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Abstract

In cultured rat hepatocytes, cystine led to an inhibition of GSH
efflux by lowering the V.,,. by - 35% without affecting the
K,. The cystine-mediated inhibition of GSHefflux was rapid
in onset (< 1 h), with near maximum effect at 0.1 mM. Inhibi-
tion was still observed when cystine uptake was prevented. Cys-
tine and sulfobromophthalein-GSH, a selective inhibitor of si-
nusoidal transport of GSH, did not exhibit additive inhibitory
effects on GSHefflux. Depletion of ATPor membrane depolar-
ization after cystine treatment were excluded as potential mech-
anisms. DT1 not only reversed the cystine-mediated inhibition
of GSHefflux, it stimulated GSHefflux up to 400-500%. The
DTT effect was immediate in onset, reaching maximum after
30 min, and was partially reversed by cystine, suggesting that
the two share a common site(s) of action. DTT treatment did
not alter cellular ATP levels or change the membrane potential.
In cultured hepatocytes, D1T treatment increased the V, of
GSHefflux by - 500% without affecting the K.. Inhibition of
microtubular function and vesicular acidification did not affect
basal or DT' stimulated efflux. Both cystine and DTT effects
on sinusoidal GSHefflux were confirmed in perfused livers. In
summary, the capacity of the sinusoidal GSHtransporter is
markedly influenced by thiol-disulfide status. (J. Clin. Invest.
1993. 92:1188-1197.) Key words: cystine * DYT- BSP-GSH.
sinusoidal GSHefflux. sulfhydryls

Introduction

GSHis a tripeptide that is found in all mammalian cells, with
especially high levels in the liver. GSHhas important protec-
tive and metabolic functions ( 1, 2). The liver plays a central
role in a complex interorgan homeostasis of GSHby being the
predominant source of plasma GSH(3). Within the hepato-
cyte, there are several GSHtransport systems. The sinusoidal
GSHtransport system, located in the basolateral membrane of
the hepatocyte, releases GSHinto blood. A distinct GSHtrans-
port system localized in the canalicular membrane translocates
GSHinto bile ( 1), and an intracellular GSHtransport system
localized in the inner mitochondrial membrane mediates the
transport of GSHfrom cytosol into this organelle (4). Our
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laboratory has studied GSHtransport extensively using differ-
ent experimental models. The effilux of GSHfrom the perfused
liver and isolated hepatocytes is a saturable process (5, 6) that
can be competitively inhibited by organic anions, bilirubin (7),
and methionine (8). Furthermore, we have shown that mem-
brane potential is a driving force for the transport of GSH, so
that hyperpolarization increases and depolarization decreases
the release of GSH(9). GSHefflux is also under hormonal
control, both in primary cultures of rat hepatocytes and in
perfused livers; cAMP-dependent hormones stimulated sinu-
soidal GSHrelease by hyperpolarization of the plasma mem-
brane potential (10). Recently, our laboratory demonstrated
bidirectional GSHtransport by a sinusoidal GSHtransport
system with low affinity for both efflux and uptake (1 1, 12).
However, the sinusoidal GSHtransporter operates as a net ef-
flux pump under normal physiological conditions because the
intracellular GSHconcentration is several orders of magnitude
greater than the extracellular GSHconcentration. In our pre-
vious studies, we have noted a lower capacity for GSHI effilux in
cultured hepatocytes compared with freshly isolated cells ( 10).
In the present studies, examining culture conditions initially
revealed the novel finding that cells cultured in standard me-
dium (containing - 0.2 mMcystine) exhibited lower efflux
than cells cultured without cystine. This led us to a detailed
examination of the effects of disulfides and thiols on GSHex-
port in cultured hepatocytes and the intact liver.

Methods

Materials. GSH, oxidized glutathione (GSSG),' collagenase (type
IV), BSA, L-methionine, L-cystine, NADPH, 5,5'-dithiobis-(2-nitro-
benzoic acid), sodium EDTA, GSSGreductase, hydrocortisone, insu-
lin, DL-DTT, L-DTT, dithioerythritol (DTE), cysteamine, cystamine,
taurocholic acid, ouabain, L-(S-55)-a-amino-3-chloro-4,5-dihydro-5-
isoxazoleacetic acid (acivicin), serine, Hepes, colchicine, lumicolchi-
cine, chloroquine, nocodazole, monensin, and calmidazolium were
purchased from Sigma Chemical Co. (St. Louis, MO). Staurosporin
was purchased from Boehringer Mannheim Corp. (Indianapolis, IN).
Custom-made sulfur amino acid-free DME/F-12 medium (SAF) was
purchased from Irvine Scientific (Irvine, CA). Fetal bovine serum was
purchased from Gemini Bio-Products, Inc. (Calabasas, CA). HPLC-
grade methanol was purchased from Fisher Scientific Co. (Springfield,
NJ). Thiolyte MQwas purchased from Calbiochem Corp. (San Diego,
CA). [3H]Alanine (85 Ci/mmol) and [14C]sucrose (0.25 mCi/
mmol) were purchased from NewEngland Nuclear (DuPont, Boston,
MA). BSP-GSHwas enzymatically synthesized from the GSHS-trans-
ferase (GST) catalyzed reaction between GSHand sulfobromophtha-
lein (BSP) under'alkaline conditions as previously described (7). BSP-
GSHwas separated from unreacted BSP by acetone extraction and

1. Abbreviations used in this paper: ANOVA,analysis of variance; BSP,
sulfobromophthalein; CySSG, cysteine-GSH mixed disulfide; DTE,
dithioerythritol; GSSG,oxidized glutathione; GST, GSHS-transferase;
SAF, sulfur amino acid-free DME/F-12 medium.
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assayed at 580 nm under alkaline conditions. The conjugate was col-
lected, lyophilized, and stored at -20'C until use. Cysteine-GSH
mixed disulfide (CySSG) was synthesized according to the method of
Eriksson and Eriksson ( 13 ).

Animals. Male Sprague-Dawley rats (Harlan Laboratory Animals,
Inc., Indianapolis, IN), weighing 260-320 g, were maintained on ro-
dent chow (Ralston Purina Co., St. Louis, MO)and water ad libitum.

Cell culture preparation. Hepatocytes were isolated aseptically ac-
cording to the method of Moldeus et al. (14). Initial cell viability as
determined by 0.2% trypan blue exclusion was 2 90%. The control
medium used was SAF, containing high glucose (3,151 mg/liter), 10%
fetal bovine serum, insulin (1 Mg/ml), hydrocortisone (50 nM), and
supplemented with methionine (1 mM). 1.5-2 x 106 cells in 5 ml
control medium were plated on 60 X 15-mm dishes precoated with rat
tail collagen and incubated at 370C in 5%C02, 95%air. In some exper-
iments, to achieve very high levels of cell GSH, low numbers of cells
(0.5 X 106 cells) were plated. This has been previously demonstrated
not to affect GSHefflux kinetics (10). Medium was changed 2-3 h
after plating to remove dead, unattached cells. On the average, plating
efficiency was - 60%. The replacement medium was the same as con-
trol medium except for omission of serum and addition of varying
concentrations of cystine (for overnight cystine time course and dose-
response studies). In studies of more acute time course, after medium
change, the agent of interest was added to medium the next morning
(18 h after plating) for various time periods.

