ANTIOXIDANTS & REDOX SIGNALING
Volume 2, Number 4, 2000
Mary Ann Liebert, Inc.

Original Research Communication

Glutathione-Dependent Regulation of Nitric Oxide
Production in Isolated Rat Hepatocyte Suspensions

M.A. TIRMENSTEIN, F.A. NICHOLLS-GRZEMSKI, T.D. SCHMITTGEN,
B.A. ZAKRAJSEK, and M.W. FARISS

ABSTRACT

Freshly isolated suspensions of rat parenchymal liver cells (hepatocytes) spontaneously produce large amounts of
nitrite following collagenase isolation. Our previous studies indicate that nitrite production is associated with the
expression of inducible nitric oxide synthase (iNOS) and reflects NO production. Depletion of glutathione (GSH)
with diethylmaleate (DEM) inhibited nitrite production, and this inhibition was time-dependent. DEM was more
effective in blocking nitrite production if it was added within the first 1 hr of the start of the incubation. The re-
ducing agent dithiothreitol (DTT) and the alkylating agent ethyl methanesulfonate (EMS) also inhibited hepato-
cyte nitrite production, and this inhibition was also greatest if they were added within 1 hr of initiating the in-
cubation. However, EMS added at 3 hr still reduced 6-hr nitrite production by about 70%. This reduction in nitrite
production by EMS added at 3 hr may be due to the direct modification of thiol groups on the iNOS protein be-
cause we have determined that iNOS activity is inhibited by the sulfhydryl modifying reagent N-ethylmaleimide
(NEM). Western blots also indicate that the iNOS protein is expressed when EMS is added at 3 hr. The addition
of DEM, DTT, or EMS at 0 time greatly reduced the levels of cellular iNOS mRNA relative to controls as deter-
mined by quantitative RT-PCR. Based on our results with mRNA levels, both DTT and depletion of cellular GSH
appear to inhibit the early signaling events leading to iNOS expression and suggest that the control of iNOS in-
duction in hepatocytes is sensitive to the thiol redox status of the cell. Antiox. Redox Signal. 2, 767-777.

INTRODUCTION

N PREVIOUS STUDIES conducted in this labora-

tory, we have demonstrated that isolated rat
parenchymal liver cell (hepatocyte) suspen-
sions generate large amounts of nitrite follow-
ing an initial 3- to 4-hr incubation period
(Nicholls-Grzemski et al., 1999). Nitrite repre-
sents a stable breakdown product of nitric ox-
ide (NO) and is commonly used to assess NO
production in vitro. The enzyme nitric oxide
synthase (NOS) converts L-arginine to NO. At
least three isoforms of NOS are known to exist

in tissues. The inducible form of the nitric ox-
ide synthase (iNOS) is expressed in several cell
types, including hepatocytes, smooth muscle
cells, and macrophages (Harbrecht and Billiar,
1995). In our experiments, the production of ni-
trite by hepatocyte suspensions was associated
with a time-dependent increase in iNOS
mRNA, protein, and activity levels (Tirmen-
stein et al., 2000). The formation of nitrite by he-
patocytes was inhibited by iNOS inhibitors
aminoguanidine and L-NAME as well as the
transcription inhibitor, actinomycin D, and the
protein synthesis inhibitor, cycloheximide
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(Nicholls-Grzemski et al., 1999; Tirmenstein et
al., 2000). These results indicate that nitrite is
formed as a result of iNOS expression in he-
patocyte suspensions. Hepatocytes were iden-
tified as the major source of nitrite production
because removal of Kupffer cells after isolation
did not significantly lower nitrite production
(Nicholls-Grzemski ef al., 1999). Recently, the
spontaneous production of nitric oxide has also
been reported with cultured rat hepatocytes
(Lopez-Garcia, 1998; McMillan, 1999).

A number of different exposure treatments
have been shown to influence iNOS induction.
Endotoxin and cytokines are potent inducers of
iNOS and act synergistically to stimulate NO
production (Nussler et al, 1993). Oxidative
stress has also been proposed to induce iNOS
expression in rat hepatocytes (Duval et al.,
1995). Jones and Czaja (1998) suggested that
NO is generated in liver in response to injury.
Hepatotoxicants, ischemia-reperfusion (Jones
and Czaja, 1998), and partial hepatectomy
(Hortelano et al., 1995) have been shown to in-
crease NO production by the liver. The cause
for the spontaneous expression of iNOS in he-
patocyte suspensions is not known but is most
likely a response to the stresses generated dur-
ing collagenase isolation procedures. This re-
sponse appears to be triggered by a complex
interaction between several different factors,
including Kupffer cell activation, reactive oxy-
gen species (ROS) generation, and endotoxin
contamination of collagenase preparations (Tir-
menstein et al., 2000).

