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Abstract

Turnover of hepatic gluitathione in vivo in the rat is almost
entirely accounted for by cellular efflux, of which 80-90% is
sinusoidal. Thus, sinusoidal efflux plays a major quantitative
role in homeostasis of hepatic glutathione. Some preliminary
observations from our laboratory (1983. J. PhqnnacoL Exp.
Ther. 224:141-147.) and circumstantial evidence in the literature
seemed to imply that the raising of the hepatic glutathione
concentration above dormal was not accompanied by a rise in
the rate of sinusoidal efflux. Based on these observations, we
hypothesized that the sinusoidal efflux was probably a saturable
process and that at normal levels of hepatic glutathione the
effiux behaved as a zero-order process (near-saturation). We
tested our hypothesis by tlie use of isolated rat livers perfused
in situ, single pass, with hemoglobin-free, oxygenated buffer
medium at pH 7A and 370C. Preliminary experiments estab-
lished a range of perfusion rates (34 ml/min per g) for
adequacy of oxygenation, lack of cell injury, and minimization
of variability contributed by perfusion rates. Hepatic glutathione
was lowered to below normal by a 48-h fast, diethylmaleate
(0.1-1.0 ml/kg i.pJ), and buthionine sulfoximine (8 mmol/kg
i.p.), and raised to above normal by 3-methylcholanthrene (20
mg/kg X 3 d i.p.) and cobalt chloride (0.05-0.27 g/kgY' sub-
cutaneously). Steady3 state sinusoidal efflux from each liver
was measured over a 1-h perfusion, during which the coefficient
of variation of ilutathione in perfusates stayed within 10%.
Hepatic glutathione efflux as a function of hepatic concentration
was characterized by saturable kinetics with sigmoidal (non-
hyperbolic) features. The data were fitted best with the Hill
model and the following parameter values were estimated: V.,,
= 20 nmol/min per g, Km = 3.2 #nmol/g, and n = 3 binding/
transport sites. The efflux could be inhibited reversibly by
sulfobromophtalein-glutathione conjugate but was not affected
by the addition of glutathione to the perfusion medium. The
results support our hypothesis that sinusoidal efflux of gluta-
thione is near saturation (n80% of V.J.") at normal (fed and
fasted) liter glutathione concentrations. The phenomenon of
saturability coupled with the ability to inhibit the efflux leads
us to propose that sinusoidal efflux from hepatocytes appears
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to be a carrier-mediated process. Some recent studies by
others, using sinusoidal membrane-enniched vesicles, also sup-
port these conclusions.

Introduction

Glutathione, a tripeptide ('y-glutamylcysteinylglycine), plays a
key role in numerous physiological regulatory processes and
in detoxification reactions in the hepatocyte (1, 2), where it
exists almost entirely in the reduced form (GSH).' Efflux of
hepatic GSHconstitutes a major component of the homeostatic
regulation of GSH in the liver, since it accounts for at least
85 to 90% of the total cellular turnover of this tripeptide under
normal conditions (3-5). The efflux of GSHtakes place into
both sinusoidal blood and bile (2). However, the sinusoidal
efflux is by far the major component and constitutes from 80
to 90% of the total efflux (4). Therefore, sinusoidal efflux plays
a quantitatively significant role in the total hepatic GSH
turnover and homeostasis.

Although characteristics of the biliary efflux of hepatic
GSHhave been studied in vivo (4) and in canalicular membrane
preparations (6), little is known about the nature and quanti-
tative regulation of sinusoidal efflux. Some circumstantial
evidence from our and other investigators' studies with perfused
livers and isolated hepatocytes (4, 7, 8) implied that the
sinusoidal efflux of GSHmight take place with uniform rates
over a range of intracellular GSHconcentrations near that of
a fed rat. In addition, a GSH transport system has been
proposed from studies with hepatic sinusoidal plasma mem-
brane-enriched vesicles (9). However, it is not known whether
this transport system is involved in the sinusoidal efflux of
hepatic GSHunder physiological conditions.

To gain an understanding of the nature of the sinusoidal
effilux of GSHfrom the intact liver, we studied the kinetics of
this process using isolated rat livers perfused in situ. The aim
of our study was to test the hypothesis that the mechanism of
hepatic GSH efflux may be functioning near capacity or at
saturation (zero-order process) in the livers of fed rats. We
perturbed the liver GSHconcentrations to near steady states
below and above that in the fed state in order to define the
kinetics of the sinusoidal effiux of GSH as a function of
hepatic GSHconcentration.

Methods

Chemicals. GSH, GSH reductase, glyoxalase I (lactoyl-glutathione
Iyase), and NADPHwere obtained from Sigma Chemical Co. (St.

1. Abbreviations used in this paper: BSO, buthionine sulfoximine; BSP,
sulfobromophthalein; DEM, diethylmaleate; GSH, glutathione; 3-MC,
3-methylcholanthrene; Vc and VEC, liver intracellular and extracellular
fluid volumes, respectively.
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Louis, MO). All other materials used were of AR-grade and were
readily available from commercial sources.