GSHefflux in cultured cells. All experiments were carried out 20-
24 h after plating. The medium was aspirated, cells were washed twice
with Krebs-Henseleit buffer, supplemented with 12.5 mMHepes (pH
7.4), and then were incubated with 5 ml Krebs at 370C in 5%CO2for
90 min. To determine the effect of temperature, in some experiments
cells were washed with ice-cold Krebs and then incubated with 5 ml
Krebs on ice for 90 min. In experiments assessing the effect of BSP-
GSH(40 1AM), it was added back in Krebs buffer during the 90-min
incubation. Aliquots of supernatant ( 500 ,l) were removed at 5, 30, 60,
and 90 min for GSHdetermination by the method of Tietze ( 15) or for
determination of mass and molecular form of GSHby HPLCaccord-
ing to the method of Fariss and Reed ( 16). GSHvalues obtained by
these two methods agreed closely, generally within 15%. The presence
of BSP-GSH (40 ,M) in the buffer did not affect the recycling assay
(15) under our conditions, as the recovery of added GSHstandard
(10-50 MM) was the same with or without it. The accumulation of
GSHin the supernatant was linear over 90 min as we previously re-
ported ( 10); thus efflux rates were calculated by linear regression. In
parallel experiments, cell lysis during the course of incubation was esti-
mated by measuring the release of GSTfrom the cytosol into the super-
natant as a fraction of total cellular enzyme activity using l-chloro-2,4-
dinitrobenzoic acid and GSHas substrates ( 17). Cell lysis was < 5%
and did not increase during the 90-min incubation for controls as well
as any of the treatments. At the end of the experiments, cells were
detached by trypsin-EDTA (0.05%, 0.02%, respectively) for cell count-
ing by both Coulter counter and hemocytometer and analysis of viabil-
ity, which was 2 90% as determined by trypan blue exclusion. In addi-
tion, cell diameter was estimated by the Channelyzer (Coulter
counter). Cellular GSHwas extracted with 10% TCA solution and,
after centrifugation at 13,000 g in a microfuge (Beckman Instruments,
Inc., Fullerton, CA) for 1 min to remove the denatured proteins, total
GSHwas measured by the method of Tietze (15) in the supernatant
samples. In other experiments, the above supernatant samples after
centrifugation were derivatized for HPLCanalysis ( 16). To measure
cellular GSTcontent, cells were scraped off the plates with a rubber
policeman and treated with 10% Triton X-100 in PBS ( 1: 1, vol/vol).
After centrifugation in a microfuge, enzyme activity was measured as
previously described.

GSHefflux in in situ liver perfusions. The design, method, and
apparatus for in situ liver perfusions were as previously described (5).
For each in situ liver perfusion, the bile duct was cannulated with
PE-10 tubing (Clay Adams, Parsippany, NJ) and bile was collected
after a retrograde biliary infusion of 20 gmol/kg acivicin (in 200 Ml

volume), an irreversible inhibitor of y-glutamyl transpeptidase. Dur-
ing perfusions (45-55 min), bile flow was maintained by adding tauro-
cholate ( 15 uM) to the Krebs-Ringer buffer. The perfusion rates using
oxygenated Krebs-Ringer bicarbonate buffer were 4.23±0.15 ml/min
per g liver, pressure generated by the perfusion of liver was 4.0±0.3 cm
H20, and the 02 uptakes were 2.3±0. 1 Mmol/ min per g liver during the
control period (mean±SEM, n = 13). These values did not change
significantly during treatment periods and they compare closely to
those reported previously ( 5, 10). Perfusate samples were taken at the
end of 5-min intervals, whereas bile samples were collected continu-
ously at 10-min intervals. Perfusate and bile GSHwere measured by
the method of Tietze ( 15) (during control periods) and by HPLC. For
each perfusion there was a control period (10 min) followed by treat-
ment with the agent of interest ( 15-30 min) and a recovery period ( 15
min). Bile flow rates were determined gravimetrically. Cell lysis was
monitored by the measurement of GST in the perfusates, and no cu-
mulative lysis was detected up to 55 min. GSHlevel was measured at
the beginning and end of the experiment in liver biopsies (0.2 g) by
both the method of Tietze ( 15) and HPLC.

Measurement of paracellular permeability in in situ liver perfu-
sions. Paracellular permeability was measured by using steady state
infusions of tracer [ '4C] sucrose ( - 0.1 MCi/min per g), a commonly
used marker of paracellular transport ( 18, 19). The protocol for liver
perfusions was the same as above except for the omission of acivicin
pretreatment. Perfusate samples were collected at the end of 5-min
intervals while bile samples were collected continuously over the same
period. The steady state ratios of bile-to-perfusate '4C concentrations
were used as an index of paracellular permeability. This was deter-
mined for control ( 15 min) and treatment ( 15 min) periods.

Alanine uptake by cultured rat hepatocytes. Alanine uptake was
measured according to the method described by Van Dyke and
Scharschmidt (20). The medium used for washing and stopping up-
take was a balanced electrolyte solution with the following composition
(mM): 130 NaCl, 5 KCl, 0.8 MgSO4, 1.2 CaSO4, 0.8 Na2HPO4, 5
NaHCO3, 10 Hepes (adjusted to pH 7.4 with NaOH), and 5 glucose.
Transport medium was the same medium supplemented with
nonradioactive alanine (0.5 mM), [3H]Alanine (1 MtCi/ml), and
aminooxyacetate (2.5 mM) to inhibit alanine metabolism. Cultured
cells were washed twice (2 ml each) with prewarmed buffer and trans-
port was initiated by addition of 1 ml transport medium. After incuba-
tion at 37°C for the required time, uptake was terminated by washing
five times (2 ml each) with ice-cold wash buffer. Cells were then dis-
solved with 0.5 ml of 0.5 NNaOH; an aliquot was used for determining
the radioactivity and another for protein assay by reagent (Bio-Rad
Laboratories, Richmond, CA). To estimate trapping, uptake at 4°C
(on ice) was studied in parallel. Duplicate plates were used for each
time point and condition. The difference between 37 and 4°C uptake
values represented true uptake. Uptake was expressed as nmol alanine/
mgprotein per min.

Cellular ATPcontent. Cultured hepatocytes were plated under dif-
ferent media conditions and cellular ATP levels were determined by
HPLCaccording to the method of Jones (21 ).

Kinetic analyses. The kinetic model used to estimate the apparent
V. and the K., as before ( 5, 6, 10), was the Hill equation represented
by: V = V.,. (GSH)n/[K.M + (GSH)'], where n is the number of
binding/transport sites. Nonlinear least-squares fitting was done with
the SAAMprogram (22) on an IBM 3090 computer. A detailed discus-
sion regarding the selection of the appropriate kinetic model and crite-
ria used for goodness of fit has been presented previously ( 5, 10).

