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Both inducible nitric oxide synthase (iNOS) and gluta-
thione are important mediators in various physiologi-
cal and pathological conditions in humans. In human
endothelial cells the intracellular glutathione levels
were modulated by N-acetyl-L-cysteine (NAC), a
precursor of glutathione and 1,3-bis(chloroethyl)-1-
nitrosouresea (BCNU), an inhibitor of glutathione
reductase. BCNU significantly decreased reduced glu-
tathione (GSH) but increased oxidized glutathione
(GSSG) whereas NAC markedly elevated GSH with a
relatively small increase in GSSG. Appropriate concen-
trations of GSH and GSSG increase the expression of
iNOS gene. However, either GSH or GSSG at a too high
concentration inhibits its expression, indicating that
INOS gene is fine tuned by the metabolites of gluta-
thione cycle. The changes of iINOS mRNA steady state
levels by the glutathione metabolites were associated
with a similar alteration in its gene transcription and
NF-kB activity. BCNU at high concentrations also
shortens the half-life of iNOS mRNA, suggesting a role
of GSSG in the stability of the iNOS gene. Thus, the
change of glutathione levels in vitro can regulate iNOS
mRNA steady state levels in a bi-phasic manner in
human endothelial cells.
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Abbreviations: BCNU, 1,3-bis(chloroethyl)-1-nitrosouresea;
C-RT-PCR, competitive reverse-transcription polymerase
chain reaction; EMSA, electrophoretic mobility shift assay;
G3PDH, glyceraldehyde 3-phosphate dehydrogenase;
GSSG, oxidized glutathione; IL-14, interleukin-1beta;
iNOS, inducible nitric oxide synthase;

LPS, lipopolysaccharide; NAC, N-acetyl-L-cysteine;
NF-£B, nuclear factor-kappa B; NO, nitric oxide;

rGSH, reduced glutathione; TNF-c, tumour

necrosis factor alpha

The physiological messenger nitric oxide (NO),
which is synthesized from L-arginine by the
enzyme NO synthase (NOS), has been implicated
in the biology of most cells of the body. Its
functions are wide ranging — from vasodilatation
to neurotransmission, immune modulation and
mediation of tissue damage. Inducible NOS
(iNOS) was first cloned from activated mouse
macrophage cells."? Its synthesis is markedly
stimulated by various inflammatory agents

* Corresponding author. Molecular Biology, 1416 McIntyre Drive, Ann Arbor, MI 48105, USA.

223

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/21/11

For personal use only.

224 G. CHEN et al.

including a number of cytokines in a wide variety
of cells. Although endothelial cells are the pre-
dominant site of localization of constitutive endo-
thelial NOS, it has now been recognized that they
can also express iNOS.

Changes in iNOS expression play a role in the
pathogenesis of cardiovascular diseases such as
atherosclerosis and hypertension.** As dysfunc-
tion of vascular endothelial cells is a vital step
in the development of atherosclerosis, hyperten-
sion and many other cardiovascular diseases, it
is important to know how iNOS production is
regulated within the endothelium.

The synthesis of iNOS and its activity can be
regulated in a number of ways, one of which is by
antioxidants and reactive oxygen species. Super-
oxide and hydrogen peroxide in the presence
of catalase stimulate the activity of NOS in
human epithelial cells and rat cerebellum respec-
tively,®®! whereas superoxide dismutase and
ascorbic acid inhibit the activity of NOS in
human endothelial cells.”! However, in contrast
to other antioxidants, reduction of glutathione
levels in rat hepatocytes or murine macrophages
abolishes or reduces the induction of NOS by
cytokines, 10!

Both iNOS and glutathione are important
mediators in various physiological and patholog-
ical conditions in human. Oxidant/antioxidant
systems include a wide range of different agents
which function in many different ways. Although
a number of studies have addressed the effects of
oxidants/antioxidants on NO production or iINOS
expression,[‘r”w’ information related to human
endothelial cells is still limited whereas none
explains their mechanisms of action. In particular,
the relationship between the changes in the levels
of glutathione and iNOS activity in human endo-
thelial cells has not yet been investigated at the
level of mRNA. Here we have investigated how
alterations in glutathione levels and oxidation
state affect INOS mRNA transcription, expression
and stability in the human endothelial cell line,
EA hy 926 cells.

