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Abstract—Chronic ethanol feeding increases hepatotoxicity of drugs, such as acetaminophen, which
form electrophilic metabolites. Availability of glutathione (GSH) is important in preventing liver damage
from reactive metabolites. Chronic ethanol feeding has been reported to increase turnover of hepatic
GSH in rats. The results of the present study show that the total hepatic efflux of GSH was increased
from 5.95 * 0.42 nmoles/min/g liver (control) to 9.96 + 0.57 nmoles/min/g (P < 0.001) in isolated
perfused livers from rats 24 hr after withdrawal from chronic ethanol feeding. The increase in total efflux
of GSH was due to a significant increase in sinusoidal GSH efflux from 4.76 + 0.49 nmoles/min/g liver
in control rats t0 9.07 * 0.47 nmoles/min/g (P < 0.001) in ethanol-fed rats, while biliary efflux decreased
slightly, 1.20 = 0.11 (control) vs 0.89 * 0.31 (ethanol). The increase in cellular efflux of GSH was similar
in magnitude to the increase in hepatic GSH turnover that we reported previously. Biliary GSSG was
similar in both groups of animals. Hepatic GGT activity was increased slightly, but not significantly,
whereas renal GGT activity was similar in ethanol-fed rats. Hepatic GSH and GSSG levels were also
similar. The increase in turnover of hepatic GSH in rats withdrawn from chronic ethanol feeding was
most likely due to increased cellular efflux of GSH. This finding suggests that chronic ethanol feeding
may increase cellular requirements for GSH, although the mechanism remains unknown. This alteration
in GSH turnover may have important consequences for detoxification of xenobiotics or their metabolites
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by the liver.

Glutathione (GSH) a tripeptide found in high con-
centrations in the liver, is important in protection of
cells from reactive electrophiles, free radicals and
reactive oxygen intermediates formed during drug
metabolism [1, 2]. Previous studies have suggested
that availability of GSH is an important determinant
of drug-induced hepatotoxicity. The steady-state
GSH concentration [3-5], the rate of de novo GSH
synthesis [6-8], and the rate of GSH turnover [9] all
determine availability of GSH. For example, fasting
decreases steady-state GSH concentrations, yet
increases GSH turnover and hepatic efflux of GSH
[10]. In the basal state, GSH turnover can be
accounted for almost entirely on the basis of hepatic
efflux of GSH [10]. During fasting, plasma clearance
of GSH is increased and plasma GSH concentrations
are decreased [10]. This decreased plasma GSH con-
centration may stimulate increased hepatic GSH
efflux as a mechanism of providing cysteine to extra-
hepatic tissues [10].

Chronic ethanol consumption increases hepato-
toxicity of several drugs in animals [11-13] and poss-
ibly in man [14, 15]. The effects of ethanol ingestion
upon glutathione metabolism are important in under-
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standing the possible mechanism by which ethanol
may enhance drug-induced liver damage and perhaps
the hepatotoxicity of ethanol itself.

Previous studies have reported conflicting results
on the effects of chronic ethanol consumption on
steady-state GSH concentration [9, 16-18]. We have
shown that chronic ethanol consumption increases
the hepatic turnover of GSH in rats, although the
mechanism for this effect is uncertain [9]. Therefore,
we measured the sinusoidal efflux of GSH from
isolated perfused livers of chronically ethanol-fed
and pair-fed control rats, to determine whether hep-
atic efflux of GSH might account for the observed
increase in the turnover of hepatic GSH.

MATERIALS AND METHODS

Animals. Male Fischer 344 rats weighing 175-225 g
were pair-fed liquid diets (Bioserve, Rahway, NJ)
containing 36% of calories as ethanol or an isocaloric
mixture with maltose-dextrins substituted for etha-
nol. Animals were housed in individual cages and
pair-fed for 6 weeks. Twenty-four hours prior to
experimentation, each rat was given an equal amount
of control diet to minimize short-term nutritional
effects and to eliminate the effects of acute ethanol
consumption superimposed on the chronic effects.