Vos et al. (1999) reported that iNOS expres-
sion in hepatocytes isolated from endotoxemic
rats was dependent on cellular glutathione
(GSH) levels. In this study, rats were treated
with endotoxin to induce iNOS expression (Vos
et al., 1999). Harbrecht et al. (1997) also demon-
strated that inhibition of GSH synthesis with
buthionine sulfoximine (BSO) inhibited the in-
duction of iNOS in hepatocytes. In contrast,
Kang et al. (1999) reported that depletion of
GSH in vivo with diethylmaleate (DEM) inhib-
ited iNOS expression in the livers of endotox-
emic mice, but BSO did not. In addition to reg-
ulating iINOS expression, GSH is known to
react with NO under aerobic conditions to pro-
duce S-nitrosoglutathione, which can trans-
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nitrosylate thiol groups on proteins and mod-
ulate enzyme activity (Wink et al., 1994). These
data suggest that GSH and NO metabolism are
not independent but instead interact with one
another in the cell.

The activation of transcription factor nuclear
factor-«B (NF-«B) is generally believed to be
required for iNOS expression in hepatocytes
(Vos et al., 1999). NF-«B is present in the cyto-
plasm bound to the inhibitor I«B. Upon induc-
tion, IxB is phosphorylated and/or rapidly de-
graded. After the dissociation of IxB, NF-«B is
translocated into the nucleus where it binds to
DNA and activates target genes such as the
iNOS gene (Sun and Oberley, 1996; Vos et al.,
1999). There is increasing evidence that NF-«B
activation is redox sensitive and may be influ-
enced by cellular levels of reduced GSH and
oxidized glutathione (GSSG) (Sun and Oberley,
1996). In experiments conducted by Galter et al.
(1994), GSSG was shown to inhibit the binding
of NF-«kB to DNA in human T-lineage cells
(Molt-4).

In the following study, we have used spon-
taneously NO-producing hepatocyte suspen-
sions as a model system to investigate the in-
volvement of GSH and changes in cellular
redox status on the control of NO formation
and iNOS expression in hepatocytes. NO pro-
duction has been shown to influence many bio-
chemical parameters (Harbrecht and Billiar,
1995). Therefore, it becomes important to char-
acterize further the factors responsible for the
regulation of iNOS expression in hepatocytes.
The use of our model system allows us easily
to examine how the timing and extent of GSH
depletion affects the spontaneous production
of NO in hepatocyte suspensions and to deter-
mine if the control of iNOS expression of GSH
is similar to those reported in cultured hepato-
cytes or other cell types. Most other studies ex-
amining the regulation of iNOS expression in
hepatocytes by GSH have been conducted in
cultured cells exposed to cytokines (Duval et
al., 1995; Harbrecht et al., 1997) or in cultured
hepatocytes isolated from rats treated with en-
dotoxin (Vos et al., 1999). Our results extend
these findings, and indicate that GSH is an im-
portant determinant of iNOS expression in he-
patocyte suspensions.
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MATERIALS AND METHODS

Chemicals

2,3-Diaminonaphthalene was obtained from
ICN Pharmaceuticals Inc. (Costa Mesa, CA).
Collagenase (type L), the components of mod-
ified Waymouth’s medium, DEM, N-ethyl-
maleimide (NEM), dithiothreitol (DTT), ethyl
methanesulfonate (EMS) and all other chemi-
cals were obtained from Sigma (St. Louis, MO).

Preparation of isolated hepatocyte suspensions

Adult male Sprague-Dawley rats (180-220
grams) were obtained from Simonsen Labora-
tories Inc, (Gilroy, CA), housed in small groups
and given food and water ab libutum in a 12-hr
light/dark cycle for at least 1 week prior to use.
All procedures involving animals were ap-
proved by the Washington State University
Animal Care and Use Committee. Rat hepato-
cytes were prepared by collagenase perfusion
as previously described (Fariss et al., 1985).
Briefly, the liver was cannulated via the portal
vein, surgically removed, and perfused in a re-
circulating system at 30 ml/min for 3 min with
Hanks’-bicarbonate buffer containing 0.6 mM
EGTA. The liver was then perfused in a recir-
culating system with Hanks'-bicarbonate
buffer containing 3 mM calcium chloride and
60-100 mg of standard collagenase (Sigma L
blend) for up to 10 min. After dispersion and
washing, cells were assessed for viability by
Trypan blue exclusion. A yield of 4.5-5.5 X 108
was routinely obtained with over 93% viabil-
ity. Hepatocyte suspensions were prepared as
described in Fariss et al. (1997). Briefly, hepa-
tocyte suspensions (2 X 10 cells/ml, 12 ml to-
tal) were prepared in serum-free modified
Waymouth’s medium as previously described
Farris et al. (1997) with the addition of 0.12 mM
ornithine but without cystine and methionine.
Cells were placed in 125-ml boiling flasks and
rotated at 37°C under ambient air. After a 15-
min equilibration time, an aliquot of cells was
taken as the zero timepoint. Following collec-
tion of the zero timepoint, the chemical treat-
ments were immediately added. At hourly in-
tervals thereafter, cells were sampled and
pelleted, and supernatants were collected for

