bstract. Regulation of the biliary excretion
of reduced glutathione (GSH) and glutathione disulfide
(GSSG) and responses to selected model toxins were ex-
amined in male Sprague-Dawley rats. In control and phe-
nobarbital-pretreated rats in which the intrahepatic con-
centration of GSH was modulated by the administration
of diethyl maleate or acetaminophen, the biliary con-
centration of GSH was consistently lower than, but di-
rectly proportional to, the intrahepatic concentration of
GSH. Furthermore, increments in bile flow produced by
the infusion of sulfobromophthalein (BSP)-glutathione
were associated with proportional increases in the biliary
excretion of GSH, suggesting that GSH passes into bile
passively along a concentration gradient. In contrast,
GSSG appears to be secreted into bile against a steep
concentration gradient. An increased hepatic production
and biliary excretion of GSSG resulted from the admin-
istration of t-butyl hydroperoxide. Measurement of biliary
GSSG and BSP during a constant infusion of the GSH
adduct of BSP indicated that GSSG shares a common
excretory mechanism with GSH adducts. Diquat, nitro-
furantoin, and paraquat also markedly stimulated the
biliary excretion of GSSG. On a molar basis, these com-
pounds generated much more GSSG than a direct sub-
strate for glutathione peroxidase such as ¢-butyl hydro-
peroxide, indicating that the compounds undergo
redox-cycling with concomitant production of hydrogen
peroxide. Aminopyrine (0.8 mmol/kg) also significantly
increased biliary GSSG. This increase, however, was as-
sociated with a proportional increase in bile flow and in
the biliary excretion of GSH such that the GSSG/GSH
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ratio in bile did not change. Acetaminophen and chlo-
roform, two compounds generating electrophilic metab-
olites that deplete intrahepatic GSH, led to a progressive
decrease in the biliary excretion of GSH and GSSG. Fu-
rosemide and dimethylnitrosamine, the electrophilic me-
tabolites of which do not deplete hepatic GSH, minimally
altered biliary GSH and GSSG. Similarly, carbon tetra-
chloride and iproniazid, which yield organic radical me-
tabolites that can peroxidize membrane lipids, did not
increase the biliary excretion of GSSG. This finding in-
dicates that membrane-bound lipid hydroperoxides may
not be good substrates for glutathione peroxidases. The
measurement of the biliary excretion of GSSG and of
the GSSG/GSH ratio in bile is a sensitive index of oxi-
dative stress in vivo and thus complements other in vivo
parameters for the study of reactive intermediates of xe-
nobiotics such as the determination of covalent binding,
the formation of lipid hydroxy acids, and the depletion
of intracellular GSH.

Introduction

It recently has been recognized that many drugs and xenobiotics
are metabolically activated to reactive intermediates that may
cause cell injury in the liver, kidney, and lung (1-3). A valuable
tool for demonstrating the formation of reactive intermediates
in vivo has been the modulation of tissue injury by inhibition
or induction of the drug-metabolizing enzymes while simul-
taneously measuring the extent of covalent binding of part of
the parent compound to tissue macromolecules. However, a
number of compounds may exert their toxicity by the generation
of reactive oxygen species rather than by the formation of a
reactive intermediate of the parent molecule (4). In contrast to
compounds generating electrophilic intermediates, such as acet-
aminophen, bromobenzene, and many furans and thiophenes,
or those forming alkylating radicals, such as iproniazid, halo-
thane, and carbon tetrachloride, the generation of reactive oxygen
intermediates is not associated with the covalent binding of part
of the original molecule to lipids or proteins, and therefore
covalent binding cannot be used as an index for the formation




of a reactive intermediate (5). Thus, evidence for the involvement
of reactive oxygen species in toxic cell damage in vivo is cir-
cumstantial. Modulation of toxin-induced injury by variation
of oxygen tension in the environment (6-8) is usually considered
as evidence for the involvement of oxygen intermediates in the
toxic process in vivo (3, 4). Similarly, an increase in toxin-
induced injury in animals deficient in either vitamin E or se-
lenium-dependent glutathione peroxidase suggests the involve-
ment of reactive oxygen species because these deficiency states
impair the cellular defense against oxygen toxicity.

Accordingly, for the elucidation of mechanisms of toxicity
of compounds that are metabolically activated but do not co-
valently bind to tissue macromolecules, a more direct index of
oxidative stress is necessary. The glutathione peroxidases are
extremely important in protecting the cell from oxidative stress
by reducing hydrogen peroxide (H,0,), thereby stoichiometri-
cally oxidizing glutathione (GSH) to glutathione disulfide
(GSSG) in the process (9, 10). Although much of the generated
GSSG will be converted intracellularly back to GSH by glu-
tathione reductase, a small amount, but proportional to the
GSSG concentration, will be excreted in bile (11). Whereas
most of the hepatic production of GSH in the absence of an
oxidative stress is excreted into plasma (12, 13), GSSG is pref-
erentially excreted into bile (14) such that biliary GSSG should
be a sensitive index of oxidant stress in the liver.