Statistical analysis. For cultured cells, each cell prep was derived
from one animal and triplicate plates were used for each condition as
well as time points except in the case of alanine uptake (duplicate plates
were used). The mean of each triplicate (or duplicate) from one experi-
ment was considered n = 1 and the means of multiple experiments
were compared by paired Student's t test in the case of two comparisons
or one-way analysis of variance (ANOVA) followed by Fisher's test for
multiple comparisons. Whenever percentage data were compared, they
were transformed with the arcsin square root transformation before
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ANOVAanalysis. For perfused livers, treatment (mean of three highest
or lowest values after the start of treatment) and recovery values (mean
of last three values after termination of treatment) were compared with
control (mean of three determinations during the control period) by
ANOVAfollowed by Fisher's test. For comparison of kinetic parame-
ters, unpaired t test was used where n = number of cell preps that
included the entire range of cell GSH. Two-tailed t tests were used
unless otherwise noted.

Results

Effects of cystine on GSHefflux in cultured rat hepatocytes
Kinetics. In preliminary studies not shown, we observed

lower GSHefflux from cultured hepatocytes after overnight
incubation in DME/F- 12 supplemented with methionine ver-
sus SAF medium supplemented with methionine. Since the
only difference in these two conditions is cystine present in
DME/F- 12, the effect of cystine on the kinetics of GSHefflux
was assessed by culturing rat hepatocytes in the control me-
dium (SAF, containing insulin, hydrocortisone, and 1 mMme-
thionine) versus control medium plus 0.18 mMcystine (to
simulate standard DME/F-12 medium) for 20-24 h. Effilux
was then determined in amino acid-free buffer. Fig. 1 shows
the relationship of cell GSHand GSHefflux rate. Cell GSH
represents the sum of supernatant and cell GSHat the end of

1.2 -
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0.8-

gr 0 *

0.6- .
0
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0 100 200 300 400 500
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Figure 1. GSHefflux from hepatocytes cultured in control medium
(SAF supplemented with 1 mMmethionine) (o) compared with
control medium plus 0.18 mMcystine (A) and pretreatment with 2
mMDTT for 30 min (o). Data pooled from 13 different cell preps
are represented. Cell GSH(the sum of cell and supernatant GSHat
the end of effilux experiments) was varied by pretreating cells with
varying doses of diethyl maleate (0.03-0.3 mMfor 30 min). In addi-
tion, very high GSHvalues were obtained under low cell density
conditions (see Methods). The solid lines represent nonlinear least
squares computer fits of the Hill equation to the data using the SAAM
program. n, the number of binding/transport sites, had to be con-
strained to 2 to avoid systematic deviations between the fitted curves
and the data. Vn,, and Kmwere determined by the program. The
V,,, values (nmol/ 106 cells per min) were control medium
= 0.24±0.01, plus cystine = 0.16±0.01, plus DTT = 1.20±0.06. The
Kmvalues (nmol/ 106 cells) were control medium = 124±5.8, plus
cystine = 124±6.8, plus DTT = 146±8.7. Values are mean±SD. P
< 0.05 between V,, values of cystine and DTT treated vs. control
medium by unpaired t test. The Kmvalues did not differ significantly.

the efflux experiment (equivalent to cell GSHat the start of
effilux measurements) since there is no GSHsynthesis during
the 90-min incubation in Krebs-Henseleit buffer in the absence
of precursor amino acids ( 10). From the data in Fig. 1 the
following kinetic parameters for GSHefflux (mean±SD) were
calculated: V. = 0.16±0.01 nmol/ 106 cells per min and Km
= 124±5.8 nmol/ 106 cells for cells cultured in control me-
dium plus 0.18 mMcystine; V_,_ = 0.24+0.01 nmol/ 106 cells
per min and Km= 124±6.8 nmol/ 106 cells for cells cultured in
control medium. The difference in Vm,, was significant (P
< 0.05, unpaired t test). The medium pH, cell diameters, and
cell viability were unaffected by the addition of cystine (data
not shown).

Dose dependence and time course. Table I shows the dose
effect of cystine on GSHefflux from cultured hepatocytes after
overnight incubation. There was a near maximal, 50%, inhi-
bition in GSHefflux when cells were incubated in the presence
of 0.1 mMcystine overnight; a concentration of cystine that
approximates that found in rat plasma (23). In terms of the
time course of the cystine inhibitory effect on GSHefflux, we
noted maximum inhibition after 1 h of pretreatment of cells
with 0.5 mMcystine without recovery for 90 min after cystine
removal ( 1 h pretreatment: control cell GSH= 1 13±9.7 nmol/
106 cells, GSHefflux rate = 0.12±0.01 nmol/ 106 cells per
min; cystine-treated cell GSH = 102±8.8, GSHeffilux rate
= 0.05±0.003 or - 43% of control rates; results are expressed
as mean±SEM from four cell preparations and GSHefflux
rates are significantly different from controls; P < 0.001 by
paired t test). With shorter duration of exposure (15 min),
there was inhibition of GSHefflux initially (up to 30 min after
cystine removal), which subsequently recovered to that of con-
trol efflux rates (data not shown).

Relationship of cystine transport and the ability of cystine to
inhibit GSHefflux. Wenext examined whether cystine uptake
is required for the inhibition of GSHefflux. Weas well as
others have shown previously that cystine uptake is induced
(via the X- system and inhibited by glutamate) in cultured rat
hepatocytes, especially in the presence of insulin and hydrocor-

Table I. Dose Effect of Cystine on GSHEfflux
from Cultured Hepatocytes after Overnight Incubation

Fractional
Dose Cell GSH GSHefflux GSHefflux*

nmol/min % total GSH
mM nmol/106 cells per 106 cells effluxed/h

0 100±17 0.11±0.01 6.8±0.8
0.02 96±20 0.08±0.01t 5.0±0.6
0.1 92±17 0.05±0.01* 3.7±0.5*
0.5 89±18 0.04±0.01t 3.1±0.5*

Results are expressed as mean±SEMfrom five cell preparations. Cells
were cultured in control medium (SAF supplemented with 1 mM
methionine, see Methods) with varying concentrations of cystine
added. After an overnight incubation, medium was aspirated and cells
were washed free of cystine and GSHefflux was determined in Krebs
buffer alone (see Methods for details). Cell GSHrefers to the sum of
cell and supernatant GSHat the end of efflux experiments. * Frac-
tional GSHefflux = %of total GSH(cell + supernatant) that ap-
peared in the supernatant per hour. * P < 0.05 vs. control by AN-
OVAfollowed by Fisher's test.
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tisone (24, 25). Using conditions (coincubation of cells with
0.1 mMcystine and 2.5 mMglutamate for 1 h) where cystine
uptake would be negligible as we have previously shown (25),
we saw no change in the inhibitory effect of cystine on GSH
efflux (control cell GSH= 81±2 nmol/ 106 cells, GSHefflux
rate = 0.09±0.02 nmol/ 106 cells per min; cystine plus gluta-
mate-treated cell GSH= 83±2, GSHeffilux rate = 0.05±0.02;
results are expressed as mean±SEMfrom three cell prepara-
tions and GSHefflux rates are significantly different; P < 0.01
by paired t test). Treatment with glutamate alone had no influ-
ence on GSHefflux (data not shown).