MATERIALS AND METHODS

Reagents

Human recombinant TNF-a and human recom-
binant IL-13 were purchased from R&D Systems;
Kodak BioMax MS-1 film, Hyperfilm ECL were
from Amersham International plc. FCS (fetal calf
serum), RPMI 1640 medium, y-**P-ATP, **P-UTP
and L-glutamine were from ICN Biomedicals Ltd.
(Oxfordshire, England); TRI REAGENT (RNA
isolation reagent) was from Molecular Research
Center (Cincinnati, OH); electrophoretic mobility
shift assay (EMSA) reagents were from Promega
Co. (Southampton, England); poly (dI-dC) and
dNTPs were from Pharmacia Biotech Ltd. (Herts,
England); random hexanucleotide primers and
M-MLV reverse transcriptase were from Life
Technologies Ltd. (Paisley, Scotland); DNA poly-
merase and other PCR reagents were from Bioline
Ltd. (London, England); Molecular Imager and
Imaging Densitometer was from Bio-Rad Labora-
tories (Hercules, CA). Other reagents were from
Sigma.

Cell Culture

The human endothelial cell line EA.hy 926 is a
hybrid resulting from fusion of primary human
umbilical vein endothelial cells with cells selected
from a human lung carcinoma'"! and which has
been well characterized."*>** To induce iNOS
expression, cytokines (TNF-a 1000 units/ml+
IL-15 100 units/ml) were added to culture
medium for 1-24 h.

Competitive RT-PCR (C-RT-PCR)

Cell monolayers were washed with PBS and then
RNA was isolated by using TRIREAGENT. C-RT-
PCR was performed as described previously.""
Briefly, a 248 bp of cDNA fragment with the same
primer binding sites as target fragment (305 bp)
was constructed and the competitor RNA was
then synthezised by SP6 RNA polymerase.
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Total endogenous RNA with or without synthetic
RNA competitor was reverse-transcribed at 37°C
for Th. PCR was performed using an Omni-
Gene™ thermocycler. Initial denaturation was
done at 94°C for 2 min followed by 24—40 cycles
of amplification. Each cycle consisted of 35s of
denaturation at 94°C, 35s of annealing at 58°C,
and 45s for enzymatic primer extension at 72°C.
PCR products were then size-fractionated
through a 2% agarose gel and the bands visual-
ized using ethidium bromide. The amplified
endogenous fragment (target) was 305bp and
the synthetic competitor fragment was 248 bp.
The densities of the two bands corresponding
to the endogenous target and the synthetic com-
petitor amplification products were determined
with the Molecular Imager and Imaging Densito-
meter from Bio-Rad Laboratories (Hercules, CA).
The data were then analyzed by Microsoft Excel
and InStat computer softwares.

Northern Blot Analysis

A nonisotopic method was used to perform
Northern analysis." Briefly, 5ug of total
RNA was fractionated in an 1.2% agarose—
formaldehyde gel. Samples from the gel were
transferred to nylon membranes. The membranes
were prehybridized for 1 hand then hybridized to
a biotinylated iNOS probe or G3PDH probe. The
signals on the membranes were detected by add-
ing chemiluminescent substrate (Lumi-Phos 530)
and the image is captured on X-ray film.

Electrophoretic Mobility Shift
Assay (EMSA)

Nuclear extracts were prepared basically as
described by Schreiber et al.""®! with slight modi-
fications. Briefly, after washing with PBS, cells
were resuspended in 500ul buffer A (10 mM
Hepes, pH 7.9, 45mM KCl, 7mM Na,HPO,,
0.5mM DTT, 0.5mM phenylmethylsulphonyl
fluoride) and incubated in ice for 15min.

Afterwards, 30 uwl of 10% Nonidet P-40 was added
to the mixture, and the samples were mixed on
a vortex machine for 10s. Nuclei were collected
following a 30-s spin and resuspended in 50 pl of
cold buffer C (5 mM Hepes, pH 7.9, 26% glycerol,
1.5mM MgCl,, 02mM EDTA, 05mM DTT,
0.5mM phenylmethylsulphonyl fluoride). The
samples were vigorously rocked for 15min at
4°C, and the supernatants were frozen at —70°C.