769

nitrite and lactate dehydrogenase (LDH) leak-
age analysis. Cell pellets were stored at —80°C
for iNOS Western blot analysis and quantita-
tive reverse transcriptase polymerase chain re-
action (RT-PCR).

Enzyme assays

Hepatocyte  calcium-independent  NOS
(INOS) activity was determined by measuring
the formation of nitrite as previously described
(Nicholls-Grzemski et al., 1999). LDH activity
was determined by monitoring the enzymatic
formation of NADH from NAD" in the pres-
ence of L-lactic acid. Post-centrifugation super-
natants were diluted 1:25 with phosphate-
buffered saline (PBS), pH 7.4. A 100-ul aliquot
was mixed with 100 ul of reagent to give a fi-
nal concentration of 3.75 mM NAD™* and 25
mM r-lactic acid in 125 mM Tris-HCl buffer,
pH 8.9, in a 96-well plate. The increase in ab-
sorbance at 340 nm due to the formation of
NADH was immediately monitored at room
temperature using a Biorad Benchmark plate
reader and analyzed Microsoft Manager III
data analysis software (Hercules, CA). The per-
cent LDH leakage was calculated by compar-
ing values to total LDH activity. Total LDH was
measured from a sample of hepatocytes col-
lected at zero time and lysed with a final con-
centration of 0.2% Triton X-100.

Nitrite determinations

Nitrite levels in media were determined with
2,3-diaminonaphthalene according to the pro-
cedures of Misko et al. (1993) with slight mod-
ifications as previously described (Nicholls-
Grzemski et al., 1999). Nitrite standards were
prepared fresh and standard curves were con-
structed in the same media as samples. Sam-
ples and standards were read at 360 nm ex and
460 nm em with a gain setting of 90 on a Cyto-
Fluor 4000 fluorescence plate reader, PerSep-
tive Biosystems (Framingham, MA). In some
cases, nitrite levels were determined by adding
100 ul of samples to an equal volume of the
Griess reagent (Green et al., 1982), [0.5% sul-
fanilamide, 0.05% N-(1-naphthyl)ethylenedi-
amine dihydrochloride in 2.5% phosphoric
acid] and read at 550 nm after 10 min. Stan-



770

dards were prepared with sodium nitrite in the
same media as samples.

GSH determinations

GSH and nitrosoglutathione (GSH-NO) lev-
els in hepatocytes were determined using a
modification of the method of Saville (1958) to
accommodate a 96-well colorimetric assay. At
each indicated timepoint, about 4 X 10° of cells
were collected, mixed with 0.2 ml of 10%
trichloroacetic acid (TCA) and stored at —20°C.
Samples were centrifuged at 16,000 X g for 5
min. In a 96-well plate, 50 ul of 1 mM sodium
nitrite in 0.54 M sulfuric acid was added to 20
ul of supernatant. For GSH-NO assays, 0.54 M
sulfuric acid was added without sodium nitrite.
After a 10-min incubation at room temperature,
20 pl of 22 uM ammonium sulfamate was
added and gently agitated to mix. After an ad-
ditional 5 min, 100 ul of 10 mM mercuric chlo-
ride and 0.15 M sulfanilamide in 0.25 M hy-
drochloric acid were added followed by 80 ul
of 4 mM (N-(1-naphthyl)ethylenediamine di-
hydrochloride. Absorbance values were mea-
sured at 550 nm after 10 min on a Biorad Bench-
mark plate reader.

Real-time quantitative RT-PCR

The amount of iINOS mRNA relative to the
B-actin endogenous control was determined
using real-time, quantitative PCR as previously
described (Tirmenstein et al., 2000). Total cel-
lular RNA was isolated from the hepatocytes
using the RNeasy Mini, RNA isolation kit from
Qiagen (Valencia, CA) per the manufacturer’s
protocol, and residual genomic DNA was re-
moved by incubating the RNA solution with 15
units of RNase-free DNase Iin 2 mM MgCl, for
10 min at 37°C followed by 5 min at 90°C to in-
activate the DNase. DNase-treated RNA solu-
tion (25 ul) was reverse transcribed to cDNA
as previously described (Horikoshi et al., 1992).