In addition to the rate of intracellular formation of GSSG,
however, other factors such as the intracellular concentration
of GSH, the biliary concentration of GSH and rate of autoxi-
dation to GSSG, the rate of bile flow and the concomitant
biliary excretion of other reaction products of GSH may influ-
ence the rate of excretion of GSSG and the GSSG/GSH ratio
in bile. Thus, a better understanding of the regulation of the
biliary excretion of GSSG and GSH is a prerequisite for the
evaluation of the biliary excretion of GSSG as an index of
oxidative stress. In the following studies we have characterized
the determinants of the biliary excretion of GSH and GSSG in
the rat. We then examined the response of biliary GSH and
GSSG to the administration of selected model toxins thought
to exert their toxicity either through the generation of reactive
oxygen species or through electrophilic metabolites or alkylating
radical intermediates (5).

Methods

The biliary excretion of GSH and GSSG was measured in male Sprague-
Dawley rats (Timco Breeding Laboratories, Houston, TX) weighing
200-250 g. The animals had free access to food and water up to the
morning of the experiment. After the injection of 50 mg/kg i.p. of
pentobarbital, the common bile duct was cannulated with PE-10 poly-
ethylene tubing. The animals® temperature was measured rectally and
kept between 37° and 38°C with a heating lamp. Bile was collected for
periods of 10-15 min in preweighed tubes containing 0.1 ml of 4%
sulfosalicylic acid to minimize extrahepatic oxidation of GSH (15).
To establish the relationship between intrahepatic and biliary con-
centration of GSH, diethyl maleate, 1 ml/kg i.p. in corn oil, or acet-
aminophen, 1 g/kg i.p. in saline, was administered to control and phe-

nobarbital-pretreated rats (80 mg/kg i.p. daily for 4 d) to deplete intra-
hepatic GSH. 1 h later, three bile samples were collected for the
determination of GSH and a portion of the liver was removed for the
measurement of GSH.

To test the hypothesis that GSSG and the GSH adduct of sulfo-
bromophthalein (BSP-GSH)' share a common excretory mechanism,
BSP-GSH in saline was infused into a jugular vein of rats at a rate
exceeding the maximal biliary excretory rate. The BSP-GSH adduct was
synthesized according to Whelan et al. (16). Chromatography of the
product on Avicel thin-layer chromatography plates using n-propanol/
water/acetic acid, 10:5:1, as the mobile phase showed that free BSP was
not detectable and >95% was present as BSP-GSH or diglutathionyl
BSP (16). The compound was infused initially at a rate of 1,600 nmol/
min per 100 g for S min and then at a rate of 540 nmol/min per 100
g. Starting 30 min after onset of the infusion, bile was collected at 10-
min intervals. 30 min later, t-butyl hydroperoxide, 1.4 mmol/kg i.p.,
was administered in 0.9% saline. In similarly prepared animals, samples
of liver tissue were obtained before and 10 min after the administration
of t-butyl hydroperoxide for determination of the hepatic BSP-GSH
content. To test the specificity of the observed competition between
GSSG and BSP-GSH for biliary excretion, the experiments with z-bu-
tylhydroperoxide were repeated during an infusion of indocyanine green.
Indocyanine green is not conjugated with GSH and has a much lower
biliary transport maximum (21 nmol/min per 100 g body weight [17])
than BSP-GSH. Therefore, the dye was infused at a rate of 25 nmol/
min per 100 g body weight in 0.9% saline containing 0.25% bovine
serum albumin.

To evaluate the response of biliary GSH to oxidative stress, the
biliary excretion of GSH and GSSG was measured before and after the
intraperitoneal administration of the following compounds: ¢-butyl hy-
droperoxide, 0.28-14 mmol/kg; diquat, 0.09 mmol/kg; paraquat, 0.3
nmol/kg; nitrofurantoin, 0.2 mmol/kg; aminopyrine, 0.08 and 0.8 mmol/
kg; ethylmorphine, 0.08 mmol/kg; acetaminophen, 6.6 mmol/kg; chlo-
roform, 12 mmol/kg; furosemide, 1.2 mmol/kg; dimethylnitrosamine,
0.4 mmol/kg; carbon tetrachloride, 10 mmol/kg; and iproniazid, 0.4
mmol/kg. All compounds were dissolved in 0.9% saline except for ni-
trofurantoin and the highest dose of t-butyl hydroperoxide, which were
dissolved in dimethyl sulfoxide, and carbon tetrachloride and chloroform
which were administered in mineral oil. The vehicles did not affect
biliary GSH and GSSG. The choice of dosages was based on previous
experiences with the particular compound and its toxic effects in the
chosen animal model.