EMSA was performed essentially as described
earlier with some modification."”’® Binding
reaction mixtures (10 pl) containing 2 ug protein
of nuclear extract, 1pg poly (dI-dC), **P-labeled
probe, 4% glycerol, 1 mM MgCl,, 0.5 mM EDTA,
0.5mM DTT, 50 mM NaCl and 10mM Tris-HCl
(pH 7.5) were incubated for 30 min at 25°C. For
specificity controls a 100 fold excess of unlabeled
probe was applied and in some experiments,
100 fold noncompetitor probe was also used as
an additional control. Proteins were separated by
electrophoresis through a native 4% polyacryl-
amide gel at 4°C in a running buffer of 12.5mM
Tris borate, 0.25 mM EDTA (pH 8.0), followed by
autoradiography. The sequences of the NF-«B
specific probe (binding site is underlined) were
5-GAT CCAGAGGGGACTTTCCGAGTAC-3.
The oligonucleotide was labeled with **P-ATP by
T4 polynucleotide kinase and the labeled probe
was purified by passing it through a G-25 column.

mRNA Stability Analysis

Cells were stimulated with cytokine mixture
for 12h and either BCNU or NAC was present
for only the last 3h. Thereafter, actinomycin
(10 pg/ml) was added. Total RNA was prepared
at the indicated time points and used for C-RT-
PCR or Northern hybridization as described
above.

Nuclear Run-on Analysis

The nuclear run-on transcription assay was
performed according to the method described
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previously."! The amount of sample hybridizing
to G3PDH was used for normalization.

Glutathione Measurement

Total glutathione (GSH + GSSG) was determined
by the Tietze’s enzymatic recycling procedure as
described by Griffith.*” For GSSG measurement,
the cell lysates were treated with 2-vinylpyridine
(2VP, 2 u1/100 pl sample for 60 min) and expressed
as G5SG equivalents. GSH levels were calculated
from the difference between total glutathione and
GSSG. The total protein content of each sample
was determined using the Bradford assay.'!!

Statistical Analysis

All values are expressed as mean = standard
error. Statistical comparisons were performed
using one-way analysis of variance (ANOVA)
and the Dunnett’s test. A p-value of less than
0.05 was taken as statistically significant.

RESULTS

Intracellular Levels of GSH and GSSG
After Treatment with BCNU and NAC

BCNU, an inhibitor of glutathione vy reductase,
prevents the conversion of oxidized glutathione
to GSH. Cells incubated with cytokines and
BCNU at concentrations of 20 uM or higher for
12h significantly decreased GSH levels but ele-
vated the accumulation of G55G (Figure 1). NAC
can increase the intracellular level of GSH by
supplying L-cysteine, a substrate for GSH syn-
thesis. Cytokine-pretreated cells incubated with
NAC displayed a marked elevation in GSH levels
but a relatively small increase in GSSG levels
(Figure 2). Cytokines such as TNF-a and IL-15
produce a prooxidant status in a variety of cell
types.>*! In an agreement with this, cells treated
with cytokines in the present experiment
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FIGURE t  Effect of BCNU on glutathione levels. Cells were
treated with cytokines for 12 h in the presence of various con-
centrations of BCNU. Cell lysates were obtained after incuba-
tion. Total glutathione and GSSG were determined by an
enzymatic method. GSH levels were calculated from the dif-
ference between total glutathione and GSSG. The total protein
content of each sample was determined using the Bradford
assay. Data are expressed as mean =+ standard error (n = 10).

showed a decrease in the levels of GSH (159 +
2.0nmol/mg protein vs 23.1 +2.2 nmol/mg pro-
tein, p <0.01) but an increase in GSSG levels
(0.96 £0.021 nmol/mg protein vs 1.19+0.019
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FIGURE 2 Effect of NAC on glutathione levels. Cells were
treated with cytokines for 12h in the presence of various
concentrations of NAC. Cell lysates were obtained after incu-
bation. Total glutathione and GSSG were determined by an
enzymatic method. GSH levels were calculated from the
difference between total glutathione and GSSG. The total
protein content of each sample was determined using the
Bradford assay. Data are expressed as mean - standard
error (n=10).

nmol/mg protein, p<0.05). BCNU and NAC
did not significantly affect glutathione levels in
the cells without cytokine treatment (data not
shown). Cell viability as determined by a MTT

assay was unaffected by any of the above reagents
or reagent combinations (data not shown).