To further address the temporal relationship of cystine
transport and the ability of cystine to inhibit GSHtransport in
cultured hepatocytes, we studied both at 2 h after plating. As
early as 2 h after plating, treatment of cultured cells with cys-
tine (0.5 mMfor 1 h, treatment began 1 h after plating) also
significantly inhibited GSHefflux (control cell GSH= 86±1,
cystine treated = 85±2 nmol/ 106 cells; control GSHefflux
= 0.17±0.01, cystine treated = 0.10±0.01 nmol/ 106 cells per
min; results are expressed as mean±SEMfrom three cell prepa-
rations; P < 0.05 between the two GSHefflux rates). At the
same time, there was no glutamate-inhibitable cystine uptake
(data not shown). This is in agreement with findings of Takada
and Bannai (24), who noted induction of cystine transport via
the glutamate-inhibitable Xc system in culture required a time
lag of 12 h. Thus, these results strongly suggest that there is
dissociation between cystine transport and its ability to inhibit
GSHefflux and that cystine exerts its inhibitory effect from
outside the cell.

Polarity. To assess the polarity of the cystine effect in cul-
tured hepatocytes, we studied the effect of BSP-GSH, a selec-
tive sinusoidal GSHtransport inhibitor (7), on cystine-me-
diated inhibition of GSHeffilux. As shown in Fig. 2, when
cultured hepatocytes were incubated with BSP-GSH(40 ,4M),
total GSHefflux was inhibited by - 40%, similar to that ob-
served previously (7). Cystine (0.5 mM)coincubation did not
result in further inhibition of GSHefflux. Furthermore, BSP-
GSH exerted no additional inhibition after cells were pre-
treated with cystine first (GSH efflux rates in nmol/ 106 cells
per min: control = 0.10±0.02, cystine [0.5 mM, 1-h pretreat-
ment] = 0.04+0.01, BSP-GSH [40 AM, 1-h pretreatment]
= 0.05±0.003, cystine treatment first followed by its removal
and BSP-GSHtreatment = 0.04±0.01; results are expressed as
mean±SEMfrom four cell preparations; P < 0.05 between
each treatment group and control by ANOVA. Cell GSHval-
ues [104±12.2 nmol/ 106 cells] were similar among these
groups). Thus, the BSP-GSH-insensitive transport, presum-
ably the canalicular equivalent, was not affected by cystine,
suggesting that cystine inhibits sinusoidal GSHtransport. The
inhibitory effect of BSP-GSHwas rapidly reversible since no
inhibition was seen when BSP-GSH was not present in the
Krebs buffer during the 90-min efflux experiment (data not
shown). This rapid reversibility also excludes a nonspecific
toxic effect of BSP-GSHon cultured hepatocytes.

Possible mechanisms. In examining the potential mecha-
nisms of cystine-mediated inhibition of GSHefflux, we system-
atically examined the effect of cystine on possible or known
driving forces of GSHefflux, namely cellular ATP and mem-
brane potential (9, 10). The former is especially important
since cystine loading (0.5 mM) of proximal tubule cells has
been shown to inhibit bicarbonate and glucose transport by
depleting cellular ATP ( - 50%depletion) (26, 27). However,

0.08 *

-0 *

nco

LU0

0 0.04E
C

0.02-

0.00
Control medium +BSP-GSH +Cystine +Both

Figure 2. The effect of BSP-GSHon GSHefflux and cystine-mediated
inhibition of GSHefflux from cultured hepatocytes. Cells were cul-
tured overnight in the control medium with either BSP-GSH (40
MM), cystine (0.5 mM), or both. The next day, the medium was as-
pirated and the cells were washed twice. GSHeffilux studies were
carried out in Krebs buffer alone after overnight incubation in control
medium±cystine or in Krebs buffer with BSP-GSH(40uMM) added
back after overnight incubation in control medium + BSP-GSH. Re-
sults are expressed as mean±SEMfrom four cell preparations. Cell
GSH(the sum of cell and supernatant GSHat the end of efflux ex-
periments) did not differ significantly among the different groups
(control medium = 121+1 1, +BSP-GSH = 140±12, + cystine
= 111±12, + both = 133±11 nmol/ 106 cells). *P < 0.05 vs. control
medium by ANOVAfollowed by Fisher's test.

we found no difference in cellular ATP levels after overnight
incubation of cultured hepatocytes with 0.5 mMcystine (con-
trol = 15.1±0.99, cystine treated = 17.1±1.09 nmol/ 106 cells,
n = 3 cell preparations).

Weused alanine uptake as an indirect measure of changes
in membrane potential since its initial rate of uptake is known
to be influenced by membrane potential and is inhibited by
ouabain (28). Like others, we also found alanine uptake to be
linear to 2 min; thus all studies were done at 2 min of incuba-
tion. Whencells were pretreated with ouabain (1 mM) for 30
min, alanine uptake was inhibited by 25%, whereas cystine (0.5
mM) pretreatment had no effect on alanine uptake (control
= 0.58±0.1 1, cystine pretreated = 0.54±0.14, ouabain pre-
treated = 0.43±0.09 nmol/mg protein per min; results are ex-
pressed as mean±SEMfrom four cell preparations; P < 0.05
between ouabain pretreated and control by ANOVA). Thus, it
is unlikely that cystine inhibited GSHefflux by depolarizing
the membrane potential.

Since the recycling assay ( 15 ) used to measure GSHdoes
not detect CySSG, one possible explanation for the apparent
cystine-mediated inhibition of GSHeffilux is that, after cells are
loaded with cystine (minimum pretreatment time of 1 h was
used in above studies), there may be a slow release of cystine
into the supernatant during the efflux experiment (90 min)
even though incubation media were washed free of cystine be-
fore determining GSHefflux. Supernatant (90 min) and cell
(after TCAprecipitation, see Methods) samples therefore were
processed for HPLCto determine the molecular form of GSH.
Wefound no supernatant or intracellular CySSGunder these
conditions. Furthermore, 99%of the GSHin both supernatant
and cells was present as the reduced form. After cystine pre-
treatment (0.5 mMfor 1 h) the amount of GSH(in nmol/ 106
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cells) was decreased in the 90-min supernatant sample (control
= 18.1±2.1, cystine = 12±1.9) but increased inside the cell
(control = 75.8±7.5, cystine = 87.3±6.5) whereas total GSH
was unchanged (control = 93.3±7.6, cystine = 97.6±7.4) com-
pared with controls (results are expressed as mean±SEMfrom
six cell preparations, P < 0.05 vs. control by paired t test in the
cases of cell and supernatant GSH), reflecting the inhibition of
efflux.

Finally, to see if the effect of cystine on GSHefflux is me-
diated by formation of disulfides, we treated cultured cells
overnight with cystine (0.5 mM) followed by treatment with
DTT (2 mM) for 30 min to reduce disulfides before efflux
experiments. Table II shows that DTT not only completely
reversed the inhibitory effect of cystine, but unexpectedly stim-
ulated GSHefflux. A potential error is the assay used to mea-
sure GSH, which relies on 5,5'-dithio-bis-(2-nitrobenzoic acid)
(DTNB) ( 15). DTT also reacts with DTNBand could give
falsely elevated values (even though DTT was washed off be-
fore experiments, it is possible that DTT that had accumulated
in cells was slowly released during efflux studies). However, we
confirmed the DTT-induced increase in GSHefflux by per-
forming HPLCanalysis, which clearly differentiates GSHfrom
DTT (data not shown).