Tracers and scintillation spectrometry. [Carboxyl-"C]inulin, 2.6
ACi/mg, 98% pure, and 3H20 (lots 1496-149 and 909-189, respectively)
were obtained from New England Nuclear, Boston, MA). The radio-
activity in perfusates and liver homogenates or protein-precipitated
samples were measured by liquid scintillation spectrometry on a
Beckman counter (model LS-315OT; Beckman Instruments, Inc., Ful-
lerton, CA). Appropriate quench monitoring and corrections were
made.

Animals. Male Sprague-Dawley rats (Hilltop Lab Animals, Inc.,
Scottdale, PA), 200-300 g, were used. The animals had free access to
water and Purina rodent chow (Ralston Purina Co., St. Louis, MO),
unless they were to be studied in the fasted state. In the latter case,
food was removed 48 h before study, causing a 16% loss in body
weight. The livers of all rats except those in the fasted group averaged
- 9 g. In the fasted group they averaged - 6 g. All rats were anesthetized
with an intraperitoneal injection of pentobarbital (50 mg/kg) before
the perfusions (see Isolated liver perfusions, below).

Treatments
To alter the hepatic GSHconcentration to below and above that of
fed rats, the following treatments were used. The three used to lower
hepatic GSHwere as follows.

48-h fast. The effect of such a prolonged fast is a well-established
reduction in the hepatic GSHconcentration by -30% from fed level
(10, 1 1). In our rats, the hepatic GSHdropped from 5.7±0.2 'smol/g
(mean±SE, n = 25) to 4.0±0.2 (n = 10), consistent with earlier reports.

Diethylmaleate (DEM). Intraperitoneal injection of this compound
causes the depletion of hepatic GSHby formation of a GSHconjugate
(12), which is excreted into bile. The excretion is presumably completed
I h after the injection, as evidenced by the reported transient rise in
the hepatic bile flow and fall to normal levels in I h (13). Our
preliminary tests established that depressed levels of GSHreached I h
after DEMinjection were maintained for the additional hour studied.
Weused doses of DEMbetween 0.1 and 1.0 ml/kg to obtain a range
of liver GSH concentrations below that of fed rats for our kinetic
studies.

Buthionine sulfoximine (BSO). This compound is a potent inhibitor
of GSHsynthesis. It inhibits the conversion of cysteine to 'y-glutamyl
cysteine (14). Wesynthesized BSOaccording to the method described
by Griffith (15). Westandardized our BSOdose to 8 mmol/kg i.p. (-4
ml of a 0.5 Msolution of BSO in 0.9% NaCI) in order to lower liver
GSHconcentrations. The results of an initial time study, when the
above dose was used (data not shown), established that the hepatic
GSHconcentration was depleted, with a t,, of -3 h up to -6 h; a
nadir was then reached at about 8 h, after which the GSHreturned to
normal by the next day (24 h). Thus, GSHconcentrations as low as

I /mol/g could be attained by this treatment. For our kinetic studies,
the livers were isolated and perfused (for up to I h) at different
intervals after the BSO injections. The postperfusion liver GSHcon-
centrations were very similar to those obtained in the in vivo time
study, indicating that near-steady state conditions were maintained
during perfusions.

Three types of treatments were tried, two of which were used to
raise the hepatic GSHcontent for our kinetic studies.

Phenobarbital. This compound has been used to induce a rise in
hepatic GSH(4, 16). Doses of 80 mg/kg per d X 3 d i.p. (given in two
injections per day, morning and evening) were used, which raised the
hepatic GSHconcentration to 6.7±0.1 (n = 4) gmol/g. Although the
mean liver GSHlevel of the phenobarbital-treated rats was significantly
above the mean of the fed group (P < 0.05), considerable overlap
existed between the two groups. Therefore, instead of phenobarbital,
other treatments were chosen to raise the hepatic GSHconcentrations
to a level substantially above that of fed rats.

3-Methylcholanthrene (3-MC). Wehave used this compound earlier
to raise the hepatic GSHconcentration (4). In our present study, we
injected 3-MC dissolved in corn oil (20 mg/ml) i.p. (20 mg/kg X 3 d,

morning and evening). A pair of control rats injected with comparable
amounts of corn oil alone had liver GSHconcentration and efflux
similar to those of untreated, fed rats (data not shown). 3-MC treatment
caused a significant rise (P < 0.001) in the mean hepatic GSHconcen-
tration as compared with that of controls, i.e., fed rats (7.6+0.2 SE, n
= 8 vs. 5.7±0.2, n = 25 jsmol/g).

Cobalt chloride (CoClJ. This compound induces a dramatic rise
in the hepatic GSH, presumably by inducing -y-glutamylcysteine syn-
thetase (17). We injected single or multiple doses of 0.05 g/kg CoCI2
(in saline) subcutaneously into the lower dorsal region of the rats.
Doses were given twice a day, morning and evening; the last injection
was always given on the evening before the day of perfusion. A range
of liver GSHconcentrations from -9 to 14 gmol/g could be attained
by cumulative multiple doses of CoC12 ranging between 0.05 and
0.27 g/kg.