Analytical methods. After centrifugation and 10-fold dilution of
the bile samples with 0.1 M phosphate buffer, pH 7.4, containing 2.5
mM Na,EDTA, “total” GSH, i.e., GSH plus GSSG, was measured by
the method of Tietze (18). The GSSG was determined after derivatization
of GSH with 2-vinylpyridine (19). Recovery of GSH and GSSG added
to bile collected in sulfosalicylic acid was 99+8 and 96+10%
(n = 8), respectively. The addition of t-butyl hydroperoxide, paraquat,
or nitrofurantoin to native, nonacidified bile at a final concentration of
| mM did not accelerate the oxidation of GSH over 30 min at room
temperature.

The GSH in 10% homogenates of hepatic tissue was measured by
the method of Tietze (18) after precipitation of proteins with an equal
volume of 4% sulfosalicylic acid.

Thin-layer chromatography of bile samples with the solvent system
described above showed that all BSP was present as BSP conjugates.

1. Abbreviations used in this paper: BSP-GSH, GSH adduct of sulfo-
bromophthalein.
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Figure 1. Biliary concentration of GSH as a function of the
intrahepatic concentration of GSH. The average concentration of
GSH in three bile samples obtained in each animal before death and
the concentration of GSH in hepatic tissue were measured. Some
animals were pretreated with phenobarbital, 80 mg/kg i.p., (Pb) for 4
d. Some of the control (Co) and phenobarbital-treated animals
received diethyl maleate, 1 ml/kg (CoDEM, PbDEM), or
acetaminophen, 1 g/kg (CoAc, PbAc), to further vary the intrahepatic
concentration of GSH. Separate regression analyses for control and
phenobarbital-treated animals did not reveal any significant
differences between the two groups. Correlation coefficient: 0.99,
slope: 0.29, mean=SE of groups of 6-12 animals.

For the determination of BSP conjugates in bile, samples were diluted
1,000-fold with 0.1 N KOH, and absorbance was measured at 575 nm
(16). Standard curves were obtained from bile samples to which known
quantities of BSP were added. The BSP in 10% homogenates of hepatic
tissue was measured after precipitation of proteins with 0.04 vol of 50%
sulfosalicylic acid and dilution with 0.1 N KOH. For the measurement
of indocyanine green, bile samples were diluted 100-fold with 0.3%
saline containing 0.25% bovine serum albumin and the absorbance was
determined at 800 nm (17). Glutathione reductase in liver homogenates
was measured according to Pinto and Bartley (20).

Calculations and statistics. For the calculation of GSH excretion,
bile flow was determined from the weight of the excreted bile assuming

a specific gravity of one. The increment in the biliary excretion of GSSG
produced by any given compound was estimated by calculating the area
under the GSSG excretion-time curve by the trapezoidal method and
subtracting the basal excretion of GSSG.

All data are shown as mean+SE. Drug-induced changes in the biliary
excretion of GSH and GSSG were assessed by the ¢ test for paired
samples. For statistical treatment the two or three samples representing
the basal excretion were pooled.

Results

The basal biliary excretion of GSH and GSSG (expressed as
GSH equivalents) averaged 14.8+1.1 and 4.6+0.4 nmol/min
per 100 g body weight, respectively. Pretreatment with phe-
nobarbital significantly increased bile flow, liver weight (from
4.7+0.1 to 5.9+0.3 g/100 g body weight), and the hepatic con-
centration of GSH. The increase in the hepatic concentration
of GSH was associated with a proportional increase in the biliary
concentration of GSH (Fig. 1). As a result of the increased bile
flow and the increased concentration, the biliary excretion of
GSH demonstrated a disproportionally larger increase than the
intrahepatic concentration of GSH but the GSSG/GSH ratio
in bile did not change (Table I). The decrease in hepatic GSH
produced by the administration of diethyl maleate and acet-
aminophen was associated with decreased biliary concentrations
of GSH. Although consistently lower than the intrahepatic con-
centration, the biliary concentration of GSH was proportional
to the intrahepatic concentration of the tripeptide over a wide
range of intrahepatic GSH concentrations (Fig. 1). Separate
regression analyses for controls and phenobarbital-treated an-
imals did not reveal any significant differences between the two
groups.

In view of this correlation between the hepatic and biliary
concentrations of GSH, bile flow should be an additional de-
terminant of the biliary efflux of GSH. Indeed the biliary ex-
cretion of GSH in the basal state and during an infusion of
BSP-GSH was significantly (r = 0.92) correlated with bile flow
(Fig. 2). Furthermore, increments or decrements in bile flow
resulting from the administration of the tested toxins were as-
sociated with proportional changes in the biliary output of GSH

Table 1. Effect of Phenobarbital Pretreatment on Biliary Excretion

of GSH and GSSG
Controls Phenobarbital*
n=21 n=17
Bile Flow (ul/min per 100 g body weight) 8.85+0.22 13.88+0.78§
GSH (nmol/min per 100 g body weight) 14.78+1.05 33.88+1.73§
GSSGt (nmol/min per 100 g body weight) 4.59+0.39 9.75+0.77§
GSSG/GSH 0.34+0.03 0.29+0.04

* Animals were pretreated with 80 mg/kg i.p. of phenobarbital for 4 d. The last injection
was given 24 h before determination of the biliary excretion of GSH and GSSG.