Contribution of CySSGto inhibition of GSHefflux. Even
though there was no CySSGformed during efflux experiments
after removal of cystine, it is well known that, in the presence of
cystine, the effilux of GSHresults in the formation of CySSGin
the medium, which in fact has been used by some investigators
to estimate GSH efflux (29). To address the question of
whether it was cystine or CySSG, or the combination that inhib-
ited GSHefflux, the amount of CySSGformed during cystine
incubation was quantitated by HPLCin some experiments and
in others by measuring the amount of GSHeffluxed into the
medium in the controls (thus, maximum amount of CySSG
that could have formed). Cell GSHwas varied by pretreating
cultured cells with diethyl maleate (0-0.5 mM) for 20 min to
have different amounts of CySSGpresent during cystine (0.5
mM) incubation (30 min). GSHeffilux was then measured in

Table IL Effect of DTTon Cystine-mediated Inhibition
of GSHEfflux from Cultured Hepatocytes

Fractional
Condition Cell GSH GSHefflux GSHefflux

nmol/min %of total GSH
nmol/106 cells per 106 cells effluxed/h

Control 138±26 0.11±0.01 5.2±0.67
+Cystine 140±26 0.06±0.02* 2.4±0.31*
+DTT 115±10 0.45±0.05* 24±1.7*
+DTT and cystine 155±34 0.68±0.18* 26±1.8t

Results are expressed as mean±SEMfrom six cell preparations. Cells
were cultured in control medium (control, SAFsupplemented with
I mMmethionine), plus cystine (0.5 mM)or vehicle overnight. The
next day cells were treated with DTT (2 mMadded to culture me-
dium) or vehicle for 30 min before efflux experiment. Before efflux
experiment, both agents were removed and cells were washed twice
and GSHefflux was determined in Krebs buffer alone. Cell GSH
refers to the sum of cell and supernatant GSHat the end of efflux
experiments. * P < 0.05, * P < 0.01 vs. control by ANOVAfol-
lowed by Fisher's test.

Krebs buffer alone. GSHefflux was still inhibited by cystine
(- 60±3% of controls) after exposure to formed CySSGvary-
ing from 0.1 to 1.8 gM (results are from seven cell prepara-
tions). The degree of inhibition did not correlate with the con-
centration of CySSGpresent at the end of the cystine treatment
period. Finally, the effect of CySSGon GSHefflux in cultured
cells was directly examined by treating cultured cells with 2.0
,uM of CySSGfor 1 h. CySSGhad no effect on GSHefflux at
this concentration (cell GSH: control = 143±3, CySSG
= 136±13, cystine control (0.5 mM)= 135±9 nmol/ 106 cells;
GSHefflux: control = 0.11±0.01, CySSG = 0.10±0.01, and
cystine = 0.06±0.01 nmol/ 106 cells per min; results are
mean±SE from two cell preparations). Of note, cystine also
had no effect at 2 AMconcentration (n = 6 cell preparations).
Therefore, the inhibition on GSHefflux was clearly attribut-
able to cystine rather than CySSGin these experiments.

Other disulfides or thiol-reacting agent. Table III shows the
effects of other disulfides or thiol-reacting agent on GSHefflux
in cultured rat hepatocytes. All of the disulfides examined in-
hibited GSHefflux to a similar degree as cystine. Also, combi-
nation of two different disulfides, cystine and GSSG, exerted
no additional inhibition. Of particular interest is Thiolyte MQ,
which forms covalent fluorescent adducts with exposed thiol
groups on the outer membrane surface of intact cells (Calbio-
chem Corp., La Jolla, CA). When Thiolyte MQ-treated cells
were exposed to DTT (2 mM) for 30 minm GSHefflux was
restored to the same high rate seen after DTT treatment of
control cells (data not shown). Thus, the inhibition by Thio-
lyte MQprovides additional evidence to support the suggestion
that a critical thiol(s) of the transporter protein and/or an
adjacent regulatory protein exposed to the external environ-
ment undergoes mixed disulfide formation with disulfides in
the medium and/or protein disulfide formation leading to inhi-
bition of GSHefflux.

Effects of thiol-reducing agents on GSHefflux in cultured
rat hepatocytes
Possible liberation of intracellular or extracellular GSH. One
possible explanation for the DTTeffect is that it reduced intra-

Table III. Effect of Disulfides on GSHEfflux
from Cultured Hepatocytes

Percent of control

Treatment Cell GSH GSHefflux n

Cystine (0.5 mM) 101±2.4 54±3.9* 9
GSSG(0.5 mM) 100±2.9 57±3.2* 9
Cystamine (0.5 mM) 95±3.8 68±6.7* 5
Thiolyte MQ(0.5 mM) 93±1.2 67±4.8* 5
Cystine (0.5 mM)

+ GSSG(0.5 mM) 102±3.5 51±4.5* 4

Results are expressed as percent of control (mean±SEM). n refers to
the number of cell preps. Cells were cultured in the control medium
overnight. Effects of these agents were examined by pretreating cells
for 1 h. Cells were washed free of these agents during the efflux
experiments. Control values were cell GSH(the sum of cell and su-
pernatant GSHat the end of efflux experiments), 124±14 nmol/ 106
cells and GSHefflux, 0.13±0.01 nmol/ 106 cells per min. * P < 0.05
vs. control by ANOVAfollowed by Fisher's test.
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cellular protein-GSH disulfides, thus raising cell GSH, result-
ing in increased GSHefflux. Fig. 3 shows the effect of DTT
pretreatment (2 mMfor 30 min) on cell, supernatant, and total
GSHat the end of the 90-min efflux experiment. After DTT
pretreatment, cell GSHfell significantly at the end of the efflux
experiment whereas supernatant GSHincreased, so that the
total GSHis unchanged compared with controls. Thus, the
effect of DTT cannot be explained by raising cell GSHavail-
able for efflux by reduction of protein GSH-mixed disulfides.
The increased efflux is reflected in a quantitatively lower
cell GSH.

Another potential explanation for the DTT effect is that
ectosurface-bound GSHis liberated by the thiol-reducing ac-
tion of DTT rather than a true increase in the transport of
GSH. To examine this, we compared GSHefflux at 37 and 40C
after DTT pretreatment (2 mMfor 30 min at 37 or 40C) with
controls. Fig. 4 shows that, after cells were pretreated with DTT
at either temperature, no GSHefflux occurred at 40C, as in
controls. Thus, it is unlikely that the DTT effect is due to re-
lease of surface-bound GSHsince this would have occurred at
either temperature, but rather it is most likely due to stimula-
tion of GSHtransport.

Kinetics. Fig. I illustrates the effect of DTTon GSHefflux
kinetics in cultured rat hepatocytes. The data in Fig. 1 were
fitted by the Hill model using the SAAMprogram (22) and
showed that DTT stimulated GSHefflux by increasing signifi-
cantly the Vmax from 0.24±0.01 to 1.20±0.06 nmol/ 106 cells
per min (P < 0.05, unpaired t test). The Kmdid not change
significantly after DTT treatment (controls = 124±6.8, DTT
treated = 146±8.7 nmol/ 106 cells).