The sequence of the B-actin primers was 5'-
ACCAACTGGGACGATATGGAGAAGA-3’
bases 1,557-1,581 forward primer and 5'-TAC-
GACCAGAGGCATACAGGGACAA-3' bases
2210-2234 reverse primer of the genomic S-
actin sequence (Nudel et al., 1983). The se-
quence of the iNOS primers was 5'-CACGA-
CACCCTTCACCACAAG-3" bases 301-321,
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forward primer and 5'-TTGAGGCA-
GAAGCTCCTCCA-3' bases 419438, reverse
primer of the iNOS cDNA sequence (Kosuga et
al., 1994). Real-time quantitative PCR was per-
formed in the PE Biosystems GeneAmp 5700
Sequence Detection System (Foster City, CA)
using the SYBR green PCR kit as recommended
by the manufacturer (PE Biosystems, Foster
City, CA). The amount of iNOS mRNA relative
to the B-actin was determined as previously de-
scribed (Tirmenstein et al., 2000).

Western blot analysis of iNOS

Western plots were performed as previously
described (Tirmenstein et al., 2000). Briefly, he-
patocyte pellets were resuspended in PBS, pH
7.4, and protein levels were determined by the
BCA protein assay (Pierce Chemical Co., Rock-
ford, IL). Expression of iNOS protein was de-
tected with rabbit anti-mouse antibody (Trans-
duction Laboratories, Lexington, KY). Specific
immunocomplexes were detected using perox-
idase-labeled anti-rabbit antibody with the
ECL Western Blot Analysis System Amersham
Pharmacia (Piscataway, NJ). Developed blots
were immediately exposed to Kodak X-Omat
scientific imaging film, and both bands were
quantified together using a Hewlett-Packard
Scanjet 4C/T (Palo Alto, CA) equipped with
RFLPscan version 2.01 software, Scanalytics
(Billerica, MA).

Statistics

Results are presented as means *+ SD. Analy-
sis of variance (ANOVA) followed by Dun-
nett’s post hoc test were performed with the In-
Stat 2.03 GraphPad Software Inc. (San Diego,
CA) statistical package.

RESULTS

The effects of the GSH depletor DEM on
spontaneous nitrite production in isolated he-
patocyte suspensions is reported in Figure 1. In
our studies, rat hepatocytes were isolated from
rats by established collagenase perfusion tech-
niques. Following isolation, nitrite levels were
measured in the extracellular media as a mea-
sure of NO production. There was a clear
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FIG. 1. Effect of DEM concentration on nitrite pro-
duction by hepatocytes suspensions. The indicated con-
centrations of DEM were added at zero time, and extra-
cellular nitrite levels were monitored over time. Control
hepatocytes represent no additions. Values represent
mean * SD (n = 3 for all determinations). *Significantly
different from 6-hr controls (p < 0.05) as determined by
ANOVA followed by Dunnett’s post hoc test.

dose-response relationship with DEM treat-
ment in which the addition of 1 mM DEM at
the start of the incubation (0 time) completely
blocked nitrite production throughout the
course of the incubation, whereas lower doses
(0.5 and 0.25 mM) attenuated nitrite production
and the addition of 0.05 mM DEM had no sig-
nificant effect. The inhibitory effects of DEM on
nitrite production were not due to cell death.
The concentrations of DEM used in this study
did not significantly increase cell death as mea-
sured by LDH release or lipid peroxidation. In
all of our experiments, control hepatocytes
were typically 70% viable after a 6-hr incuba-
tion, and none of the treatments used in this
study (DEM, DTT, or EMS) decreased cellular
viability to below 65% after 6 hr (data not
shown).