Effects of BCNU and NAC on Formation
of iNOS mRNA Steady State Levels

C-RT-PCR was performed to assess whether the
BCNU or NAC affected iINOS mRNA steady state
levels. Northern blots were also carried out in
some experiments to confirm the results (data not
shown). Cells were stimulated with cytokines for
12 h in the presence of various concentrations of
BCNU or NAC. BCNU exerted a bi-phasic effect.
It stimulated iNOS mRNA steady state levels at a
relatively low concentration (20 uM), but inhib-
ited them at higher concentrations (80-160 pM)
(Figure 3). NAC at a low concentration (2mM)
increased iNOS mRNA expression, however, at
concentrations greater than 4 mM diminished or
abolished iNOS mRNA expression induced by
cytokines (Figure 4). As shown above, BCNU and
NAC had different effects on cellular glutathione
contents. BCNU increased the G55G level whereas
NAC mainly elevated the amount of GSH. Sur-
prisingly, both BCNU and NAC at low concentra-
tions increased iNOS mRNA expression induced
by cytokines and at higher concentrations had
suppressive effects. Since BCNU and NAC
change the glutathione content in opposite direc-
tions, it would be expected that they neutralize
each others’ actions when simultaneously applied
to the cells. Indeed, here we found that in the
presence of a high concentration of BCNU
(160 uM), cells were less sensitive to NAC. Thus
NAC at concentration of 4 mM caused an increase
in iNOS mRNA, while 16 mM NAC still had an
inhibitory effect (Figure 5).

Effects of BCNU and NAC on
iNOS Gene Transcription

Nuclear run-on experiments were performed to
evaluate whether changes in iNOS gene transcrip-
tion would contribute to the change of iINOS
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FIGURE 3 Effect of BCNU on iNOS mRNA steady state. Cells were treated with cytokines for 12h in the presence of
various concentrations of BCNU. Total RNA was isolated and competitive RT-PCR were performed to assess iNOS mRNA
levels. The bands were analyzed for densities and the ratio of target iNOS mRNA to internal standard was calculated. The
internal standard is a synthetic RNA/cDNA which has the same iNOS primer binding sites as the target samples. The experi-
ment was performed six times and each study yielded similar results. Data (B) are expressed as mean * standard error.

mRNA steady state levels caused by BCNU and
NAC treatment. In unstimulated cells iNOS trans-
criptional activity was virtually undetectable
(Figure 6). Incubation of the cells with cytokines
for 12h increases the transcription rate of the
iNOS gene. Addition of BCNU or NAC into cell
cultures caused similar changes to the transcrip-
tional activity of iNOS gene as found for the
steady state of INOS mRNA expression.

High Concentration of BCNU Reduces
iNOS mRNA Stability

Cells were stimulated with either cytokines or a
combination of cytokines plus BCNU or NAC for

12h after which cells were treated with actino-
mycin D to inhibit further transcription. Total
RNA was isolated and examined by C-RT-PCR at
various time points. The decay of iNOS mRNA
after stimulation of the cells with cytokines cor-
responded to a half-life of 10.8 + 1.2 h (Figure 7).
Co-stimulation with NAC and lower concentra-
tions of BCNU (10-80 uM) did not significantly
change the mRNA half-life (data not shown).
Co-stimulation with a high concentration of
BCNU (160uM) decreased the iNOS mRNA
half-life to 7.7 +£0.9h (Figure 7). This decrease
was significant (p < 0.05) when compared with
the half-life of 10.8+1.2h obtained in the cells
treated with cytokines.

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/21/11

For personal use only.

REGULATION OF iNOS mRNA BY GLUTATHIONE 229

Target (305 bp)

Control Cytokines 1 2 4

8 16

NAC (mM)

0.8

0.6 ~

0.4

0.2

Ratio of target to internal standard

0 cytokines 1

4 8 16

NAC (mM)

FIGURE 4 Effect of NAC on iNOS mRNA steady state. Cells were treated with cytokines for 12h in the presence of various
concentrations of NAC. Other conditions were as described in Figure 3.

Change of Glutathione Levels Regulates
NF-«B Activity

Activation of NF-xB transcription factor has been
reported to play a crucial role in induction of iNOS
gene in a variety of cell types™® ¢ and it is also
well known that reactive oxygen species are a
powerful stimulator of NF-xB activity.””) EMSA
was carried out to examine the effects of BCNU
and NAC on the activation of NF-sB. BCNU had
a dual effect on NF-xB activity (Figure 8A). At
concentrations of 10-20uM it increased NF-«<B
activity. However, at higher concentrations (80~
160 uM) BCNU inhibited the activation of NF-xB.
NAC had a positive effect on NF-xB activity at the
concentration of 2mM, but at the concentrations
higher than 2mM it completely blocked NF-xB
activity (Figure 8B).