} Expressed as GSH equivalents.
§ P <0.01.
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Figure 2. Biliary excretion of GSH as a function of bile flow in
control animals (@) and in rats during an infusion of BSP-GSH, 540
nmol/min per 100 g body weight (BW) (O). r = 0.92. Separate
analysis of the two groups showed identical slopes of the regression.

unless the treatment depleted intrahepatic GSH, as was the case
with acetaminophen (data not shown). This observation supports
the hypothesis that bile flow is also a major determinant of the
biliary excretion of GSH although nonspecific effects of some
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Figure 3. Biliary excretion of GSSG and GSH after the
intraperitoneal administration of 0.28-14 mmol/kg of ¢-butyl
hydroperoxide (t-BH) to rats with a biliary fistula. The hydroperoxide
resulted in a dose-dependent increase in the biliary excretion of
GSSG, whereas the excretion of GSH remained constant (only
highest dose data plotted). Mean+SE of six rats; GSSG is expressed
as GSH equivalents; **, P < 0.01.

of the toxins on hepatic GSH homeostasis can not be entirely
excluded by the present studies. In contrast to GSH, no cor-
relation was found between the biliary excretion of GSSG and
changes in bile flow (data not shown).

On the other hand, the biliary excretion of GSSG, but not
GSH, was significantly smaller during the infusion of BSP-GSH
than in control animals (2.44+1.01, n = 12, vs. 4.59+0.39 nmol
GSSG/min per 100 g body weight, n = 21, P < 0.05), suggesting
that BSP-GSH might interfere with the biliary excretion of
GSSG, which can be considered as the GSH adduct of GSH.
Indeed, competition between GSSG and BSP-GSH became more
evident following stimulation of the hepatic production of GSSG.
The administration of ¢-butyl hydroperoxide led to a dose-de-
pendent increase in the biliary concentration and excretion of
GSSG whereas the excretion of GSH remained unchanged (Fig.
3). During the infusion of BSP-GSH at a rate of 540 nmol/min
per 100 g body weight, the biliary excretion of BSP-GSH reached
a plateau at 282+12 nmol/min per 100 g. The administration
of 1.4 mmol/kg of t-butyl hydroperoxide during this maximal
excretion of BSP-GSH led to a significantly smaller increase (P
< 0.01) in biliary GSSG (Fig. 4). The rise in biliary GSSG was
associated with a comparable fall in the biliary concentration
of BSP conjugates (Fig. 4), suggesting a shared transport system.
Thin-layer chromatography of bile samples showed that no free
BSP was excreted either before or during the peak excretion of
GSSG. Since the hepatic concentration of BSP-GSH did not
decrease significantly from just before to 10 min after the ad-
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Figure 4. During a constant infusion of BSP-GSH at a rate of 540
nmol/min per 100 g the intraperitoneal administration of 1.4 mmol/
kg of r-butyl hydroperoxide (t-BH) produced a significantly smaller
increase in the biliary concentration of GSSG (hatched bars) than in
the control rats shown in Fig. 3 (n = 7). Moreover, the increase in
biliary GSSG produced by the hydroperoxide led to a significant
decrease in the biliary concentration of BSP-GSH (open bars). In
contrast, during a constant infusion (25 nmol/min per 100 g) of
indocyanine green, which is not conjugated with GSH and is
transported by a separate carrier, the maximal biliary concentration
of the dye did not change under identical experimental conditions
(meanzSE, n = 4).
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ministration of z-butyl hydroperoxide (85+8 vs. 84+8 uM), the
time when the biliary excretion of BSP conjugates reached its
nadir (Fig. 4), a decreased hepatic uptake of BSP-GSH cannot
account for the decrease in its biliary excretion. In contrast to
BSP-GSH the biliary concentration of indocyanine green that
had reached a plateau indicating maximal biliary excretion of
the dye did not decrease as the biliary concentration of GSSG
increased after ¢-butyl hydroperoxide (Fig. 4).

On a mole per mole basis the excretion of GSSG was mark-
edly greater after the administration of the redox cycling com-
pounds diquat and nitrofurantoin than after z-butyl hydroper-
oxide (Fig. 5). The administration of diquat and nitrofurantoin
during an infusion of BSP-GSH again led to a decrease in the
biliary excretion of BSP-conjugates as the excretion of GSSG
increased (data not shown). Another redox compound, paraquat,
also stimulated biliary GSSG excretion but to a lesser extent
than diquat or nitrofurantoin (Table II). Dimethyl sulfoxide,
the vehicle for nitrofurantoin, did not affect the basal excretion
of GSH or GSSG. Hepatic glutathione reductase activity was
not inhibited by the administered dose of nitrofurantoin, av-
eraging 96% of the activity in control livers.