Liver perfusion. Rats were anesthetized with
pentobarbital (50 mg/kg, i.p.) and heparinized (500
units i.p.) 5 min prior to laparotomy. A cannula (PE-
10 tubing) was placed in the common bile duct and
bile was collected into 5% metaphosphoric acid at 10-
min intervals for 2 hr. The portal vein was cannulated
with a 16 gauge Teflon i.v. catheter, and the liver was

1533

BP 35:9-1



1534

J. L. PiERsSON and M. C. MITCHELL

Table 1. Effect of chronic ethanol on hepatic GSH and GSSG content

Liver weight
(g liver/100 g body wt)

Hepatic GSSG*
(umoles/g liver)

Hepatic GSH
(umoles/g liver)

Control 2.98 £ 0.04
Ethanol 3,10+ 0.13
NS

7.45 + 0.47 0.43 = 0.05
7.57 +0.87 0.26 + 0.04
NS (P < 0.05)

Results shown are mean = S.E. for five animals in each group. NS = not significant.

* Expressed as GSH equivalents.

perfused with Kreb’s bicarbonate buffer (pH 7.4)
containing pyruvate (0.3 mM) and lactate (2.1 mM)
at 3.5 to 4.5 ml/min/g at 38°. Perfusate was collected
in 10-min samples for 2 hr.

Assays. Reduced glutathione (GSH) was
measured in bile and perfusate by the method of
Hissin and Hilf [19]. A portion of the liver was
homogenized in 15% trichloroacetic acid containing
0.01 N HCI immediately after the termination of
perfusion. Total GSH and glutathione disulfide
(GSSG) in liver were measured by the method of
Tietze [20]. GSSG in bile was measured by the
GSSG-reductase catalyzed oxidation of NADPH to
NADP as described [21]. GSSG is expressed as
equivalents of GSH.

Kidneys were harvested immediately after initia-
tion of liver perfusion and homogenized in 10 vol. of
ice-cold 50 mM Tris-HCl, pH 8.2. A portion of the
liver was homogenized in the same buffer at the
termination of perfusion for assay of gamma-
glutamyltransferase. Activity of gamma-glutamyl-
transferase (GGT) in kidney and liver was deter-
mined by the release of p-nitroaniline from L-glu-
tamyl-p-nitroanilide as described [22].

Statistics. All results are expressed as mean =
standard error unless otherwise specified. Student’s
t-test (two-tailed) was used to compare means of the
ethanol and control groups. A value of P < 0.05 was
considered the minimum level of statistical
significance.

RESULTS

Weight gain was similar in both control and etha-
nol-fed rats over the 6-week course of pair-feeding,
averaging 13.9 = 8.2% of the initial body weight.
Liver weight as a percentage of body weight was
unchanged in ethanol-fed rats (Table 1). Hepatic
GSH levels measured at the completion of each
perfusion were similar in both groups, while GSSG

levels were slightly lower in ethanol-fed rats
(Table 1).

Within 10-15 min after cannulation of the portal
vein, bile flow and glutathione efflux stabilized and
remained constant for the next 80 min. After this
time, there was a slow decline in bile flow and both
sinusoidal and biliary efflux of GSH. For this reason,
only those values between 20 and 100 min were used
to calculate GSH and GSSG efflux in each exper-
iment. Average values were then pooled to deter-
mine the mean for each group of animals. Efflux was
calculated from the concentration of GSH times
the perfusate or bile flow rate for sinusoidal and
biliary efflux respectively. Bile flow was similar in
ethanol-fed (0.59 = 0.21 pl/min/g liver) and control
(0.75 £ 0.10 wl/min/g) rats.