DISCUSSION

Here we demonstrate that the changes in intra-
cellular glutathione levels affect iNOS mRNA
steady state levels in a bi-phasic fashion in human
endothelial cells. Intracellular glutathione levels
were readily adjusted by application of BCNU
and NAC. BCNU and NAC function change the
levels of intracellular glutathione at opposing
directions. As an inhibitor of glutathione reduc-
tase, BCNU increases GSSG and decreases GSH
levels, producing a pro-oxidant state. Conversely,
NAC as a precursor of glutathione up-regulates
synthesis of GSH. An increase in GSH levels will
naturally shift the balance between GSH and
GSSG in favor of the former. We also found that
NAC caused an increase in GS5G levels, though
this elevation was relatively small. This suggests
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FIGURE 5 Regulation of steady state of iNOS mRNA by NAC in the presence of BCNU. Cells were treated with cytokines
for 12h in the presence of 160pM BCNU and various concentrations of NAC. Other conditions were as described in

Figure 3.

that the cytokine-stimulated cells used in our
experiments were in an oxidant condition and so
turned extra GSH into GSSG to return the balance
between antioxidants and oxidants. It appears
somewhat strange that both BCNU and NAC
increase iNOS mRNA at low concentrations but
inhibit them at high concentrations, as their
effects on glutathione are opposite. However,
both agents atlow concentrations increased GSSG
levels whereas at higher concentrations BCNU
significantly reduced GSH and increased GS5G
while NAC markedly elevated GSH with only
a slight increase in GSSG. Thus, it appears that

up-regulation and down-regulation of iNOS
mRNA are influenced by different metabolites
(GSSG and GSH) of the glutathione cycle.
Clearly these different metabolites may exert
completely different actions depending on their
concentrations.

Transcription factor NF-«B is required for the
induction of iNOS gene in response to LPS and
cytokines including TNF-a and IL-15%*% and
the binding site sequence for NF-«B is present
in the iNOS gene promoter of several species
including human, mouse and rat.?*?! Interest-
ingly both TNF-a and IL-15 also promote the

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/21/11

For personal use only.

REGULATION OF iNOS mRNA BY GLUTATHIONE 231

» R o

1 2 3 4 5 6 7

FIGURE 6 Regulation of iNOS gene transcription by
BCNU and NAC. Cells were stimulated with either cyto-
kines or a combination of cytokines plus BCNU or NAC for
12 h. Nuclei were isolated and the transcriptional rate of the
iNOS and G3PDH genes were determined by hybridizing
32P_labeled nuclear RNA transcripts to iNOS or G3PDH probe
immobilized onto the membranes. A and B: cells treated
with BCNU; C and D: cells treated with NAC, Lane 1: con-
trol; Lane 2: cells treated cytokines alone; Lane 3: cells treated
with 10 pM BCNU or 1mM NAC; Lane 4: cells treated with
20 uM BCNU or 2mM NAC; Lane 5: cells treated with 40 uM
BCNU or 4mM NAC; Lane 6: cells treated with 80 uyM BCNU
or 8mM NAC; Lane 7: cells treated with 160 uM BCNU or
16 mM NAC.

production of reactive oxygen species,'*>® stim-

ulating cells to generate mitochondrial oxygen
radicals and oxidized glutathione.”® In our
experiments stimulation of endothelial cells by
TNF-« and IL-15 similarly produced an oxidant
stress characterized by an increase in GS5G and
a decrease in GSH. In agreement with others,
we also found that changes of glutathione levels
altered the NF-«B activity. However, instead of
linear relationship between NF-«xB activity and
oxidant levels, we showed NF-«B activity to be
regulated along a bell-shaped curve, depending
on the levels of GSSG and GSH. A small increase
in the GSSG levels caused by treatment with
BCNU elevated the activity of NF-xB, whereas
a marked increase in GSSG levels together with
a profound drop in GSH levels reduced NF-«B
activity. This finding indicates that NF-«<B activity
isblocked by either a significant reduction of GSH
levels or a marked increase in GS5G amount. Fur-
thermore, we also found that a significant increase
in GSH levels had an inhibitory effect on NF-xB

activity as the high concentration of NAC blocked
the activation of NF-xB. Therefore, the activity of
NF-«B is finely regulated by modulations in
glutathione and this modulation plays an impor-
tant role in regulation of iNOS mRNA expression
in endothelial cells. However, whether other fac-
tors may still contribute to the pathways of gluta-
thione’s regulatory effects on iNOS expression
cannot be excluded.””