In vitro, some drugs not known to be hepatotoxins also
promote the formation of superoxide anion and H,O, (21). We
therefore examined the effect of aminopyrine and ethylmorphine
on the biliary excretion of GSH and GSSG. Aminopyrine led
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Nitrofurantoin

GSSG (nmol/min/100g)

GSH (nmol/min/100g)

T T
1 2 h
Figure 5. Effect of diquat, 0.09 mmol/kg intraperitoneally, or
nitrofurantoin, 0.2 mmol/kg i.p., on the biliary excretion of GSH
and GSSG. Both compounds stimulate the excretion of GSSG. The
excretion of GSH increased slightly and paralleled the fluctuation in
bile flow. Mean=SE of six rats. GSSG is expressed as GSH
equivalents; *, P < 0.05; **, P < 0.01.
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Table II. Increment in Biliary Excretion of GSSG Afier
Various Compounds

umol of GSSG*
Diquat (0.09 mmol/kg) 1.420+0.058
Nitrofurantoin (0.2 mmol/kg) 0.036+0.007
Paraquat (0.3 mmol/kg) 0.012+0.001
t-Butyl hydroperoxide (1.4 mmol/kg) 0.004+0.0004
Aminopyrine (0.8 mmol/kg) 0.004+0.001

Ethylmorphine (0.08 mmol/kg)
Iproniazid (0.4 mmol/kg)

Carbon tetrachloride (10 mmol/kg)
Dimethylnitrosamine (0.4 mmol/kg)
Furosemide (1.2 mmol/kg)
Chloroform (12 mmol/kg)
Acetaminophen (6.6 mmol/kg)

no increment in GSSG
no increment in GSSG
no increment in GSSG
no increment in GSSG
no increment in GSSG
decrement in GSSG

decrement in GSSG

* Expressed as GSH equivalents, excreted during each experiment per
micromole of the administered compound.

to a small, dose-dependent increase in biliary GSSG (Fig. 6)
but in contrast to the redox-cycling compounds this occurred
only in association with a proportional increase in biliary GSH
such that the ratio of GSSG to GSH did not change (Fig. 7).
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Figure 6. Effect of aminopyrine (®), 80 xmol/100 g i.p. (dotted line)
and 8 umol/100 g i.p. (solid line) and 8 umol/100 g i.p. (a) of
ethylmorphine on the biliary excretion of GSH. Aminopyrine
increased the biliary excretion of GSSG slightly but the GSSG/GSH
ratio did not change because of the proportional increase in the efflux
of GSH. Mean=SE of five rats. GSSG is expressed as GSH
equivalents; **, P < 0.01; *, P < 0.05.
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Figure 7. Ratio of GSSG/GSH in bile for the five chemicals that
increased biliary GSSG, diquat (M), nitrofurantoin (A), paraquat (V),
t-butyl hydroperoxide (1.4 mmol/kg dose) (®), and aminopyrine (0.8
mmol/kg dose) (#). Average of three to eight animals. All
compounds producing an oxidant stress significantly increase the
GSSG/GSH ratio but the ratio does not change after aminopyrine in
spite of a significant increase in the biliary excretion of GSSG.

Ethylmorphine did not affect biliary efflux of GSSG at a dose
of 8 umol/100 g body weight (Fig. 6).

Acetaminophen, an analgesic that is metabolized to an elec-
trophilic metabolite which depletes GSH, has also been pos-
tulated to produce an oxidative stress (22). We therefore tested
acetaminophen and another compound, chloroform, the elec-
trophilic phosgene metabolite of which also moderately depletes
GSH. Acetaminophen resulted in a marked choleresis associated
with an early increase in the biliary excretion of GSH (Fig. 8).
At the time of the peak biliary excretion of GSH the biliary
concentration of GSH was not significantly higher than in the
basal state, indicating that the increment in bile flow was re-
sponsible for the increment in GSH excretion. At later time
points, however, the biliary concentration and the biliary ex-
cretion of GSH and GSSG decreased, reflecting the depletion
of intracellular GSH. In control animals studied for the same
period of time, the biliary concentrations of GSSG and GSH
remained constant (102 + 12% of the concentration in the first
two bile samples at 4 h [n = 5]) and their biliary excretion
tended to decrease, albeit not statistically significant, in parallel
to the decrease in bile flow that is seen over this period of time
without replacement of bile acids lost via the cannula. Chlo-
roform did not stimulate bile flow and thus did not increase
the biliary excretion of GSH. Like acetaminophen, chloroform
tended to decrease GSH at later time points. In contrast, no
decrease in biliary GSH or GSSG was observed after the ad-
ministration of two other compounds, furosemide and di-
methylnitrosamine, which generate electrophilic metabolites but
do not deplete hepatic GSH (5, 23, 24). As was the case with
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Figure 8. Biliary excretion of GSH and GSSG after the
administration of 6.6 mmol/kg i.p. of acetaminophen and 12 mmol/
kg i.p. of chloroform. After an initial increase in the biliary excretion
of GSH associated with a marked increase in bile flow,
acetaminophen led to a progressive decrease in biliary GSH,
reflecting the intracellular depletion of GSH. Neither acetaminophen
nor chloroform stimulated the excretion of GSSG. Mean=SE of four
rats. GSSG expressed as GSH equivalents. **, P < 0.01; *, P < 0.05.