Various concentrations of DEM were added
to hepatocytes at the start of the incubation,
and GSH and nitrite levels were measured over
time. We found that GSH levels at 1 hr were a
good determinant of 6-hr nitrite levels (Fig. 2).
In an attempt to clarify the relationship be-
tween GSH levels and NO production, we plot-
ted 1-hr GSH levels versus 6-hr nitrite levels
(Fig. 2). Our results indicate that depletion of
GSH levels to below 4 nmol/10° cells at 1 hr
completely inhibited nitrite production. If GSH
levels were above 15 nmol/10° cells at 1 hr,
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there was no effect on nitrite production. GSH
values from 4-15 nmol/10° cells at 1 hr pro-
duced intermediate 6-hr nitrite levels (Fig. 2).
In control cells, GSH levels decreased over time
and were measured at 10.6 + 1.61 nmol/10°
cells (n = 3) at 6 hr. Levels of GSH-NO in con-
trol cells were below the limits of detection (1
nmol/10° cells) at 0, 2, and 4 hr. After 6 hr,
GSH-NO levels were 1.66 * 0.14 nmol/10°
cells (n = 3) or about 16% of the total GSH pres-
ent at 6 hr.

The effects of the timing of GSH depletion
on nitrite production were examined by adding
1 mM DEM at 0, 1, 2, and 3 hr after the initia-
tion of the hepatocyte incubations. Because in-
creases in nitrite production were first detected
at 34 hr, these timepoints all preceded nitrite
production by hepatocytes. The effects of
adding 1 mM DEM at these times on hepato-
cyte GSH levels are shown in Fig. 3. The 1 mM
DEM concentration produced almost complete
(90-95%) depletion of GSH in hepatocytes
within 1 hr of addition (Fig. 3). In our experi-
ments, hepatocytes were incubated in Way-
mouth’s medium lacking methionine, cysteine,
and cystine to prevent the resynthesis of cellu-
lar GSH. The effects of time of addition of DEM
on hepatocyte nitrite production are reported
in Fig. 4. The time of addition of DEM had a
large effect on subsequent nitrite production.

15 1 m O o

10

Controls

0.025 mM DEM
0.05 mM DEM
0.10 mM DEM
0.25 mM DEM
0.5 mM DEM
1.0 mM DEM
2.5 mM DEM

6 h Nitrite (uM)
>
>4

[ Xol 2> Rulk X6

0 5 10 15 20 25 3
1 h GSH Levels (nmol/108 celis)

FIG. 2. Relationship between 1-hr GSH levels and 6-
hr nitrite production in hepatocyte suspensions. Hepa-
tocytes were treated with the indicated concentrations of
DEM at zero time and the 1-hr GSH levels and 6-hr ex-
tracellular nitrite levels were subsequently determined.
Each point represents a separate incubation (n = 24).
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FIG. 3. DEM-dependent depletion of GSH in hepato-
cyte suspensions. Hepatocytes were treated with 1 mM
DEM at 0, 1, 2, and 3 hr after incubations were initiated.
Control hepatocytes represent no additions. At the indi-
cate timepoints GSH levels were determined. Values rep-
resent mean * SD (n = 3 for all determinations).

The addition of DEM at 0 or 1 hr had a much
greater influence on nitrite production than the
addition of DEM at 2 or 3 hr (Fig. 4). When 1
mM DEM was added at zero time, 6-hr nitrite
levels were reduced by about 90% of controls.
The addition of 1 mM DEM at 3 hr only re-
duced 6-hr nitrite levels by about 25% of con-
trols.

We also examined the influence of the re-
ducing agent DTT on nitrite production in he-
patocytes (Fig. 5). In these experiments, nitrite
production was measured by the Griess
reagent because the 1 mM DTT treatment in-
terfered with the fluorometric determination of
nitrite by 2,3-diaminonaphthalene as previ-
ously reported by Miles et al. (1996). As with
DEM, the addition of 1 mM DTT had a greater
influence on hepatocyte nitrite production
when it was added at zero time than at 3 hr.

The effects of the alkylating agent EMS on
nitrite production were also examined (Fig. 6).
EMS has been shown to alkylate thiol groups
and deplete GSH and protein thiol levels in he-
patocyte suspensions (Fariss et al., 1997). The
addition of 10 mM EMS at zero time completely
blocked nitrite production by hepatocytes. This
concentration of EMS depletes cellular GSH to
less than 3% of 0 time values within 1 hr of ad-
dition but did not significantly increase cell
death or lipid peroxidation at 6 hr regardless
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of when it was added (data not shown). The ef-
fects of EMS on nitrite production are similar
to those of DEM. However, the time in which
EMS was added had less of an influence on ni-
trite production than DEM (Fig. 4). The addi-
tion of 10 mM EMS at 3 hr still produced an al-
most 70% decrease in nitrite production by
hepatocytes. We used Western blot analysis to
determine if this loss of nitrite production was
due to a decrease in iNOS protein expression.
The iNOS protein levels collected following a
6-hr incubation were easily measured in con-
trol hepatocytes and hepatocytes treated with
EMS or DEM at 3 hr. The addition of DEM or
EMS at 3 hr reduced the intensity of the 6-hr
iNOS band by about 30% and 50%, respec-
tively, from control bands, but this decrease in
intensity was not significantly different from
controls (data not shown).