Time course and dose dependence. Fig. 5 shows the time
course and dose of DTTeffect (2 mM). The onset of the effect
of DTTwas immediate, but required 2 30 min to reach maxi-
mal effect. The magnitude of the increase in GSHefflux was
related to the dose as well as the duration of treatment. At 0.1
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Figure 3. The effect of DTT on cell and supernatant GSH. Cells were
plated in the control medium overnight, the effect of DTT was ex-
amined by pretreating cells with 2 mMDTT (o) compared with ve-
hicle control (n) for 30 min. After washing cells free of DTT, GSH
efflux experiments were carried out over 90 min in precursor-free
Krebs buffer. Cell, supernatant, and total GSHvalues at the end of
the 90 min are shown. Results are expressed as mean±SEMfrom
seven cell preparations. *P < 0.001 vs. control by paired t test.
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Figure 4. The effect of temperature on DTT-mediated increase in
GSHeffilux. GSHefflux at 37°C from controls (in) or DTT (2 mM,
30 min) pretreated at 37°C (A&) vs. GSHefflux at 4°C from controls
(o), DTT pretreated at 37°C (e), or 4°C (o). Results are expressed
as mean±SEMfrom three to five experiments. No measurable GSH
efflux occurred at 4°C from controls or DTT pretreated cells (at 4
or 37°C). Cell GSH(the sum of cell and supernatant GSHat the end
of efflux experiments) did not differ significantly among the different
groups (84.2± 10.1 nmol/106 cells). GSHefflux rates (mean±SEM)
at 37°C for control was 0.1 1±0.01 and for DTT was 0.49±0.04
nmol/ 106 cells per min.

mMDTT, regardless of the duration of treatment (30 min vs. 2
h), GSHefflux increased only - 50%; at 0.5 mMDTT, GSH
efflux rates increased further with 2 h of pretreatment to maxi-
mumDTTstimulation. Thus, at 0.1 mMDTT, DTTwas limit-
ing (perhaps because of oxidation), at 0.5 mMDTT, the mag-
nitude of effect depended on duration of exposure; and at 2 1.0
mMthe effect was maximal after 30 min.

Potential mechanisms. Effects on ATP and membrane po-
tential. DTT pretreatment did not alter cellular ATP levels
(controls = 15.13±0.99, DTT = 13.47±1.54 nmol/ 106 cells;
results are expressed as mean±SEMfrom three cell prepara-
tions) or alanine uptake. In fact, GSHefflux was inhibited by
33% after 1 mMouabain pretreatment for 30 min, but when
cells were pretreated with both ouabain and DTT, the ouabain
inhibition on GSHefflux was overcome (see Table IV), despite
the fact that alanine uptake was still inhibited by ouabain in the
presence of DTT. Therefore, the effect of DTT is not mediated
by an increase in cellular ATP or membrane hyperpolariza-
tion, specifically, via an increase in the Na/K-ATPase activity.
Moreover, since DTT did not stimulate alanine uptake, an-
other mechanism for hyperpolarization, such as K+ conduc-
tance, can also be excluded.

Inhibition ofDTT effect. Next we examined if the stimula-
tory effect of DTTcould be reversed. Table V shows the effects
of cystine (0.5 mM) on DTT-stimulated GSHefflux. Cells
were treated initially with DTT (2 mM, 30 min), and then
medium was changed to DTT-free containing either cystine
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Figure 5. Time course and dose of DTT effect on GSHefflux. Cells
were pretreated with 0.I (o), 0.5 (o), 1 (A), and 2mM(m)DTT for
varying duration and DTT was removed before efflux experiment.
GSHefflux experiments were carried out over 90 min in precursor-
free Krebs buffer. Results are expressed as percent mean±SEMof
control GSHeffilux from 3 to 13 cell preparations. Note that maximal
stimulation of GSHefflux occurred after pretreatment of cells with
1 mMDTT for 30 min. Cell GSH(the sum of cell and supernatant
GSHat the end of efflux experiments) did not differ significantly
among the groups. Control cell GSH= 74±12 nmol/ 106 cells, GSH
efflux rate = 0.07±0.01 nmol/ 106 cells per min. *P < 0.05 vs. control
by ANOVAfollowed by Fisher's test.

(0.5 mM)or vehicle for an additional 1 h. The results show that
cystine partially reversed the effect of DTT ( . 50% reversal).
These results suggest that there is at least overlap in the site(s)
of action of cystine and D.TT and that both probably act via
modification of the thiol-disulfide status of the GSHtrans-
porter.

Recruitment of intracellular transporters. To examine if the
mechanism of DTT-stimulated GSHefflux involves recruit-
ment of intracellular transporters via vesicular pathway, we

Table IV. Effect of Ouabain and DTTon GSHEfflux
and Alanine Uptake from Cultured Hepatocytes

Alanine
Condition Cell GSH GSHefflux uptake

nmol/mg
nmol/min protein

nmol/106 cells per 106 cells per min

Control 117±11.6 0.10±0.01 0.59±0.10
+Ouabain 117±12.3 0.07±0.01* 0.43±0.08*
+DTT 110±7.6 0.42±0.03* 0.59±0.12
+DTT and ouabain 107±8.8 0.40±0.03* 0.44±0.11*

Results are expressed as mean±SEMfrom five cell preparations. Cells
were treated with ouabain (1 mM), DTT (2 mM), or both for 30 min
before experiments. GSHefflux and alanine uptake were studied as
described in Methods. Cell GSHrefers to the sum of cell and super-
natant GSHat the end of efflux experiments. * P < 0.05 vs. control
by ANOVAfollowed by Fisher's test.

studied the effects of inhibitors of microtubular function and
vesicular acidification (30, 31 ) on DTT-stimulated GSHef-
flux. However, pretreatment of cells with colchicine (100 ,gM),
chloroquine (1 mM), monensin (10 ,uM), and nocodazole ( 10
,ug/ml) for 2 to 3 h had no effect on basal or DTT-stimulated
GSHefflux (data not shown). This suggests that the effect of
DTT is not likely to be recruitment of GSHtransporters from
an intracellular pool by vesicular pathway.

Involvement of signal transduction pathways. We previ-
ously showed that cAMP-dependent hormones stimulated
GSHefflux by a ouabain-sensitive mechanism, presumably via
stimulation of Na/K-ATPase activity (10). Wehave already
shown that ouabain did not inhibit the DTT-mediated stimula-
tion of GSHefflux (Table IV). To see if other signal transduc-
tion mechanisms, specifically protein kinase C and calmodu-
lin-Ca2+ complex, may be involved in mediating the DTT ef-
fect, we studied the effect of inhibitors of these pathways,
staurosporin and calmidazolium, respectively, on DTT-me-
diated stimulation of GSHefflux. Wehave previously used
these inhibitors to prevent Ca2' and protein kinase C-depen-
dent hormones from inhibiting GSHsynthesis in cultured rat
hepatocytes (32). Treatment of cultured rat hepatocytes with
staurosporin ( I ztM) or calmidazolium (5 tLM) for 30 min did
not alter the basal GSHefflux rates or prevent the DTT-me-
diated stimulation of GSHefflux (GSH efflux rates in nmol/
106 cells per min: control = 0.09±0.01, DTT - 0.38+0.02,

staurosporin = 0.09±0.01, calmidazolium = 0.10±0.02, staur-
osporin followed by DTT [2 mM, 30 min] = 0.42±0.01, calmi-
dazolium followed by DTT = 0.39±0.01; results are expressed
as mean±SEMfrom three cell preparations, P < 0.05 between
DTT, staurosporin-DTT, calmidazolium-DTT, and control by
ANOVA.Cell GSHlevels [83±7 nmol/ 106 cells] did not differ
significantly among the different groups). Thus, the effect of
DTTis unlikely to be mediated by any of these signal transduc-
tion mechanisms.