Why glutathione exerts a bi-phasic effect on
NF-«B activity is unclear. It is well known that NF-
kB is a cytoplasmic complex composed of hetero-
and homo-dimers from the Rel/NF-£B family of
proteins.** These dimers are complexed to a
member of the IkB family such as IkB-a or IkB-3
which inhibits the nuclear localization signal in
the Rel homology domain of the NF-xB complex.
IkB-o and IkB-g preferentially bind to c-Rel and
RelA (p65) dimers. Upon stimulation, phosphor-
ylation, ubiquination and proteolytic degradation
of IkB-a or IkB-3 occur and this process will allow
the NF-xB complex to rapidly translocate to the
nucleus where it binds to its consensus DNA
sequence. It is possible that within a relatively
narrow concentration range, GSSG promote the
release of NF-xB dimers from IkB family and
initiates nuclear translocation whereas excessive
GSSG  inhibits the DNA binding of NF-«B
dimers.®"! A specific concentration of GSH may
alsoberequired for the DNA binding site to accept
NF-xB dimers. High levels of GSH may either
shut the binding site or stabilize the NF-xB-1kB-
a/IkB-3 complex. Others have also found that the
depletion of GSH by either BCNU or DL-buthio-
nine-[S,R]-sulfoximine inhibited the activity of
NF-«B in T cells.?>?¢) And this activity of NF-«xB
was blocked by a high concentration of GSH
elevated by NAC or cysteine treatment.!**?”)

Our experiments also indicate that the bi-phasic
effect of glutathione on iNOS mRNA formation
is primarily due to its regulation of the transcrip-
tional activity of the iNOS gene. A decrease in the
stability of INOS mRN A might also partly account
for the decrease in mRNA levels since BCNU at
high concentrations shortened the half life of
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FIGURE 7 Reduction of iNOS mRNA stability by BCNU. Cells were stimulated with cytokines (A) for 12h and BCNU (B)
was presented for only the last 3h. The cells were then treated with actinomycin D to inhibit further transcription. Total
RNA was isolated and examined by C-RT-PCR at various time points. The bands were analyzed for densities and the ratio
of target iNOS mRNA to internal standard was calculated. The half-life of iNOS mRNA was determined according to the

curves (O).

iNOS mRNA. A high concentration of BCNU
changed glutathione metabolism in two ways,
increasing GSSG levels and decreasing GSH
levels. It is most likely that the increased GSSG
results in a shorter half life of iNOS mRNA and
it is known that oxidant stress can damage the
nucleotide.®®

From the results presented in this paper it is
clear that the induction of iINOS mRNA in human
endothelial cells is regulated by glutathione in a

bi-phasic manner. Specific concentrations of both
GSSG and GSH are needed for optimal stimu-
lation of iNOS mRNA. High concentrations of
GSSG and/or GSH exhibit a suppressive effect.
The effects of glutathione on the steady state of
INOS mRNA are executed at its gene transcrip-
tional level and are closely related to transcription
factor, NF-xB. Further studies are needed to
define the precise mechanisms by which GSSG
and GSH regulate iNOS mRNA.
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FIGURE 8 Regulation of NF-xB activity by BCNU and
NAC. Cells were stimulated with either cytokines or a com-
bination of cytokines plus BCNU or NAC for 12h. The
nuclear extracts were isolated and EMSA was performed
by using a NF-xB specific probe. Lane 1 in (B) was a speci-
ficity control using a 100 fold excess of unlabeled probe.

Acknowledgments

We would like to thank Ms. E.G. Wood for assis-
tance with cell cultures. This work was supported

by British Heart Foundation: FS/95060 (G.C.),
BS/95003 (T.D.W).

References

[11 Q. Xie, C. Cho, J. Calaycay, R. Munford, K. Kwiderek,
T. Lee, A. Ding, T. Troco and C. Nathan (1992) Cloning and
characterization of inducible nitric oxide synthase from
mouse macrophages. Science 256: 14 519-14522.

[2] C. Lyons, C. Prloff and J. Cunningham (1992) Molecular
cloning and functional of an inducible nitric oxide syn-
thase from a murine macrophage cell line. Journal of
Biological Chemistry 267: 6370-6374.

[3] C.G. Sobey, R.M. Brooks II and D.D. Heistad (1995) Evi-
dence that expression of inducible nitric oxide synthase in
response to endotoxin is augmented in atherosclerotic
rabbits. Circulation Research 77: 536-543.