Isolated liver perfusions
Livers from untreated (fed) and pretreated rats, as described above,
were perfused in situ, single-pass, with Krebs-Ringer bicarbonate buffer
gassed to equilibrium with 95% 02/5% CO2 at pH 7.4 and 370C. The
method was essentially that described by Sies (18). Wecontinuously
monitored the 02 tension in the inflow and outflow lines to determine
the rate of 02 uptake by the livers. The hydrostatic perfusion pressure
was also continuously monitored and remained well below 10
cmH20-

Wedid a series of preliminary experiments to evaluate the char-
acteristics of our perfused liver model and to compare it with published
data for validation of our system. Weperfused a group of livers that
had normal, subnormal, and supernormal GSH concentrations. In
each perfusion, the rate of flow was varied stepwise in the range of I-
4 ml/min per g, and GSHefflux was determined over a 1 5-min interval
for each flow rate. The results showed that as the perfusion rates
reached .3 ml/min per g the rate of efflux rose to a plateau and
thereafter remained independent of further increases in the perfusion
rate. Similarly, the average 02 uptake rose to plateau values of >1.5
jimol/min per g. Thus, we set a perfusion rate of .3 ml/min per g
and an 02 uptake > 1.5 itmol/min per g as criteria for acceptability of
any perfusion. Besides these parameters, the absence of hepatic cell
injury was ascertained by the absence of glutathione-S-transferase
activity (a cytosolic enzyme) in the perfusates.

Perfusions to define the kinetics of hepatic GSH efflux were
conducted for I h beyond an initial 10-min equilibration after the
onset of the perfusions. The loss of hepatic GSHconcentration after a
I-h perfusion was minor as compared with that in similarly treated
but unperfused livers. Thus, adequate semi-steady state conditions
existed during the kinetic experiments. The existence of near-steady
state conditions was also confirmed by the steady state rates of efflux
observed. Eight equally spaced perfusate samples, taken in each hour-
long perfusion, commonly had a coefficient of variation <10%. The
mean of the eight determinations was used to calculate the rate of
steady state GSHefflux in nanomoles per minute per gram.

When perfusions with sulfobromophthalein (BSP)-GSH conjugate
(synthesized by the method described in reference 19), GSH, or tracers
were desired, these substances were prepared as concentrated solutions
(in perfusion buffer) and infused into the perfusion line far enough
from the liver to ensure thorough mixing before entry into the liver.
The flow rates of the infusions did not exceed 3% of the total perfusion
flow. During control periods (before or after infusion of the desired
substances) the side infusion was maintained with buffer alone and at
rates similar to those of the infused substances.

In our kinetic studies, the perfusion rates were 3.9±0.05 ml/min
per g (mean±SE, n = 85), perfusion pressures were 5.2±0.3 cm H20
(n = 71), and the 02 uptakes were 2.1±0.04 ,umol/min per g (n = 85).

Measurement of liver extracellular and intracellularfluid
volumes (VEC and Vc, respectively)
To test for the possibility of an increased VEC/Vc in the livers of rats
fasted for 48 h vs. those of fed rats (see Discussion), a number of livers
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from each group were perfused as follows. After an initial control
period of perfusion, [carboxyl-"C]inulin and 3H20 were infused into
the inflow line at a constant rate through the side (Y) connection
described above. The rate of infusion of tracers was set to 0.002 and
0.02 ACi/min per ml of perfusate for ['4C]inulin and 3H20, respectively.
Samples from inflow and outflow lines were taken directly for liquid
scintillation spectrometry. Whole liver radioactivities were determined
at the end of each perfusion, after homogenization and precipitation
of the proteins. The steady state specific activities of ["Clinulin and
3H20 in the perfusates (counts per minute per milliliter) and livers
(counts per minute per gram) were used, along with the dry vs. wet
weights of liver samples, to calculate the VEC as a percentage of the
total liver water space.

Assays
Hepatic GSHeffilux was measured by determination of the total GSH
equivalents (reduced GSH+ oxidized glutathione) in the perfusate
samples by the GSHrecycling assay of Tietze (20). The coefficient of
variation of this assay for multiple determinations on samples with
GSH concentration in the range of our perfusates (t0.5-8 ;&M)
averaged -5%. Concentration differences as low as 0.5 uM (or even
lower) could be readily resolved at the low end of the range of values
studied. Our tests on perfusate samples with the glyoxalase I method
(21) indicated that essentially all of the glutathione in the perfusate
samples was in the reduced form, GSH. Liver GSHwas determined
by the method of Owens and Belcher (22) after the proteins were
precipitated from crude liver homogenates (33%, wt/vol, with 0.01 M
sodium phosphate-0.25 Msucrose buffer, pH 7.4) with 10% trichloro-
acetic acid (1:1, vol/vol). Perfusate samples containing BSP-GSH
conjugate were assayed for their BSP content by measurement of
absorbance at 580 nm (19). Corrections were made for the inhibitory
effect of BSP-GSH on the recycling assay.