Sinusoidal efflux of GSH nearly doubled in etha-
nol-fed rats, from 4.76 = 0.49 nmoles/min/g liver to
9.07 = 0.47 nmoles/min/g liver (P < 0.001) (Table
2). Although biliary efflux of GSH was higher
in the control group, 1.20 = 0.11 nmoles/min/g
liver vs 0.89 +0.31 nmoles/min/g liver (Table
2), total hepatic efflux of GSH (sinusoidal +
biliary) was significantly greater in the ethanol-
fed rats, 9.96 = 0.57 nmoles/min/g liver vs
5.95 + 0.42 nmoles/min/g liver. There was no dif-
ference in biliary GSSG output, 0.86 = (.04 nmoles/
min/g liver (control) vs 0.86 = 0.19 nmoles/min/g
liver (ethanol) (Table 2).

Since glutathione can be degraded into component
amino acids via the gamma-glutamyl cycle, we
measured the activity of gamma-glutamyltransfer-
ase, the rate-limiting step in GSH degradation, in
both liver and kidney homogenates from each
animal. As shown in Table 3, renal GGT activity
was 100-fold greater than hepatic GGT activity in
both groups. Hepatic GGT activity was slightly
higher in ethanol-fed animals, but this difference was
not statistically significant (P = 0.15) (Table 3). This
activity of GGT in livers after 2 hr of perfusion

Table 2. Effects of chronic ethanol on hepatic efflux of GSH and GSSG

GSH efflux GSSH efflux
(nmoles/min/g) (nmoles/min/g)
Sinusoidal Biliary Biliary
Control 4.76 + 0.49 1.20 +0.11 0.86 = 0.04
Ethanol 9.07 £0.47 0.89 £ 0.31 0.86 = 0.19
P < 0.001 NS NS

Results shown are mean * S.E. for five animals in each group. NS = not

significant.
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Table 3. Effect of chronic ethanol on hepatic and renal

GGT activity
GGT Activity
(nmoles/min/mg protein)
Hepatic Renal
Control 1.95 £ 0.81 304 2 17.7
Ethanol 320+ 1.28 286 +27.9
NS NS

Results shown are mean = S.E. for five animals in each
group. NS = not significant.

was similar to that found in the livers of animals
immediately after sacrifice (data not shown). Renal
GGT activity was similar in both groups.

DISCUSSION

The results of this study show that chronic ethanol
consumption significantly increased hepatic efflux
of glutathione. We have shown previously that the
turnover of hepatic GSH is more than doubled after
chronic ethanol consumption, with a fractional turn-
over rate of 0.121*0.444hr ! in controls vs
0.298 = 0.051 hr~! in ethanol-fed rats [9]. The
increase in sinusoidal efflux of GSH (Table 2) in
ethanol-fed rats was similar in magnitude to the
increase in turnover rate previously reported [9].
These observations are consistent and suggest that
hepatic efflux of GSH is an important determinant
of GSH turnover under a variety of experimental
conditions.

The initial step in glutathione turnover is believed
to be release from cells. Release of GSH from the
liver into the plasma is part of the interorgan metab-
olism of glutathione [23]. GSH is taken up by the
kidney and degraded by GGT, the rate-limiting
enzyme in glutathione catabolism [2]. Our results
show that the activity of renal GGT was similar in
both ethanol-fed and control rats. Although it is
possible that there is increased renal clearance of
GSH, it is unlikely that a change in renal GGT
activity provides the stimulus for the increase in
turnover previously observed or the increase in hep-
atic efflux after chronic ethanol feeding., Chronic
ethanol feeding causes an increase in serum and
hepatic GGT activity in both rodents [24, 25] and in
patients [26, 27} with alcohol-induced fatty liver. We
also observed an increase in hepatic GGT activity.
However, the observed increase was not sufficient
to account for the larger changes seen in hepatic
efflux or turnover of GSH. Thus, the stimulus for
increased efflux and turnover remains uncertain.