[4] A. Singh, P. Sventek, R. Lariviere, G. Thibault and
E.L. Schiffrin (1996) Inducible nitric oxide synthase in
vascular smooth muscle cells from prehypertensive spon-
taneously hypertensive rats. American Journal of Hyperten-
sion 9: 867-877.

[5] LM. Adcock, C.R. Brown, O. Kwon and PJ. Barnes (1994)
Oxidative stress induces NF-«B DNA binding and induc-
ible NOS mRNA in human epithelial cells. Biochemical
and Biophysical Research Communications 199: 1518-1524.

[6] A. Rengasamy and R.A. Jhns (1994} Effect of hydrogen
peroxide and catalase on rat cerebellum nitric oxide syn-
thase. Biochemical Pharmacology 48: 423—-425.

[71 H.E. Galley, B.E. Walker, PD. Howdle and N.R. Webster
(1996) Regulation of nitric oxide synthase activity in
cultured human endothelial cells: effect of antioxidants.
Free Radical Biology and Medicine 21: 97-101.

[8] D.L. Duval, D]. Sieg and R.E. Billings (1995) Regulation of
hepatic nitric oxide synthase by reactive oxygen inter-
mediates and glutathione. Archives of Biochemistry and
Biophysics 316: 699-706.

[9] B.G. Harbrecht, M.D. Silvio, V. Chough, K.-M. Kim,
R.L.Simmons and T.R. Billiar (1997) Glutathione regulates
nitric oxide synthase in cultured hepatocytes. Annals of
Surgery 225: 76-87.

[101].5. Hothersall, EQ. Cunha, GH. Neild and
A.A. Norohna-Dutra (1997) Induction of nitric oxide
synthase in J774 cells lowers intracellular glutathione:
effect of modulated glutathione redox status on nitric
oxide synthase induction. Biochemical Journal 322:
477-481.

[11] CJ.S. Edgell, C.C. McDonald and ].B. Graham (1983) A
permanent cell line expressing factor VIII related antigen
established by hybridization. Proceedings of the National
Academy of Sciences of the USA 80: 3734-3737.

[12] B.A. Van Oost, CJ.S. Edgell and C.W. Hay (1986) Isolation
of human von Willebrand factor ¢cDNA from the
EA hy 926 cell line. Biochemistry and Cellular Biology 95:
355-360.

[13] A.J. Reiber and C.J.S. Edgell (1989) Endothelium specific
gene expression. Thrombosis and Haemostasis 62: 98.

[14] G. Chen and T.D. Warner (1997) A single competitive
RT-PCR assay to measure inducible nitric oxide synthase
gene expression in both human and rat. Analytical
Biochemistry 247: 455-458.

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/21/11

For personal use only.

234 G. CHEN et al.

[15] ].R. Hughes, M.F. Evansand E.R. Levy (1995) Non-isotopic
detection of nucleic acids on membranes. In: Non-Isotopic
Methods in Molecular Biology (Levy, E.R. and Herrington,
C.S., Eds.), Oxford University Press, Oxford, pp. 145-181.

[16] E. Schreiber, P. Matthias, M.M. Muller and W. Schaffner
(1989) Rapid detection of octamer binding proteins with
‘mini-extracts’ prepared from small number of cells.
Nucleic Acids Research 17: 6419.

[17] A. Deffie, H. Wu, V. Reinke and G. Lozano (1993) The
tumor suppressor p53 regulates its own transcriptions.
Molecular and Cellular Biology 13: 3415-3423.

{18] WD. Funk, PT. Pak, RH. Karas, W.E. Wright and
J.W. Shay (1992) A transcriptionally active DNA-binding
site for human p53 protein. Molecular and Cellular Biology
12: 2866-2871.

[19] D.A. Geller, M.E. de Vera, D.A. Russell, R.A. Shapiro,
A K. Nussler, R.L. Simmons and T.R. Billiar (1995) A
central role for IL-1 beta in the in vitro and in vivo
regulation of hepatic inducible nitric oxide synthase:
IL-1 beta induces hepatic nitric oxide synthase. Journal of
Immunology 155: 4890-4898.

[20] Q.W. Griffith and Q.W. Friffith (1980) Determination of
glutathione and glutathione disulfide using glutathione
reductase and a-vinylpyridine. Analytical Biochemistry
106: 207-212.