Kinetic analyses
To select an appropriate kinetic model for estimating the V.,, and
apparent Kmof hepatic GSHeffilux, we tested several standard kinetic
models by attempting to fit them to our data. The fitting (nonlinear
least squares) was done with the SAAMprogram (23) on the IBM
3033 (IBM Instruments, Inc., IBM Corp., Danbury, CT) at the Office
of Academic Computing of the University of California, Los Angeles.
The criteria used for goodness of fit to select the model that fitted the
data best were: (a) absence of systematic deviations of the fitted curves
from the data, and (b) minimum (relative) sum of squared errors.

In our attempts, the kinetic model that fitted the data best (with
or without correction of data for the mitochondrial GSHpool; see
Results and Discussion) was the Hill equation, defined as:
v = Vmax * [GSHFA/(K + [GSHJ'), where Km = VKand n is the number
of cooperative binding/transport sites.

Our attempts to fit models defined by one or two superimposed
hyperbolas with and without additive linear terms were unsuccessful.
In all cases, there were systematic deviations of the fits from the data
and larger sum of squared errors as compared with that obtained with
the Hill model (see Discussion).

Results

Perfused liver studies to define the kinetics of GSHefflux.
Groups of livers from fed and fasted rats, as well as those
from rats given various pretreatments, were perfused as de-
scribed in Methods. The mean GSHefflux computed for each
liver plotted against the corresponding liver GSHconcentration
is shown in Fig. 1. The data were characterized by a rise in
the GSH efflux concurrent with a rise in the liver GSH
concentration from near-fully depleted to normal (fasted and
fed) values. Thereafter, the rate of efflux seems to have reached
a plateau (saturation) independent of further increases in the
hepatic GSHconcentration. The data also seem to be charac-
terized by sigmoidal features.

Kinetic analyses and parameter estimation. As stated in
Methods, we tested a group of standard kinetic models by
attempting to fit them to our data. The best fit (according to
the criteria presented in Methods), represented by the curve
in Fig. 1, was obtained by the use of the Hill equation and
the following estimated values of kinetic parameters:
Vmax= 20 nmol/min per g (±4%, coefficient of variation),
Km = 3.2 umol/g (±5%), and n = 2.9 (±12%).

If we assume that our treatments to deplete the hepatic
GSHpool left the mitochondrial pool essentially intact (see
Discussion), our data can be modified to represent the GSH
effilux vs. cytosolic GSH(modified data not shown). After this
correction, the Hill model still provided the best fit, with the
following parameter estimates: V.,., = 20 nmol/min per g
(±5%), Km = 2.5 ttmol/g (±6%), and n = 2.2 (±16%).
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Figure 1. Data defining the kinetics of hepatic GSHefflux.
Each data point represents the mean efflux of GSHfrom a
single liver perfused over a 1-h interval. *, fed; o, fasted for
48 h; A, diethylmaleate; o, buthionine sulfoximine; A, 3-
methylcholanthrene; and ., CoCk2. The curve represents the
best (least-squares) fit obtained by use of the Hill model (see
Results) and the SAAMprogram (23). All data points were

-' weighed equally. The kinetic parameters defined by the fit
were Vnax = 20 nmol/min per g, Km = 3.2 jsmol/g, and n
= 3.

I

E

E

cp

C

U.U.

0
a

260 M. Ookhtens, K. Hobdy, M. C. Corvasce, T. Y. Aw, and N. Kaplowitz



Comparison offed andfasted groups. A noteworthy feature
of our kinetic data is the relationship between the fed and
fasted groups. When the data in Fig. I representing the fed
and fasted livers were grouped, the picture presented in Fig. 2
emerged. The well-documented phenomenon of the fall, by
-30%, of the hepatic GSHconcentration from fed to fasted

livers was evident. However, this fall was not accompanied by
a fall in the GSHefflux. Thus, the fractional rate of efflux rose
significantly (by 40%) in the fasted state as compared with the
fed. This phenomenon, the apparent maintenance of the GSH
efflux (mass . time-') in the face of a falling liver GSHcontent,
can at least partially account for the reported (I 1) doubling of
the fractional rate of turnover during fasting.

Because we had expressed the GSHefflux as normalized
to gram wet weight of liver tissue, it occurred to us that the
differences between fasted and fed groups discussed above
could be an artifactual one based on the following argument.
If the shifts in the Vc vs. VEC of the fasted livers were toward
a relatively larger VEc/Vc as compared with the fed livers, then
normalizing per gram wet tissue weight would result in a
relatively underestimated liver GSH content in the fasted
livers. In that case, a normalization such as one expressing all
concentrations per gram of cells or milliliter of Vc would be
more appropriate and would perhaps eliminate the differences
described in Fig. 2.

To check for the possibility that VEC/VC was increased by
fasting, a group of livers from fed and fasted rats were perfused
with the added infusion of ['4C]inulin and 3H20 as described
in Methods. The radioactivity of both tracers in the outflow
samples (counts per minute per milliliter) reached a plateau
(steady state) value, equal to that of the inflow samples, within
2 min after the onset of the constant infusion of the mixture
of the two tracers (data not shown). The steady state was
maintained, with no apparent slow trends, for the duration of
the 20-min study.

