A, A) with DEM, 0.2 or 0.32 mMfor 10
min, respectively. Open symbols represent ethanol-fed cells, and
closed symbols represent pair-fed cells. Data represent mean±SD of
n = 4 cell preparations for each point. *P < 0.01 and **P < 0.001 vs.

pair-fed controls comparison by the unpaired t test; #P < 0.01 and <P
< 0.05 vs. ethanol without the ester preincubation and 'P < 0.02 vs.

pair-fed control before the ester incubation, compared by the paired t
test.

been based on the assumption that the compartmentalized
GSHin the particulate fraction resides in mitochondria. There-
fore, we first performed density gradient fractionation of this
pellet from digitonin-permeabilized normal cells. The results
support the validity of the assumption that nearly all the se-

questered GSHis in mitochondria and not in other organelles.
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Wehave confirmed that in isolated hepatocytes, chronic
ethanol feeding leads to an impaired net accumulation of mito-
chondrial GSH(9). However, we considered two possible mech-
anisms for such a defect: impaired uptake of GSHby mito-
chondria (decreased entry) or impaired capacity to retain GSH
in mitochondria (increased release). The latter seemed a plausi-
ble alternative because ethanol leads to mitochondrial damage
which might cause GSHto leak out or in some other way im-
pair retention of GSHby mitochondria. To distinguish be-
tween these possibilities we examined the transfer rate of la-
beled GSHsynthesized from precursor methionine in cytosol
into the mitochondria. To optimize rapid incorporation of la-
bel into cytosol GSH, we first depleted the cells of GSHand
allowed the cells to synthesize GSHde novo rapidly and per-
haps maximally and also performed experiments in repleted
cells. The accumulation of labeled GSHinto mitochondria
lagged behind cytosol in the controls as expected (7) but
reached a plateau, or isotopic equilibrium between cytosol and
mitochondria by 2 h. If the defect in mitochondria in the eth-
anol-fed case is due to inability to retain GSH, an isotopic
equilibrium with cytosol would be expected to be arrived at
very early (due to a rapid exchange between the two pools).
However, the rate of entry of labeled GSHinto mitochondria
and the reaching of isotopic equilibrium was markedly de-
layed. This outcome supports the view that the major defect in
mitochondria of hepatocytes from ethanol-fed rats leading to a
diminished GSHpool size is an impaired capacity to take up
cytosolic GSHand not an increased GSHrelease from or leaki-
ness of the mitochondria.

All our previous work has been conducted in isolated hepa-
tocytes (8, 9). To exclude the possibility that our results could
somehow be artifactually influenced by the performance of mi-
tochondria in hepatocytes in suspension during prolonged in-
cubations under unphysiologic conditions, weattempted to ver-
ify our results by examining the exchange of GSHlabeled with
precursor in cytosol and mitochondria in vivo. Such a concern
regarding potential in vitro artifactual effects was of particular
importance to us because the increase in mitochondrial GSH
specific activity virtually ceased after 2 h incubation in the
ethanol cells, suggesting abrupt cessation of function.

In different lots of rats treated with the Lieber-DeCarli
diets, we have observed some minor variability in GSHpool
sizes. In the present studies, we observed no difference in cyto-
sol GSH, in agreement with others (10, 32, 33) but still ob-
served a significant 31% decrease in mitochondrial GSHpool
in the ethanol case. It should be noted that this is the smallest
change we have reported heretofore. Our tracer-kinetic experi-
ments in vivo confirmed the in vitro findings in showing close
correspondence in labeling of GSHin cytosol of the pair-fed
and ethanol-fed livers but a major difference in appearance of
labeled GSHin mitochondria. However, in contrast to the ces-
sation of increase in mitochondrial GSHspecific activity in
vitro, in the in vivo ethanol case a gradual rise was observed.
The explanation for the apparently more severe defect in vitro
is unknown but is likely to be due to the conditions of isolation
and incubations and the ethanol cells being more susceptible to
adverse effects of these conditions. In the pair-fed case, the
mitochondrial GSHreached isotopic equilibrium with cytosol
by 90 min in vivo, but a marked delay in appearance of labeled
GSHin ethanol-fed rat liver mitochondria was observed, con-
sistent with impaired uptake of cytosolic GSHby mitochon-
dria. Indeed, our compartmental analysis and modeling, by