acetaminophen and aminopyrine, furosemide stimulated bile
flow and resulted in an early rise in the efflux of GSH but
without altering the biliary concentration of GSH (Fig. 9). Thus,
none of the four compounds yielding electrophilic metabolites
significantly increased the excretion of GSSG or the GSSG/
GSH ratio in bile.

An additional class of hepatotoxins that might produce ox-
idative stress is a chemical that yields organic radical metabolites
that can react with membrane lipids to abstract hydrogen atoms,
thereby leading to the formation of lipid hydroperoxides in the
presence of oxygen (25). The latter should stimulate the gen-
eration of GSSG if they are substrates for glutathione peroxidases,
as has been postulated (9, 25). However, carbon tetrachloride
did not increase the biliary excretion of GSSG (Fig. 10) although
similar doses have been shown to produce lipid peroxidation
in vivo in the same animal model (24, 25). Similarly, iproniazid,
another compound activated to an alkylating radical (26), also
failed to stimulate the excretion of GSH and GSSG (Fig. 10).

Discussion

The characteristics of the biliary excretion of GSH and GSSG
are quite distinct. The intrahepatic concentration of GSH and
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Figure 9. Biliary excretion of GSSG and GSH after the
administration of furosemide (#n = 5) and dimethylnitrosamine (n

= 3), two compounds generating electrophilic metabolites that do not
deplete hepatic GSH. Mean+SE. GSSG is expressed as GSH
equivalents. **P < 0.01 *P < 0.05.

the rate of bile flow appear to be the major determinants of
biliary efflux of GSH. Because of the activity of hepatic gamma-
glutamyl transferase, which is responsible for the initial step in
the degradation of GSH and GSSG and is mainly located in
the epithelial cells of the bile ducts (27-30), the actual amount
of GSH leaving the hepatocytes is probably underestimated.
Even in the rat, which has a much lower hepatic activity of
gamma-glutamyl transferase compared with guinea pig and man
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Figure 10. Absence of an effect of carbon tetrachloride (@), 10
mmol/kg i.p., and of iproniazid (®), 0.4 mmol/kg i.p., on the biliary
excretion of GSH and GSSG. Mean+SE of eight animals. GSSG is
expressed as GSH equivalents.
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(31), substantial quantities of cysteinylglycine appear in bile (B.
Lauterburg, unpublished observation) but it is not known how
much of the biliary cysteinylglycine originates from glutathione.
Thus, the activity of gamma-glutamy] transferase should be
considered when comparing the amount of biliary GSH excreted
in different species.

The observation that the biliary concentration of GSH con-
sistently amounts to ~30% of the intrahepatic concentration
over a wide range of hepatic GSH levels is compatible with the
view that intracellular GSH passes into bile passively along a
concentration gradient. That the efflux of GSH is a passive
phenomenon is further supported by the fact that in contrast
to GSSG, GSH is not preferentially excreted into bile (14). The
amount of GSH appearing in bile accounts for only ~25% of
the estimated in vivo rate of hepatic synthesis of 55 nmol/min
per 100 g body weight (32). Most of the remaining hepatic
production of GSH is accounted for by efflux on the sinusoidal
side into blood (12, 13). Experiments with perfused rat liver
demonstrate a preferential flow and temperature-dependent (33)
efflux of GSH into the perfusate and are consistent with our in
vivo data.

In contrast to GSH, on the other hand, GSSG is almost
exclusively excreted into bile in the perfused rat liver (14).
Moreover, the biliary concentration of GSSG is ~20-fold higher
than the intrahepatic concentration of the disulfide (34), indi-
cating the presence of a concentrating mechanism. Unfortu-
nately, the concentration of GSSG in bile canaliculi is not known.
Since GSH undergoes rapid oxidation in bile (15, 35) an arti-
factual increase in biliary GSSG due to oxidation of GSH during
its passage through the biliary tree cannot be ruled out. In ad-
dition, the biliary GSH/GSSG ratio may be modulated by
gamma-glutamyltransferase. In vitro GSH is a much better sub-
strate for the enzyme than GSSG (30) such that the enzyme
could lead to an artifactual decrease in the biliary concentration
of GSH relative to GSSG. Inhibition of the enzyme by any of
the toxins or their metabolites might thus be expected to decrease
the GSSG/GSH ratio in bile and possibly mask an oxidant
stress. However, the excretion of GSH would then increase be-
cause of the decreased extrahepatic catabolism (35). Conversely,
activation of the enzyme might result in an increase in the
GSSG/GSH ratio associated with a decreased excretion of GSH
and GSSG.