Effects of other thiols on GSHefflux in cultured hepato-
cytes. Weexamined the effect of a number of thiol-reducing
agents on GSHefflux. Table VI shows that L-DTT and DTE
were as effective as DTT(DL-DTT) in stimulating GSHefflux.
Of the other thiol agents examined, cysteamine (4 mM) ex-
erted a minimal stimulation and N-acetylcysteine had no ef-
fect. Total cell thiols increased to a similar extent with all these
agents (dat4, not shown), suggesting that the ineffectiveness
was not due to limited cellular uptake, but rather due to the
structural differences and potency of the thiol-reducing effect.

Effects of cystine and DTTon GSHefflux in perfused livers
Weused the perfused liver model to verify the physiological
significance of these findings in cultured cells and to better
define the polarity of the effects. Fig. 6 shows the effect of
cystine on G$Hefflux in the perfused liver. Immediately after
cystine perfusion, HPLC analysis showed that almost all the
GSHreleased from the liver into perfusate had reacted with
cystine, forming CySSG. Thus, the GSHmass refers to the total
of CySSGand GSH. Cystine, at physiological concentration
(0.1 mM), inhibited sinusoidal GSHefflux with maximum
inhibition occurring after 10 min of treatment. This inhibition
was reversible, as sinusoidal GSHefflux rates returned to con-
trol level 10 min after termination of treatment. Biliary total
GSH(GSH + GSSG) efflux and bile flow were unaffected. It
should be noted that cystine is not taken up by the intact liver
therefore its action must be external. Fig. 7 illustrates the effect
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Table V. Effect of Cystine on DTT-mediated Stimulation of GSHEfflux from Cultured Hepatocytes

Pretreatments

0-30 min 30-90 min Cell GSH GSHefilux Fractional GSHefflux

nmol/106 cells nmol/min per 106 cells %of total GSHeffluxed/h

Vehicle None 141±21.4 0.15±0.01 7.1±1.01
DTT None 135±20.8 0.55±0.05* 26.0±2.3*
DTT Control medium 135±19.4 0.55±0.05* 25.0±1.7*
DTT Control medium + cystine 131±19.8 0.27±0.03* 13.6±3.1*

Results are expressed as mean±SEMfrom five cell preparations. Cells were cultured in control medium overnight. The next day, cells were either
treated with DTT (2 mM, 30 min) or vehicle followed immediately with efflux experiments or had medium changed to SAF + methionine
(control medium) alone or plus cystine (0.5 mM)for 1 additional hour. Efflux experiments were done in Krebs buffer alone. Cell GSHrefers to
the sum of cell and supernatant GSHat the end of efflux experiments. * P < 0.05 vs. control, t P < 0.05 vs. control, DTT, and DTT-control
medium by ANOVAfollowed by Fisher's test.

of DTT (1 mM)on GSHefflux in the perfused liver. Depend-
ing on the duration of DTT treatment, 400-500% increase in
sinusoidal GSHefflux rates were noted. The stimulatory effect
of DTT was immediate but required 10-15 min before reach-
ing its maximum. With shorter duration of treatment, there
was a trend toward reversibility not seen with longer exposure
to DTT. Biliary total GSH(GSH + GSSG)efflux and bile flow
were unaffected by DTT treatment.

To exclude changes in paracellular permeability as an expla-
nation for the increased appearance of GSH in the effluent
perfusate during DTT treatment, we measured the steady state
ratios of bile to perfusate [ '4C]sucrose concentrations. There
was no change in the ratio during DTT treatment (control
period = 0.30±0.02, DTT= 0.35±0.03; results are expressed as
mean±SEMfrom four animals). These values agree closely
with reported values ( 18, 19). Bile flow did not change during
DTT perfusion (control = 0.97±0.03, DTT = 0.93±0.08 il/
min per g).

Discussion

While studying the effect of culture conditions on efflux of
GSHfrom rat hepatocytes, we noted lower rates in the presence

Table VI. Effect of Thiol Reagents on GSHEfflux
from Cultured Hepatocytes

Percent of control

Treatment Cell GSH GSHefilux n

DTT (2 mM) 100±2.9 346±21* 7
L-DTT (2 mM) 111±8.8 323±30* 4
DTE (2 mM) 104±5.2 381±12* 5
Cysteamine (4 mM) 101±3.1 133±4.1* 5
N-acetylcysteine (4 mM) 90±5.3 80±5.4 5

Results are expressed as percent of control (mean±SEM). n refers to
the number of cell preparations. Cells were cultured in the control
medium overnight. Effects of thiols were examined by pretreating
cells with thiols for 30 min. Cells were washed free of these agents
during the effiux experiments. Control values were cell GSH(the sum
of cell and supernatant GSHat the end of efflux experiments),
108±17.4 nmol/106 cells and GSHefflux, 0.15±0.01 nmol/ 106 cells
per min. * P < 0.05 vs. control by ANOVAfollowed by Fisher's test.

of cystine. In pursuing this initial observation in greater detail,
we found that, when cystine was deleted from the culture me-
dia, the Vm, for GSHefflux was 50% greater whereas the Km
was unaltered. The cystine-mediated inhibition of GSHefflux
occurred rapidly, with as little as 0.02 mMcystine and had near
maximum effect (55% inhibition) at 0.1 mMcystine concen-
tration, which is the level found in rat plasma (23). The inhibi-
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Figure 6. Effect of cystine (0.1 mM)on GSHefflux in the single-pass
perfused rat liver. Results are expressed as mean±SEMfrom five ani-
mals. Sinusoidal GSHefflux (o) was determined by HPLC (see
Methods) and recovered almost completely as a mixed disulfide with
cysteine. GSHeffilux was inhibited maximally after 10 min of perfu-
sion with cystine and reversed 10 min after termination of cystine
perfusion. Biliary total GSH(GSH + GSSG)efflux (o) was unaf-
fected. Sinusoidal GSHefflux values from control period (average of
three determinations per rat and mean±SEMfrom five rats)
= 13.43±0.92, GSHefflux during cystine perfusion (average of three
lowest values after start of cystine perfusion) = 7.72±1.07, mean re-
covery period (last three values after termination of cystine)
= 11.98±1.65 nmol/min per g. P < 0.05 between sinusoidal GSH
efflux values during cystine perfusion and controls by ANOVAfol-
lowed by Fisher's test. Bile flow (l /min per g) did not change signif-
icantly during perfusion (control = 1. 18, cystine = 1.05). Liver GSH
values (jumol/g) were starting = 5.75±0.51, end = 5.07±0.47,
amount lost due to effilux = 0.76±0.07.
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Figure 7. Effect of DTT (1 mM)on GSHeff
Results are expressed as mean±SEMfrom fot
and 30-min DTT perfusions. Sinusoidal GSI
ulated immediately after starting DTT but di
stimulation until 15 min exposure to DTT.
values (nmol/min per g) from control period
terminations per rat and mean±SEMfrom f
for 20-min DTT perfusions and 12.81± 1.4 fR
sions, mean DTT values (average of three hit
DTT perfusion) = 53.61± 5.1 for 20-min DI
60.56±2.2 for 30-min DTT perfusions, meai
three determinations after termination of Dl
20-min DTT perfusions and 54.58±2.7 for 3
P < 0.05 between sinusoidal GSHefflux valui
(both 20 and 30 min) and controls by ANOV
test. Biliary total GSH(GSH + GSSG) efflu
by DTT. Bile flow ('tl/min per g) did not chai
perfusion (control = 1.16, DTT = 1.23). Livi
were starting = 6.23±0.26 and 5.87±0.24, er
3.68±0.20, amount lost due to effilux = 1.70-
20- and 30-min DTT perfusions, respectively