fitting the data from the tracer-kinetic experiments in vivo,
quantitatively established a 36% suppression in the fractional
and mass rates of cytosolic-mitochondrial transport (exchange)
of GSHin the ethanol-fed as compared to pair-fed groups.
Interestingly, the percent decline in this transport rate is very
similar to the decline in the pool size of mitochondrial GSH
(3 1%). Our modeling of the in vivo tracer kinetic data has also
provided for the first time quantitative estimates of mitochon-
drial GSHtransport. In controls, the mitochondrial GSHtrans-
port rate of 18 nmol/min per g liver is comparable to the sinu-
soidal efflux rate of GSHin repleted liver (4). In fact, at the
cytosol GSHlevels found in the present studies in pair-fed con-
trols (2.9 gmol/g), the predicted sinusoidal efflux rate is 14
nmol/min per g (4). The rate of uptake or mass transport of
GSHinto mitochondria under the steady-state conditions re-
quires an equal mass transport rate out of mitochondria. Thus,
based on our current finding, mitochondrial GSHturns over
with a half-life of 18 min. Wehave defined the exchange of
GSHbetween cytosol and mitochondria for the first time and
demonstrated that the transport into mitochondria is quantita-
tively a major component of cytosol GSHturnover and that in
contrast to previous beliefs (14) mitochondria GSHturnover is
very rapid. In addition, we have further clarified the mecha-
nism for a diminished mitochondrial pool in ethanol-fed rats
by demonstrating that mitochondrial GSHuptake but not ef-
flux is impaired. More work on the nature of the defect in
uptake induced by ethanol is needed.

A diminished mitochondrial pool of GSHmay play a role
in the pathogenesis of alcoholic liver injury by increasing the
susceptibility to oxidant stress. There is considerable evidence
to suggest that the mitochondrial GSHpool is critical for cell
viability through the regulation of mitochondrial inner mem-
brane permeability by maintaining sulfhydryls groups in the
reduced state (34), although there may be some exceptions to
this rule (35). To assess the importance of such a hypothesis, a
strategy for correcting the defect and normalizing the mito-
chondrial GSHpool is critical. Wewere disappointed to find in
our previous and present work that marked increases in cytosol
GSHby de novo synthesis from methionine did not lead to a
normalization of the mitochondrial GSHin the hepatocytes of
ethanol-fed rats (9). Therefore, we turned to an alternative strat-
egy, namely the use of GSH-EE, because Meister and co-
workers (15, 25, 27) have indicated that GSH-EE normalized
mitochondrial GSHin skeletal muscle, heart and lung (15, 27)
and liver cells (27) and that mitochondria contain the esterase
activity necessary to release GSHfrom GSH-EE (15, 25-27).
Wehave examined the pathophysiologic consequences of a
selective decreased mitochondrial GSHpool size in the eth-
anol-fed cells by setting up conditions in which pair- and eth-
anol-fed cells had the same starting and low levels of cytosolic
GSH, while still differing in the mitochondrial GSHpool size
to minimize any effect of cytosolic GSHand to avoid possible
confounding effects on susceptibility to oxidant stress by differ-
ences in starting cytosol GSH. Furthermore, additional synthe-
sis of GSHwas avoided by incubating the cells in sulfur-amino
acid-free medium. The GSH-EE raised the mitochondrial
GSHin ethanol-fed cells to levels identical to normal hepato-
cytes. This increase in mitochondrial GSHclearly could not be
explained by an increase in cytosol GSHin the ethanol case
because our present and previous findings using methionine to
raise cytosol GSHto the same extent as the ester did not lead to
a normalization of the mitochondrial GSH(9). Weobserved a
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greater susceptibility to t-BOOH-induced lethal oxidant stress
in the ethanol-fed cells, and a protection by increasing the mi-
tochondrial GSHpool size to levels similar to the pair-fed cells
with preincubation with GSH-EE. This strongly suggests that
the increased susceptibility to oxidant stress in hepatocytes
from ethanol-fed rats is due to the decreased mitochondrial
GSH. Thus, raising the mitochondrial GSHin the ethanol case
to near normal reversed the increased susceptibility to lethal
oxidant stress making these cells behave like normal cells, pro-
viding strong support for the potential pathophysiologic im-
portance of the ethanol-induced impairment of mitochondrial
GSHuptake and consequent diminished pool size. Further-
more, correcting the depleted mitochondrial GSHpool with
the use of GSH-EEmay provide a strategy for therapeutic in-
tervention in protecting the liver of chronic alcoholics against
physiologic or ethanol-induced oxidant stress. In addition, it is
recognized that chronic ethanol exposure increases the suscepti-
bility to acetaminophen toxicity (10, 36, 37). Although induc-
tion of cytochrome P450IIE1 may be important in enhancing
toxicity of acetaminophen, the depletion of mitochondrial
GSHmay also contribute. Nelson and associates (38) have
shown that mitochondria are a critical target of covalent bind-
ing of the reactive metabolite of acetaminophen. Thus, deple-
tion of mitochondrial GSHmay play an important role in in-
creasing the susceptibility of hepatocytes of alcoholic subjects
to toxicity from endogenous or exogenous oxidants and electro-
philic metabolites of drugs.
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