[21] M.M. Bradford (1976) A rapid and sensitive method for
the quantitation of microgram quantities of protein utiliz-
ing the principle of protein—dye binding. Analytical Bio-
chemistry 72: 248-254.

[22] Selle, M. Younes, H. Sies, K. Resch and G.G. Habermehl
(1989) Human fibroblast release reactive oxygen species
in response to interleukin-1 or tumour necrosis factor-o.
Biochemical Journal 263: 539-545.

[23] GM. Adamson and R.E. Billings (1992) Tumor necrosis
factor induced oxidative stress in isolated mouse hepato-
cytes. Archives of Biochemistry and Biophysics 294: 223-229.

[24] M. Colasanti, T. Persichini, M. Menegazz, S. Mariotto,
E. Giordano, C.M. Cldarera, V. Sogos, G.M. Lauro and
H. Suzuki (1995) Induction of nitric oxide synthase
mRNA expression. Journal of Biological Chemistry 270:
26731-26733.

[25] R.S. Farivar and P. Brecher (1996) Salicylate is a transcrip-
tional inhibitor of the inducible nitric oxide synthase in
cultured cardiac fibroblasts. Journal of Biological Chemistry
271: 31 585-31592.

[26] D.L. Duval, D.R. Miller, ]. Collier and R.E. Billings
(1996) Characterization of hepatic nitric oxide synthase:
identification as the cytokine-inducible form primarily
regulated by oxidants. Molecular Pharmacology 50:
277-284.

[27] C.K. Sen and L. Packer (1996) Antioxidant and redox
regulation of gene transcription. FASEB Journal 10: 709~
720.

[28] Y. Nunokawa, N. Ishida and S. Tanaka (1994) Promoter
analysis of human inducible nitric oxide synthase gene
associated with cardiovascular homeostasis. Biochemical
and Biophysical Research Communications 200: 802-807.

[29] Q. Xie, R. Whisnant and C. Nathan (1993) Promoter of the
mouse gene encoding calcium-independent nitric oxide
synthase confers inducibility by interferon v and bacterial
lipopolysaccharide. Journal of Experimental Medicine 177:
1779-1784.

[30] CJ. Lowenstein, EW. Alley, P. Raval, AM. Snowman,
S.H. Anyder, S.W. Russell and W.]. Murphy (1993) Macro-
phase nitric oxide synthase gene: two upstream regions
mediate induction by interferon gamma and lipopolysac-
charide. Proceedings of the National Academy of Sciences of
the USA 90: 9730-9734.

[31] W. Eberhardt, D. Kunz, R. Hummel and J. Pfeilshifter
(1996) Molecular cloning of the rat inducible nitric oxide
synthase gene promoter. Biochemical and Biophysical
Research Communications 223: 752-756.

[32] D. Kunz, H. Muhl, G. Walker and ]. Pfeilschifter (1994)
Two distinct signaling pathways trigger the expression of
inducible nitric oxide synthase in rat renal mesangial cells.
Proceedings of the National Academy of Sciences of the USA
91: 5387-5391.

[33] U. Siebenlist, G. Franzoso and K. Brown (1994) Structure,
regulation and function of NF-kappa. Annual Review of
Cellular Biology 10: 405-455.

{34] D. Galter, S. Mihm and W. Droge (1994) Distinct effects of
glutathione disulphide on the nuclear transcription factor
xB and the activator protein-1. European Journal of Bio-
chemistry 221: 639-648.

[35] W. Droge, K. Schulze-Osthoff, 5. Mihm, D. Galter,
H. Schenk, H-P. Eck, S. Roth and H. Gmunder (1994)
Functions of glutathione and glutathione disulfide in
immunology and immunopathology. FASEB Journal 8:
1131-1138.

[36] M. Ginn-Pease and R.L. Whisler (1996) Optimal NF-xB
mediated transcriptional responses in Jurket t cells
exposed to oxidative stress are dependent on intracellular
glutathione and costimulatory signals. Biochemical and
Biophysical Research Communications 226: 695-702.

[37]1 S. Mihm, D. Galter and W. Droge (1995) Modulation of
transcription factor NF-xB activity by intracellular gluta-
thione levels and by variations of the extracellular cysteine
supply. FASEB Journal 9: 246-252.

[38] K.B. Beckman and B.N. Ames (1997) Oxidative decay of
DNA. Journal of Biological Chemistry 272: 19 633-19 636.

RIGHTS

i,