Table I presents the summary of the results (after plateau
was reached). As can be seen, there were no significant
differences between the VEC of fed and fasted groups.

Inhibition of GSHefflux by BSP-GSHconjugate. A group
of rat livers were perfused with BSP-GSH conjugate (19). In
these perfusions, after an initial control period of 30 min
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Figure 2. Comparison of the fed (o) and fasted (o) groups
presented in Fig. 1. The left panel shows the significant fall
(by 30%) of hepatic GSHconcentration induced by a 48-h
fast. The middle panel shows the equality of the mean efflux
under both conditions. The right panel shows the significant
rise (by 40%) of the fractional rate of efflux in the fasted as
compared with the fed group. *P < 0.001.

during which the livers were perfused with buffer, a constant
step infusion of BSP-GSH was started and maintained for 30
min; the BSP-GSH infusion was then stopped and followed
with a 30-min perfusion with buffer alone. The efflux of GSH
in response to the BSP-GSHconjugate decreased and remained
at a plateau from 15 to 30 min after the onset of BSP-GSH
infusion. This inhibitory effect of BSP-GSH conjugate was
reversible, and 15-20 min after the BSP-GSHstep was turned
off (recovery period) GSHefflux was usually back to the pre-
BSP-GSH or control levels. The plateau values of GSHefflux
between 15 and 30 min after the onset of BSP-GSHsteps were
used to compute the percentage inhibition (as compared with
the control period) of GSH efflux. Table II presents the
summary of the data from four perfusions conducted in this
way. As can be seen, an almost 30% inhibition in the GSH
efflLx was obtained with a concentration of 10 MMBSP-
GSHconjugate.

Effect of perfusion with GSHon efflux. To test for the
possibility of transstimulation or inhibition of GSHefflux by
GSH, we did a group of perfusions in which we infused GSH
into the inflow line (see Methods). A concentration range of
ingoing GSHbetween 10 and 40 ,M did not have any effect
on the GSHefflux (measured as net difference between inflow
and outflow GSH).

Discussion

Although characteristics of the biliary efflux of glutathione
have been examined in some detail (4, 6), only the recent
study by Inoue et al. (9) on sinusoidal membrane-enriched
vesicles addresses the problem of sinusoidal GSHtransport.
Efflux of biliary glutathione in the oxidized form occurs against
a 50-fold concentration gradient (active transport) (24). This
transport accounts for only -30% of the total biliary efflux
(25); we found that 70% of the biliary efflux was in the form
of GSH(25). Biliary efflux of GSHwas down a two- to sixfold
concentration gradient (5-7 gmol/g-' or mMliver to 1-2 mM
bile), and the kinetics defined in our laboratory showed a
proportional (linear) relationship between the biliary GSH
efflux and liver GSH concentration, with no tendency for
saturation at liver GSHconcentrations as high as 8 gmol/g (4,
and unpublished observations). This work was recently con-
firmed by others (26). Inoue et al. (6, 27) have described a
carrier for GSHin canalicular membrane preparations with
Km = 0.33 mM. However, the absence of saturation in biliary
GSH efflux in vivo suggests that this carrier may not be
responsible for the bulk of biliary GSHexcretion.

Sinusoidal efflux of glutathione, almost all in the form of
GSH, occurs down a much larger (>100-fold) concentration
gradient (5-7 ;tmol/g or mMliver to 30-40 MMhepatic vein
plasma). Some preliminary evidence from perfused rat livers
(4, 7) and isolated hepatocytes (8) had indicated that when
hepatic GSHwas raised above normal by phenobarbital treat-
ment or varied in the physiologic range, no apparent concurrent
change took place in the efflux. These observations prompted
us to hypothesize that the process of efflux is perhaps at or
near saturation in a liver with normal GSHconcentrations.
Therefore, we designed experiments with isolated, in situ-
perfused livers to test this hypothesis.

Weused at least two different agents to lower or raise the
hepatic GSHconcentration because we were concerned about
the possible effects of any one of these treatments on the
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Table I. Comparison of VEC and Vc in Livers from Fed Rats and Rats Fasted for 48 h

Body weight Liver
weight/ Liver Liver

Nutritional Before After Liver body Perfusion 02 Liver dry water
state fasting fasting weight weight rate uptake [GSH] weight* spacet VEC§ Vc'1

g g g % mi/mn pmol/min smoI/g %of %of %of %of
per g per g wet wt wet wt water water

space space

Fed
(n = 4) 289±20 10.4±0.3 3.5±0.1 4.1±0.1 2.0±0.1 6.5±0.3 26±0.3 79±4.4 18±2.3 82±1.0

Fasted for
48 h
(n = 3) 307±10 273±11 6.8±0.4 2.5±0.06 4.2±0.3 2.1±0.1 4.1±0.2 26±0.8 72±5.0 16±0.9 84±0.9