Lauterburg and co-workers showed that, in fasted
rats, there is a marked increase in hepatic efflux of
glutathione as well as an increase in plasma clearance
of glutathione [10]. They speculated that, during
fasting, a decrease in availability of cysteine to extra-
hepatic tissue stimulates increased hepatic efflux of
GSH, a potential reservoir for cysteine. During fast-
ing, cysteine may be synthesized in the liver by
transsulfuration of methionine and incorporated into
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glutathione (Fig. 1). Whether a similar effect may
occur during chronic ethanol feeding remains
unknown. During fasting, steady-state GSH levels
are decreased, whereas they are increased or
unchanged 24 hr after withdrawal from chronic etha-
nol feeding. In the present study, GSH levels were
similar in both groups at the termination of the
perfusion. Taking into account the increased rate of
efflux of GSH in ethanol-fed rats, it is possible that
preperfusion GSH levels were increased compared
to controls. One could speculate that synthesis of
GSH is also increased in these animals, an hypothesis
which is consistent with our previous observations
[9] and those of Vendemiale and coworkers [28].
Of interest is the fact that hepatic GGT activity is
increased during fasting as well as after chronic etha-
nol consumption [10]. Both increases may occur in
response to increases in GSH efflux although there
is no direct evidence for this. Chronic ethanol feeding
has been shown to increase dietary methionine
requirements in rats [29]. Furthermore, dietary sup-
plementation with methionine or choline can par-
tially reverse alcohol-induced fatty liver [30-32].
Chronic ethanol feeding increases the activity of $-
adenosylmethionine synthase, cystathionine syn-
thase and betaine-homocysteine methyltransferase,
whereas methyltetrahydrofolate-homocysteine
methyltransferase activity decreases [33] (Fig. 1).
These changes would favor increased conversion of
methionine to cysteine. Further evidence in support
of increased transsulfuration of methionine is pro-
vided by the observation that plasma and hepatic
concentrations of a-amino-N-butyric acid (AANB)
are increased by chronic ethanol feeding [34]. Since
AANB is in equilibrium with a-ketobutyrate, which
is formed during synthesis of cysteine via transsul-
furation, the increase in AANB is evidence of
increased transsulfuration of methionine. An
increased requirement for GSH might be expected to
increase transsulfuration of methionine to cysteine,
particularly during cysteine deprivation.
Acetaldehyde, the major metabolite of ethanol,
may react with glutathione to form a stable adduct.
Large doses of ethanol acutely deplete hepatic glu-
tathione stores and may decrease GSH synthesis
{16,17,35-37]. Cysteine protects against acet-
aldehyde-related inhibition of mitochondrial res-
piration, possibly through adduct formation [38].
Since chronic ethanol consumption in man results in
increased acetaldehyde levels [39], it is tempting to
speculate that, during ethanol consumption, acet-
aldehyde increases the requirement for glutathione
which results in an overall increase in its turnover.
Conflicting results have been reported on the effects
of chronic ethanol feeding on steady-state GSH con-
centrations [9, 16-18]. In studies in which decreased
steady-state  glutathione concentrations were
observed, animals had been fed ethanol until they
were killed. Thus, the effects of recent ethanol intake
are superimposed on the long-term effects and may
account for the decreased GSH concentrations
observed. Our results suggest that steady-state GSH
concentrations are similar, or possibly increased,
after withdrawal from chronic ethanol consumption.
Plasma GSH concentrations and plasma clearance
of glutathione during chronic ethanol consumption
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Fig. 1. Hepatic transsulfuration pathway. The enzymatic conversion of methionine to cysteine and
glutathione is diagrammed. Enzymes involved in this pathway are indicated in boxes.

and after withdrawal have not been reported, but
would be of interest.

In summary, we have shown that chronic ethanol
consumption significantly increased hepatic efflux of
glutathione. This increased efflux of glutathione is
consistent with our previous observation that hepatic
GSH turnover is increased in ethanol-fed rats. The
actual stimulus for increased turnover and efflux of
hepatic GSH during ethanol feeding remains
unknown. The observed increases in turnover and
hepatic efflux of GSH could have important toxi-
cological consequences. Further work is needed to
define the effects of having long-term ethanol con-
sumption on cellular mechanisms of detoxification
and protection against chemical insults to the liver.
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