Nevertheless, even though extrahepatic oxidation and me-
tabolism might be responsible for some of the GSSG excreted
in the basal state, such mechanisms cannot account for the
marked increase in biliary GSSG observed after the adminis-
tration of t-butyl hydroperoxide, diquat, or nitrofurantoin. Ad-
dition of these compounds to bile in vitro does not enhance
the oxidation of GSH. The striking increase in the GSSG/GSH
ratio occurring concomitantly with a marked increase in the
excretion of GSH plus GSSG therefore indicates that the GSSG
is generated intracellularly and not extrahepatically under these
circumstances. As demonstrated in the perfused rat liver, the
intrahepatic concentration of GSSG indeed increases markedly
under these conditions of oxidative stress but is still ~50 times
lower than the biliary concentration (34), clearly indicating the




presence of a concentrating transport mechanism of GSSG. The
existence of such a transport mechanism is further supported
by the observation that GSSG appears to share its excretory
mechanism with other GSH adducts. The rise in biliary GSSG
after t-butyl hydroperoxide was associated with a comparable
fall in the biliary concentration and the excretory maximum
for BSP conjugates. Since the hepatic concentration of BSP-
GSH did not decrease during the peak excretion of GSSG, the
decreased biliary excretion of BSP conjugates cannot be ac-
counted for by a decreased hepatic uptake of BSP-GSH. More-
over, since BSP-GSH was the infused compound, competition
for GSH for conjugation with free BSP vs. formation of GSSG
cannot explain the decreased excretion of BSP conjugates. This
is reflected by the lack of any effect of BSP-GSH on the biliary
excretion of GSH itself. The inhibition of the biliary excretion
of the GSH adduct of 1-chloro-2,4-dinitrobenzene by GSSG,
and vice versa, which has been demonstrated in the perfused
rat liver, provide further evidence for a shared biliary excretory
mechanism for glutathione adducts including GSSG itself (36).
Of course, unknown or nonspecific effects of t-butyl hydroper-
oxide on anion transport cannot be totally excluded. Neverthe-
less, the peroxide had no effect on an anion (indocyanine green)
transported into bile by a carrier separate from the carrier for
BSP-GSH and GSSG.

Nitrofurantoin and the bipyridylium compounds diquat and
paraquat are thought to produce superoxide anion during
NADPH-dependent redox cycling (4, 37, 38). In the process of
reducing superoxide, several intermediates including H,O, are
formed that are eventually metabolized to water (39). Reduction
of the H,0, intermediate by glutathione peroxidases is the major
detoxifying pathway outside the peroxisomal compartment (9,
40). Because of redox cycling, one mole of one of these com-
pounds should generate many moles of H,O, and hence many
moles of GSSG via glutathione peroxidase. Indeed, the admin-
istration of diquat and nitrofurantoin led to a marked increase
in the biliary excretion of GSSG that greatly exceeded on a
mole per mole basis the generation of GSSG by direct substrates
for glutathione peroxidase such as r-butyl hydroperoxide (Table
II). Inhibition of hepatic glutathione reductase might in part be
responsible for the increased biliary excretion of GSSG caused
by some of the compounds. Nitrofurantoin, for instance, has
been shown to inhibit glutathione reductase in vitro (41). How-
ever, the compound does not inhibit the reductase if administered
in vivo (41, 42), as also confirmed by our studies, indicating
that the increased biliary excretion of GSSG does not result
from a decreased reduction of intrahepatic GSSG.

After the administration of paraquat, the biliary excretion
of GSSG increased only moderately although it still exceeded
the generation of GSSG by -butyl hydroperoxide (Table II).
The moderate effect of paraquat relative to diquat on biliary
GSSG in vivo, which stands in contrast to the greater pulmonary
toxicity of paraquat, is probably due to the greater accumulation
of paraquat in the lungs (43), since paraquat markedly increases
the intrahepatic concentration of both GSSG and mixed di-
sulfides (44) as well as the biliary excretion of GSSG (45) when
injected directly in the isolated perfused rat liver.

Some drugs such as aminopyrine and ethylmorphine can
increase the formation of H,O, by hepatic microsomal prepa-
rations apparently by the release of superoxide anion from
monoreduced oxycytochrome P450 (21). From experiments in
the perfused rat liver, however, other investigators have proposed
that any increases in GSSG produced by aminopyrine in phe-
nobarbital-induced animals do not result from an increased
formation of H,O, intracellularly. Rather, they postulate that
competition for the available NADPH, which also serves as the
hydrogen donor for the metabolism of aminopyrine by P450
monooxygenases, limits the availability of NADPH for reduction
of GSSG (40, 46).