All values are mean±SE. * Measured gravimetrically by drying aliquots of liver homogenates. t Measured from the difference between 3H20 in perfusates and liver.
As can be seen, the sum of the liver water space, traced by 3H20, and dry weight (percentage of wet weight), measured gravimetrically, was 100%. This implies both
that the mixing of 3H20 in the liver total water space had been accomplished and that the recovery of the tracer measurements was 100%. Therefore, no correction
to the ['4C]inulin data was necessary. § Measured from the difference between ['4C]inulin in perfusates and livers. 11 Calculated by subtracting VEC from 100% for
each liver.

mechanism of GSH efflux. DEMdepletes the hepatic GSH
pool by forming a conjugate that has to be disposed of (into
bile); therefore, it could possibly inhibit the transport of GSH
by competition for a common carrier and thereby cause the
measurement of an apparent lower efflux in livers depleted of
GSHby DEM. Wedelayed the onset of the perfusion of the
livers of DEM-treated rats to at least 1 h post-DEM injection.
By that time the conjugated DEM-GSHhad presumably been
disposed of, as evidenced by the transient rise and fall of the
rate of bile secretion (13). However, to rule out the possibility
that an inhibitory effect of DEM-GSHconjugate might have
been responsible for the apparent depressed efflux of GSHin
DEM-depleted livers, we used BSOalso. This substance causes
the depletion of the hepatic GSH pool by inhibition of
synthesis at the step of the conversion of cysteine to oy-
glutamylcysteine (14). Thus, presumably, no substances that
could compete with GSHefflux would be present in livers of
rats treated with BSO.

The rates of efflux measured in livers with GSHconcen-
trations raised above those of livers fed by 3-MC treatment
(Fig. 1) already show the tendency toward saturation and seem
to rule out a linear kinetic relationship. However, a much
higher range of liver GSHconcentration needed to be explored
to establish unequivocally that the process of sinusoidal effilux
was saturable. These higher GSHconcentrations were obtained
by CoCl2 treatment. We were also concerned that CoC12
treatment might be able to lower the GSH efilux by an
inhibitory mechanism, resulting in the appearance of a pseu-

dosaturation. That such a pseudosaturation had not occurred
was verified in a separate experiment. When the hepatic GSH
concentration of livers from seven CoCl2-treated rats was
lowered to near-fed levels by DEM injections (I h before
perfusion), GSH effluxes no different from those in four
control (normal, fed) livers used for this study were obtained
(data not shown). Thus, regardless of the way the treatments
were used (even two different ones in the same animal), the
kinetics of efflux seemed to be consistent with the results
shown in Fig. 1. Wealso examined the possibility that CoCl2
might exert a direct effect on the transport mechanisms by
membrane depolarization or some other nonspecific toxicity.
No change in the rate of Na+-dependent uptake of amino
acids in hepatocytes isolated from CoCl2-treated rats as com-
pared with controls was observed (unpublished observations).

Besides the foregoing, there was also a complete absence
of any apparent adverse effects on the livers by any of the
agents and treatments used. This was verified by the consistency
and uniformity of parameters such as 02 uptake, perfusion
pressure, and the absence of enzyme release in the livers from
treated and untreated groups. The viability of hepatocytes
treated with the different agents was checked in the isolated
cell systems and found to be similar to that of the untreated
ones by trypan blue exclusion and the absence of differential
cell injury determined by enzyme release (unpublished obser-
vations). Finally, the livers from all pretreated groups, similar
to those from untreated ones (fed and fasted), maintained
steady effluxes for the 1l-h duration of each perfusion (coef-

Table II. Inhibition of Net Hepatic GSHEfflux by BSP-GSHConjugate in Perfused Rat Livers*

[BSP-GSHJ Net GSHefflux

Liver [GSHJ In Out BSP-GSH uptake Controlt BSP-GSH Inhibition

Amol/g JIM pM nmol/min per g nmol/min per g nmol/min per g %of control

5.6±0.3§ 9.7±1.2 7.4±1.0 9.5±1.8 16.0±0.9 11.4±0.6 29±3

* Livers used in this experiment had 02 uptake (1.9±0.1 smol/min per g) and hydrostatic perfusion pressure (4.0±0.3 cm H20) similar to those
of the livers used in our kinetic studies. There was also no evidence for liver cell injury as monitored by the absence of cytosolic enzyme,
glutathione S-transferase, activity in the perfusates (see text for details of the design). t Control: pre-BSP-GSH efflux. § Mean±SE, n = 4.
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ficient of variation for eight samples taken over the observation
interval usually <10%).

Based on the above discussions, the possibility that our
treatments to raise or lower hepatic GSH above or below
levels in fed livers affected the mechanism of GSHtransport
remains low; however, it cannot be totally ruled out. More
prolonged treatments, such as maintenance of rats on a
selenium-deficient diet, have been observed to cause a substan-
tially higher efflux of GSHthan normal from hepatocytes and
perfused livers (8). However, the possibility that during such
prolonged treatments induction of the carrier takes place and/
or its properties are altered cannot be ruled out.