Hofmann and Schmidt (1995) reported that
protein thiol reagents inactivate the neuronal
form of NOS. To test whether iNOS could also
be inactivated by protein thiol modification,
postmitochondrial fractions were prepared as
previously described (Nicholls-Grzemski et al.,
1999) from hepatocytes suspensions producing
nitrite (5 hr incubation). Postmitochondrial
fractions were used because the iNOS protein
is located in the cytoplasm. Following isolation,
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=
=
S
[
2
£
z 5
0_

Time (h)

FIG. 4. Time-dependent effect of DEM on nitrite lev-
els in hepatocyte suspensions. At the indicated times, 1
mM DEM was added to the incubations, and extracellu-
lar nitrite levels were measured. Controls contained no
additions. Values represent mean *+ SD (n = 3 for all de-
terminations). *Significantly different from 6-hr controls

(p < 0.05) as determined by ANOVA followed by Dun-
nett’s post hoc test.
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FIG. 5. Time-dependent effect of DTT on nitrite lev-
els in hepatocyte suspensions. At the indicated times, 1
mM DTT was added to the incubations and extracellular
nitrite levels were measured. Controls contained no ad-
ditions. Values represent mean * SD (n = 3 for all deter-
minations). *Significantly different from 6-hr controls
(p < 0.05) as determined by ANOVA followed by Dun-
nett’s post hoc test.

fractions were preincubated with the thiol re-
active compound NEM at a concentration of 0.5
mM for 15 min at 37°C and then assayed for
iNOS activity (nitrite production). Preincuba-
tion with 0.5 mM NEM for 15 min inhibited
INOS activity by about 50%.

Previous studies have shown that iNOS
mRNA peaks in hepatocyte suspensions 4 hr
after the initiation of the incubations (Tirmen-
stein et al., 2000). As Fig. 7 indicates, the addi-
tion of 1 mM DEM, 1 mM DTT, or 10 mM EMS
at zero time dramatically reduced iNOS mRNA
production measured after a 4-hr incubation.
At the concentrations used in this study, EMS
and DEM reduced iNOS mRNA about 20-fold
over controls whereas DTT reduced iNOS
mRNA about 800-fold.

DISCUSSION

Our results suggest that cellular levels of
GSH are an important determinant of iNOS ex-
pression in rat hepatocytes. DEM depletes GSH
by conjugating GSH through a glutathione
transferase-catalyzed reaction. EMS, in con-
trast, is an alkylating agent that depletes GSH
by alkylating GSH and forming S-ethyl glu-
tathione (Fariss et al., 1997). Both DEM and
EMS inhibited nitrite production by hepatocyte
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suspensions when they were added at zero
time, and our results indicate that this inhibi-
tion occurs prior to the transcription of iNOS
mRNA (Fig. 7). Similar results were reported
by Duval et al. (1995) and Harbrecht et al. (1997),
with both groups reporting that GSH depletion
inhibited iNOS mRNA formation in cultured
rat hepatocytes. It seems unlikely that GSH-NO
is involved in regulating the expression of
iNOS because GSH-NO levels are very low and
were only detectable several hours following
NO production. Although we were able to
measure GSH-NO levels at 6 hr of incubation
(1.7 nmol/10° cells), this time point is after
INOS mRNA is expressed (4 hr). Our results
with hepatocyte suspensions spontaneously
producing NO agree well with those obtained
with cultured hepatocytes and suggest that this
model system may be useful for examining the
control of iNOS expression in hepatocytes.
The addition of DEM at 2 or 3 hr after the
initiation of hepatocyte incubations was not as
effective as adding DEM at 0 or 1 hr in in-
hibiting nitrite production (Fig. 4). In previous
studies, we have determined that iNOS mRNA
formation is first detectable 2 hr after the start
of hepatocyte incubations and peaks at 4 hr.
Also, iNOS protein levels are detectable 3 hr af-
ter the start of the incubation and peak at 7 hr
(Tirmenstein et al., 2000). The time dependency

15 1 —@— Controls
~O— +10 MM EMS, 0 h
—&— +10mMEMS,1h
{3 + 10 mMMEMS, 2h
—A— +10mMMEMS, 3 h
g 10
2
[ ]
=
)
x
Z 5
0 4
0 2 3 4 5 6
Time (h)