tory effect of cystine appeared to be exert
cell since it occurred under conditions in
was either inhibited or had not been indu
observed in perfused liver, which does nc
inhibitory effect was exerted at the sinus
not additive with inhibition by the sele
transport inhibitor BSP-GSH and was
the perfused liver. The mechanism invo
pletion or membrane depolarization sin
and alanine uptake were unaffected by
previously found that 1 5-mMin incubatic
cytes with GSSGtrans-stimulated GSHe
ent report, inhibition of GSHeffilux was
cubation with GSSGand its removal. T
effect of extracellular GSSGon GSHefi
duration of exposure and presence of G!
including cystamine and Thiolyte MQa
flux. The effect of the latter is especially r
membrane permeant. Thus, the finding
with soluble disulfides acting through di
membrane ectosurface thiol (s) closely
function of the GSHtransporter.

One previous report suggested that cystine resulting from
the rapid oxidation of cysteine in the recirculating rat liver
perfusion model inhibited GSHefflux (33). However, we had
previously discounted this work as not being interpretable ( 1 )
since the methods used could not account for extracellular
CySSGformation, which indeed is shown to be the exclusive
molecular form of GSHafter efflux in the presence of excess
cystine. However, despite this masking of GSH, using appro-

+1Tpriate HPLCtechniques we now show conclusively that cystine
inhibits sinusoidal GSHefflux and it does so by decreasing
Vm. for GSHefflux. Since this effect is seen at physiological
concentrations of cystine, we assume that the transport system
is under some degree of constant inhibitory tone. Whether this
tone varies in vivo, because of changes in plasma thiols and
disulfides, remains to be determined. However, we speculate
that this could be a factor in interorgan homeostasis. For exam-40 50 60
ple, increased availability of cystine in plasma (because of di-
etary intake or extrahepatic breakdown of GSHto cysteine and

lux in the perfused liver. its autoxidation to cystine) could signal the liver through this
ir animals for both 20- mechanism to decrease release of GSHsince the need for GSH
H efflux (n, *) was stim- to supply cysteine/cystine is reduced. However, it remains to
id not reach maximal be seen how responsive this system is to regulation through
Sinusoidal GSHefflux changes in extracellular thiol redox conditions that occur in
(average of three de- vivo under normal or pathophysiological circumstances.

our rats) = 16.33±3.5 DTT not only reversed the effect of cystine and Thiolyte
Dr 30-mmu DTT perfu- MQ, it stimulated GSHeffilux by 400-500%. Although stimula-chest values after start of
IT perfusions and tion of GSH efflux by DTT was suggested by Hahn and
n recovery period (last Oberrauch (34) in the perfused liver in 1978, their findings
T) = 40.87±10.8 for were inconclusive because of lack of appropriate methodology

30-min DTT perfusions. to measure GSHin the presence of DTT, which has now been
es during DTTperfusion overcome by the use of derivatization and HPLC. The effect of
'A followed by Fisher's DTT on GSHefflux was not seen at 4VC, which supports the
Ix (, o) was unaffected view that its effect is on the carrier. Wehave previously ob-
nge significantly durng served that extracellular GSH trans-stimulates efflux of cell
er GSHvalues (smol/g) GSHand vice versa (11). Our present findings with DTT,
n0 16 and1.80±0.09 for however, raise the possibility that stimulation of fractional ef-

flux of cell GSHin the presence of extracellular GSHis due to
thiol-reducing action of the latter on the transporter as opposed
to true trans-stimulation. Several points argue against this possi-
bility: (a) we previously showed that extracellular GSHmaxi-

Led from outside of the mally trans-stimulates cell GSHefflux at extracellular GSH
l which cystine uptake concentrations considerably lower than intracellular; cell GSH
Iced in culture and was did not fall in that case, indicating one-for-one exchange ( 11 ).
)t take up cystine. The If the effect of GSHwere through a thiol action, as with DTT, a
;oidal pole since it was fall in cell GSHwould be expected when the extracellular GSH
ctive sinusoidal GSH concentration is lower than intracellular; (b) in contrast to
directly confirmed in dithiols, monothiols other than GSHexerted little or no stimu-
ilved was not ATP de- latory effect on GSHtransport; (c) trans-stimulation of cell
Lce cellular ATP levels GSHefflux by extracellular non-thiol-containing analogues of
cystine treatment. We GSH, such as ophthalmic acid and BSP-GSH, was previously
)n of isolated hepato- observed by us; and (d) the effect of DTTon GSHefflux differs
ifiux ( 11 ). In the pres- from that of GSHin that the stimulation persists after removal
seen after 1 h of prein- of DTTwhereas the stimulation of efflux immediately reverses
hus, the predominant after removal of GSH(11). Thus, we would conclude that
Elux will depend upon DTTexerts a stimulatory effect through a thiol-reducing action
SSG. Other disulfides, on the carrier whereas GSHand its analogues exert a stimula-
1Iso inhibited GSHef- tory effect mainly by serving as substrates for bidirectional
evealing since it is not transport. However, it is not possible for us to exclude the possi-
ps are most consistent bility that some portion of the stimulatory effect of GSHon the
isulfide exchange with carrier is due to a thiol action.

associated with the DTTmarkedly increased the Vma without altering the driv-
ing forces for GSHtransport. The effect of DTT is unlikely to
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be mediated by cAMP, protein kinase C, or calmodulin-Ca2"
signal transduction pathways. Several explanations are possi-
ble, including activation of membrane transporters that exist in
an inactive disulfide form or mobilization of an intracellular
pool of transporters through fusion of intracellular vesicles
with the plasma membrane. The latter possibility is unlikely on
the basis of our findings that colchicine, chloroquine, monen-
sin, and nocodazole did not prevent the stimulation of GSH
efflux by DTT.

As noted above, not all thiols stimulated GSHefflux. All
the dithiols studied exerted a stimulatory effect whereas mon-
othiols such as cysteamine and N-acetylcysteine had little or no
effect. It is unclear if these differences reflect the chemical-re-
ducing properties of dithiols or the structural properties re-
quired to gain access to the critical disulfide that is being re-
duced. This difference in action of mono- and dithiols is well
known in reducing protein vicinal thiols (35).

In summary, our results show that the capacity of the sinu-
soidal GSHtransporter is affected by the thiol-disulfide status
of certain critical sulfhydryl group(s). These findings suggest
that there may be critical cysteine residue(s) present on the
GSHtransporter whose thiol status determine the activity of
the transporter. Elucidation of the exact molecular mecha-
nisms will require cloning and sequencing of the sinusoidal
GSHtransporter.
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