Our kinetic data (Fig. 1) support the hypothesis that the
sinusoidal efflux of GSHis near saturation (zero-order process)
in the range of normal concentrations of hepatic GSH. In fact,
in the range of mean hepatic GSHconcentrations in livers of
rats fasted for 48 h to concentrations in livers of fed rats
(4.0±0.2 to 5.7±0.2 Amol/g liver), the sinusoidal efflux averaged
16 nmol/min per g liver, which is -80% of the V. (V..
= 20 nmol/min per g liver) determined by our kinetic analysis
(see below).

Our attempts to find a kinetic model that was consistent
with the features of our data and fitted them best led us to
select the Hill model. Note that our choice of this model was
totally ad hoc and based solely on its utility in terms of best-
fitting the sigmoidal shape of our data (which are to a large
extent preserved even when corrected by subtraction for an
estimated mitochondrial pool). Our primary purpose for the
use of the Hill model was the estimation of kinetic parameters.
Two of these parameters, V. = 20 nmol/min per g and
apparent Km = 3.2 Amol/g, can be fairly readily determined
(by the use of an eye-fitted curve) from the kinetic data
without the use of any particular model. The third parameter,
n, which is adjusted to -3 by the iterations during fitting,
poses a dilemma. There is no a priori reason to expect a
multisite carrier for GSH with cdoperativity between the
transport sites. However, this remains as one possibility pre-
dicted by our modeling, provided that systematic errors of
unknown origin have not generated the sigmoidal features of
our kinetic data. Wemust also stress that although the model
we have used is the simplest formulation that can fit sigmoidal
kinetics, it is not unique in this respect; at this juncture,
however, a more exhaustive modeling exercise is unwarranted
because of the absence of additional definitive data to discrim-
inate among the choices of several different models. Inoue et
al. (9) in some recent studies of GSHtransport with hepatic
sinusoidal membrane-enriched vesicles have suggested two
saturable carrier systems for transport of GSH: low and high
affinity with Km = 3.3 and 0.34 mM, respectively. It is inter-
esting that our estimated Km., 3.2 jsmol/g (=mM) is identical
to the Km of their low-affinity carrier. Taken together, these
two results provide strong evidence for the existence of this
carrier and its involvement in the sinusoidal efflux of hepatic
GSH in the intact organ. Whether the high-affinity carrier
Inoue et al. observed is also involved in the efflux of hepatic
GSHfrom the intact organ could not be determined from our
data. It was not possible to obtain satisfactory fits to our data
with the sum of two hyperbolic functions, with or without
subtraction of the mitochondrial pool of GSH (the second
hyperbolic term consistently was adjusted to zero by the
iterations). The only way we could fit two superimposed
functions to our data were by using the sum of a Hill function

and a hyperbola. However, in these trials, although minor
improvements in the fits occurred, the reliability of the estimates
of kinetic parameters were poor (high coefficients of variation
computed by SAAM), such that the apparent Km of the
hyperbolic function could not be resolved from zero.

Our kinetic analysis and interpretation of the data are
based on some inherent assumptions which are worth delin-
eation. To begin with, we initially treated the hepatic GSH
pool as a kinetically (i.e., temporally) homogeneous pool.
Lauterberg and Mitchell (11), presenting tracer-kinetic data
obtained in vivo, have argued for the behavior of hepatic GSH
as a single, kinetically homogeneous pool. The only inhomo-
geneity reported so far has been that caused by the distinction
of the mitochondrial from the cytosolic pools of GSH. Meredith
and Reed (28) have shown that this spatially (anatomically)
distinct pool, accounting for =10% of the total GSHin the
hepatocyte, is temporally (kinetically) distinct; i.e., whereas t1/2
of the cytosolic GSHturnover is =2 h, that of the mitochondrial
pool is =30 h. Thus, the mitochondrial pool appears to be
metabolically distinct from the cytosolic one, and its relative
contribution to the cellular GSHefflux is probably negligible.
We tested the effect of this inhomogeneity on our kinetic
analysis and interpretations by use of the following assumptions.
There is evidence that DEMmay deplete the cytosolic pool of
GSHselectively and not affect the mitochondrial GSH(28).
In the case of BSO, the mechanism of depletion is by inhibition
of synthesis; therefore, the large difference in the tv, of the
cytosolic (n2 h) vs. mitochondrial (-30 h) turnover would
cause a selectively higher depletion of the cytosolic pool,
leaving the mitochondrial pool essentially intact during the
short periods of BSO treatment that we used (1 to 8 h). In
addition, fasting might deplete the mitochondrial pool. Thus,
when either DEMor BSOis used to deplete the hepatic GSH,
the mitochondrial pool that is to be subtracted from the total
to obtain the cytosolic pool is probably equal to that in a fed
liver. Using this correction did not significantly change the
results of our kinetic analysis. Similarly, if we assume that
there was as much as two-thirds depletion of the mitochondrial
pool by fasting, the correction did not change the sigmoidal
shape of the data. Thus, the mitochondrial corrections will
not change the estimates of V. but will shift the Km to a
lower value.