FIG. 6. Time-dependent effect of EMS on nitrite lev-
els in hepatocyte suspensions. At the indicated times, 10
mM EMS was added to the incubations, and extracellu-
lar nitrite levels were measured. Controls contained no
additions. Values represent mean = SD (n = 3 for all de-
terminations). *Significantly different from 6-hr controls
(p < 0.05) as determined by ANOVA followed by Dun-
nett’s post hoc test.
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FIG.7. Effects of thiol-depleting and -reducing agents
on iNOS mRNA levels. At zero time, 1 mM DEM, 1 mM
DTT, or 10 mM EMS were added to hepatocytes incuba-
tions, and 4 hr INOS mRNA levels were measured by real-
time quantitative PCR analysis. INOS mRNA levels were
normalized relative to B-actin. Controls contained no ad-
ditions. Values represent mean * SD (n = 3 for all deter-
minations).

of DEM-inhibition of hepatocyte nitrite pro-
duction suggests that DEM inhibits events that
occur within 1 hr of the start of the incubation
but has little effect on events occurring after 2
hr. Therefore, our results are consistent with
the hypothesis that DEM inhibits early events,
such as NF-«B activation, leading to iNOS in-
duction. Our results are also for the most part
in agreement with Hothersall et al. (1997), who
demonstrated that GSH levels did not signifi-
cantly affect NO production in a murine
macrophage cell line (J774) after the induction
of the iNOS protein.

The alkylating agent EMS yielded similar re-
sults to DEM. The addition of 10 mM EMS at
the start of the incubation depleted GSH and
inhibited the transcription of iNOS (Fig. 7). This
concentration has been shown to deplete cellu-
lar GSH completely but has little effect of cell
viability, However, unlike DEM, EMS still re-
duced nitrite formation in hepatocyte suspen-
sions by about 70% when it was added after 3
hr (Fig. 6). We speculate that EMS may be act-
ing through two distinct mechanisms to inhibit
nitrite formation. At early timepoints, EMS de-
pletes cellular GSH and inhibits the transcrip-
tion of iNOS. At later timepoints (2-3 hr), EMS
may inhibit the enzyme through thiol modifi-
cation of protein thiols.

We have determined with Western blot
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analysis that the iNOS protein is expressed
when EMS is added after 3 hr, although at a re-
duced level (data not shown). The 6-hr iNOS
protein levels in hepatocytes treated with EMS
or DEM at 3 hr is not significantly different
from controls. We are unable to determine with
Western blot analysis whether iNOS is present
in the active form. The protein may be ex-
pressed and detected by the iNOS antibody,
but the iNOS enzyme activity may be inhibited
by EMS alkylation. EMS can alkylate thiol
groups and deplete protein thiols (Fariss et al.,
1997), whereas the capacity of DEM to alkylate
thiol groups is more limited. This difference in
the capacity of DEM and EMS to alkylate pro-
tein thiols may explain why the addition of
EMS at 3 hr has more of an effect on iNOS ac-
tivity than DEM, despite similar levels of the
iNOS protein being present. In addition, the
alkylation of iNOS by EMS may affect the affin-
ity of the iNOS antibody toward the protein. If
this is the case, then the levels of iINOS detected
following the addition of EMS at 3 hr may un-
derestimate the true amount of iNOS protein
present at 6 hr.

Our work with NEM also supports the hy-
pothesis that the iNOS protein may be sensi-
tive to thiol modification. Preincubation with
the thiol modifying agent NEM inhibited he-
patocyte iNOS activity. Cubberley et al. (1997)
have recently shown that human iNOS con-
tains an essential cysteine residue that is re-
quired for activity. Most iNOS activity assays
contain reduced thiols to maximize activity.
Stuehr et al. (1990) reported that the omission
of thiols in an iNOS activity assay led to a de-
crease in activity, and this decrease in activity
was 70% reversible upon subsequent thiol ad-
dition. These researchers speculated that the
thiols may protect against oxidative inactiva-
tion of the enzyme or keep important enzyme
components reduced. Further research is re-
quired to confirm that EMS is inhibiting iNOS
activity by alkylating thiol groups on the en-
zyme.

We also examined the effects of adding the
thiol reducing agent DTT on nitrite production
in hepatocytes. The addition of 1 mM DTT com-
pletely blocked hepatocyte nitrite formation
(Fig. 6) and dramatically reduced iNOS mRNA
formation (Fig. 7). The inhibitory effects of DTT
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were greatest when added at the start of the in-
cubation. Collectively, this work suggests that
DTT is similar to DEM and is affecting the early
signaling events involved in iNOS expression.
However, based on relative iNOS mRNA lev-
els, it appears that DTT is more effective at
blocking these early signaling events than ei-
ther DEM or EMS (Fig. 7).