The conclusion from these in vitro studies that aminopyrine
does not produce a significant oxidative stress is consistent with
the present results in noninduced animals in vivo. The increase
in biliary GSSG after aminopyrine observed in our experiments
was associated with a marked increase in GSH but no change
in the GSSG/GSH ratio (Fig. 7). This parallel increase in GSH
and GSSG suggests that the increased excretion of GSSG resulted
from extrahepatic oxidation of biliary GSH rather than from
increased intrahepatic generation of GSSG. Whenever the biliary
excretion of GSH increased markedly in experiments with other
compounds, biliary GSSG also increased (e.g., Table I, Fig. 9).
As discussed previously, inhibition of gamma glutamyl-trans-
ferase could explain the increase in biliary GSH and GSSG
after aminopyrine (35). However, aminopyrine stimulates rather
than inhibits the enzyme (47). The lack of stimulation of GSSG
excretion by ethylmorphine, which is even more potent than
aminopyrine in producing H,O, in the P450 system in vitro,
also supports the view that minimal oxidative stress is produced
by such compounds in noninduced rats in vivo. Small increases
in biliary GSSG must therefore be interpreted with caution and
probably should not be considered to reflect an oxidative stress
unless they are associated with a significant increase in the GSSG/
GSH ratio.

No evidence of oxidative stress was seen with acetaminophen
and chloroform, chemicals that yield electrophilic metabolites
that selectively deplete hepatic GSH and lead to a decrease in
the biliary excretion of GSSG and GSH. The increased biliary
excretion of GSH that occurred shortly after the administration
of acetaminophen was most likely because of the marked increase
in bile flow (Fig. 8). The choleresis-associated increase in efflux,
however, was soon offset by the progressive depletion of intra-
hepatic GSH. During the period of time we followed the biliary
excretion of GSH and GSSG, significant depletion of hepatic
GSH and covalent binding occurs in the same animal model
(48). The absence of a concomitant increase in biliary GSSG
does not support the hypothesis of Wendel and Feuerstein (22)
that oxygen radical-induced lipid peroxidation contributes sig-
nificantly to the toxicity of acetaminophen. Chemicals that yield
electrophilic metabolites that do not preferentially combine with
and thereby deplete hepatic GSH but cause extensive hepatic
necrosis, such as dimethylnitrosamine (5, 49), also did not alter
the biliary excretion of GSSG (Fig. 9).

In addition to H,O,, lipid hydroperoxides generated by or-
ganic radical attack on membrane polyunsaturated fatty acids
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have been considered to be substrates for glutathione peroxidases
(50, 51). It is therefore surprising that a toxic dose of carbon
tetrachloride did not affect the biliary excretion of GSSG, since
an identical dose leads to peroxidation of lipids as demonstrated
by a marked increase in the exhalation of ethane and pentane
and the formation of hydroxy fatty acids in membrane lipids
(24). In a preliminary experiment mentioned elsewhere (52)
and that is included in the data presented in Fig. 10, carbon
tetrachloride was thought to produce a moderate increase in
biliary GSSG. However, subsequent analysis of this study showed
that the GSSG/GSH ratio in bile did not increase significantly,
owing to a proportional increase in biliary GSH. Similarly,
iproniazid, which also is metabolized to an organic radical, did
not increase the biliary excretion of GSSG. Accordingly, the
lack of change in biliary excretion of GSSG at the time of
ongoing lipid peroxidation indicates that membrane-bound hy-
droperoxides may not be good substrates for glutathione per-
oxidases (53). This interpretation is further substantiated by the
observation that depletion of hepatic GSH by administration
of diethyl maleate does not increase the formation of ethane
and pentane or of hepatic hydroxy fatty acids after carbon tet-
rachloride (24).

In conclusion, our data indicate that efflux of GSH from
the liver occurs passively along a concentration gradient such
that the intrahepatic concentration of GSH and bile flow are
the major determinants of biliary excretion of GSH. In contrast,
GSSG appears to be actively secreted into bile against a steep
concentration gradient. The GSSG shares this transport mech-
anism with other GSH adducts. Our studies with selected model
compounds demonstrate that an increased biliary excretion of
GSSG associated with an increase in the GSSG/GSH ratio in
bile is a sensitive index of oxidative stress in vivo. The quan-
titative analysis of biliary output of GSSG can identify com-
pounds that undergo redox cycling, thereby producing more
GSSG on a molar basis than a reference hydroperoxide. Because
the GSH and GSSG excreted into bile cannot be recovered by
the liver (54), the increased demand on the GSH pool resulting
from a prolonged oxidative stress could eventually deplete in-
tracellular GSH (44). Compounds leading to lipid peroxidation
via alkylating radicals, on the other hand, do not increase the
generation of GSSG, probably because membrane-bound lipid
hydroperoxides are not accessible to glutathione peroxidases.
The biliary excretion of GSSG thus complements other in vivo
parameters for the study of reactive intermediates of xenobiotics
such as the determination of covalent binding, the formation
of lipid hydroxy acids, and the depletion of intracellular
GSH (5).
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