We also verified experimentally that the reason for the
fasting group's lower total hepatic GSHconcentration (30%
lower than for the fed group) was not an artifactual one caused
by our expressing the liver GSHconcentrations per gram of
wet tissue. Thus, we observed no preferential fluid volume
shifts from the cellular to the extracellular in the fasted livers
to warrant any correction. However, the possibility remains
that normalization per weight of wet tissue in the fasted liver
introduces an error if the loss of liver weight is not correlated
with the loss of number of carrier units. Such a lack of
correlation is, for example, possible if the bulk of liver weight
loss in our fasted livers is due to glycogen depletion.

There is the possibility also of other spatial inhomogeneities
of the GSHpool in the liver. Lobular gradients of GSHhave
been observed with histochemical methods (29). The existence
of such gradients would render our analysis as a grossly
lumped, first-approximation approach to defining the kinetic
parameters of sinusoidal GSHefflux from the hepatocyte. The
degree and extent of these inhomogeneities will be instrumental
in revealing the accuracy of our estimates of the kinetic
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parameters obtained by a lumped approach and model. More
detailed and refined studies will be required to clarify these
issues.

An additional observation that supports the likelihood of
the involvement of a carrier-mediated mechanism in hepatic
GSHefflux was the inhibitory effect of the BSP-GSHconjugate.
There was a latency of - 15 min both for inhibited efflux to
reach steady state and for the reversal of the inhibitory effect.
This implies that the BSP-GSH had to be taken up to exert
its inhibitory effect from the cytoplasmic side. Nevertheless,
whether or not the observed inhibitory effect of BSP-GSH is a
competitive one for a common carrier mechanism remains to
be explored. It would require the perfusion of a number of
livers having low to high GSHconcentrations with BSP-GSH
conjugate to see whether at high GSH concentrations the
inhibitory effect is overcome. The specificity of the transport
mechanism for a certain class of molecules with some common
physicochemical properties would be additional support for
the existence of a carrier mechanism. At this point, the
qualitative observation of inhibition of GSH efflux by a
structurally related molecule (BSP-GSH) supports the possibility
that a carrier-mediated process has been inhibited. In a con-
current study in our laboratory with freshly isolated hepatocyte
incubations and very similar kinetics (i.e., sigmoidal and
saturable), we have observed a dramatic and reversible inhib-
itory effect of methionine on the GSHefflux (30). Whether
this inhibition is exerted by competition for a common carrier
also remains to be studied. However, these findings indicate
that sinusoidal efflux of GSH is a regulated process. Wealso
perfused a number of livers from fed rats with elevated levels
of GSH in the perfusion medium. Our aim was to explore
whether GSHconcentrations in the range of 10-40 Am(equiv-
alent to that in the hepatic portal vein of fed rats) would have
any transstimulatory or inhibitory effect on the carrier mech-
anism. No effect on the GSHefflux (net across the liver) could
be established.

Removal of GSHcirculating in blood has been thought to
occur only by its breakdown to cysteine by -y-glutamyltrans-
peptidase, a brush-border enzyme in the renal and intestinal
tissues, and uptake in that form (31). There is some direct
evidence that the uptake of GSHas an intact molecule can
occur in the kidney (32). Such an uptake has not been
demonstrated in the liver (33). However, the overwhelming
electrochemical and concentration gradients in favor of the
efflux of hepatic GSH might make it difficult to measure
uptake of GSHeven when labeled extracellular GSHis used.

In conclusion, we have shown that the process of the
sinusoidal efflux of hepatic GSHis saturable and that it can
be inhibited. At the normal range of hepatic GSHconcentra-
tions (fasted to fed) the rate of this effilux is near (-80%) the
V.. of the transport process. The efflux begins to fall only
with more severe depletion than that obtained by fasting (such
as that caused by DEMand BSO) perhaps to conserve hepatic
GSH. Since sinusoidal effilux of hepatic GSHcomprises the
largest part, i.e., 70-85%, of the degradative component of
total intrahepatic turnover (total efflux accounts for 85-90%
of total hepatic GSHturnover, the sinusoidal component for
80-90% of total efflux) it has a major role in the dynamic
regulation and moment-to-moment maintenance of the ho-
meostasis of intrahepatic GSH. The t% of vascular GSH
turnover is very short (on the order of a few minutes) (33)
and GSHis removed rapidly, mostly by the renal and intestinal

tissues (14). It has been proposed that the liver, by supplying
circulating GSH, acts as a reservoir of cysteine for the rest of
the tissues (10) or regulates thiol-disulfide status of membrane
and plasma proteins. Our significant finding is that in the
normal state of hepatic function the efflux of hepatic GSH
takes place at rates near capacity or saturation (V.,,) of this
process. In fact, even a 48-h fast, which causes a 30% depletion
of the hepatic GSHconcentration, does not cause a perceptible
change in the rate of efflux. Wecan only speculate that purpose
of the maintenance of efflux at near-capacity rates is to ensure
an adequate vascular supply of GSH, probably for a vital
function (such as those mentioned or some others) as far as
the rest of the organism is concerned. Whether the turnover
of vascular GSHserves such a proposed vital function or is a
futile cycle remains to be seen.
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