The mechanism linking GSH depletion with
inhibition of iINOS mRNA formation is not
known, but the binding of activated NF-«B to
DNA is reported to be redox sensitive with ox-
idants inhibiting and reducing agents, such as
GSH, promoting DNA binding (Sun and Ober-
ley, 1996). Attenuation of NF-«B binding to
DNA would be expected to lower cellular iNOS
mRNA levels (Vos et al., 1999). Antioxidants
such as N-acetyl cysteine are known to inhibit
the activation of NF-«B in response to most
known inducers (Muller et al., 1997). Galter et
al. (1994) demonstrated that 1 mM DTT inhib-
ited NF-«B activation in response to phorbol
esters in human T lineage cells (Molt-4). The in-
hibition of NF-«B activation by DTT only oc-
curred if DTT was added at the same time as
the phorbol ester. If DTT was added 1 hr later,
NF-«B activation was potentiated. These re-
searchers concluded from their data that GSSG
may be required for activation of NF-«B and
that the addition of DTT decreased GSSG lev-
els (Galter et al., 1994). However, it is impor-
tant to note that they also determined that if
cellular levels of GSSG were too high the bind-
ing of NF-«B binding to DNA was suppressed.
Based on their work, they concluded that NF-
kB activation may require a narrow range of
GSSG. This two-step redox regulation of NF-
kB may explain our data with the GSH deple-
tors (DEM and EMS) and the thiol reducing
agent DTT on iNOS expression. Further work
is required to address whether these agents are
acting at the level of NF-«B and to examine the
importance of cellular GSSG as a signal for
iNOS induction in hepatocytes.

Our results suggest that the GSH status of
the cell is an important regulator of iNOS ex-
pression. In this regard, it is interesting to spec-
ulate why the GSH status of cell is linked to
NO formation. NO is known to have a dual na-
ture with respect to oxidative stress and cell in-
jury. If NO reacts with superoxide, the power-
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ful oxidant peroxynitrite is formed. Peroxyni-
trite can nitrosylate tyrosine residues on pro-
teins and induce lipid peroxidation and DNA
strand breaks. However, several studies also
suggest that NO in itself can function as an an-
tioxidant and protect cells against lipid perox-
idation (Muriel, 1998; Kelley et al., 1999) and
oxidant-induced cell injury (Wink et al., 1995;
Sergent et al., 1997). In fact, there is increasing
evidence that cells induce iNOS and produce
NO in response to oxidative stress (Muller et
al., 1997). It would seem logical to assume that
iNOS induction in response to oxidative stress
would only be beneficial if peroxynitrite is not
produced. Sies et al. (1997) have suggested that
GSH and the enzyme glutathione peroxidase
are important cellular lines of defense against
peroxynitrite damage. Peroxynitrite is metabo-
lized by glutathione peroxidase in the presence
of GSH to form nitrite and GSSG. Sies et al.
(1997) have shown that glutathione peroxidase-
GSH protected against peroxynitrite catalyzed
formation of 3-nitrotyrosine in human fibrob-
last lysates. This protection required both glu-
tathione peroxidase and GSH. Also, it has been
proposed that GSH acts as scavenger of NO
and may prevent the build up of toxic perox-
ynitrite levels (Wink et al., 1994). These results
suggest that glutathione peroxidase and GSH
are an important protective system against per-
oxynitrite. However, this protective system
would only be functional if there were ade-
quate levels of GSH. Low levels of GSH would
be expected to favor peroxynitrite formation by
inhibiting glutathione peroxidase activity and
increasing steady state levels of free NO and
ROS present in the cell. Cellular GSH levels
may determine whether NO reacts with su-
peroxide and forms the potent oxidant perox-
ynitrite or acts as an antioxidant. In this con-
text, the GSH regulation of iNOS expression
may be an important defense limiting perox-
ynitrite formation.

In summary, our results suggest that iNOS
expression in hepatocytes is regulated by cel-
lular GSH levels. Depletion of GSH below a
critical level blocks hepatocyte NO formation.
In addition, the thiol reducing agent, DTT, also
effectively inhibited NO formation as judged
by extracellular nitrite formation. On the basis
of our results with mRNA levels, both DTT and
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depletion of cellular GSH appear to inhibit the
early signaling events leading to iNOS expres-
sion, and suggest that the control of iNOS in-
duction in hepatocytes is sensitive to the thiol
redox status of the cell. Hepatocyte suspen-
sions spontaneously producing NO may pro-
vide a useful model for further studies exam-
ining the control of iNOS expression in
hepatocytes.
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