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Abstract

The mechanism underlying the elevation of intracellular glutathione (GSH) in RAW 264.7 cells exposed to low concentrations of sodium

nitroprusside (SNP), a well-known nitric oxide (NO) donor, was investigated. The peak of intracellular GSH was reached at 6 h after

exposure of the cells to SNP (0.1–0.5 mM), and this was preceded by the induction of mRNA for g-glutamylcysteine synthetase (g-GCS; the

rate-limiting enzyme of de novo GSH synthesis), which peaked at 3 h. N-a-Tosyl-l-phenylalanine chloromethyl ketone (TPCK) and caffeic

acid phenethyl ester (CAPE), specific inhibitors of NF-nB, significantly suppressed the SNP-induced elevation of GSH protein and g-GCS

mRNA, while curcumin, an inhibitor of AP-1, was less effective. Electrophoretic mobility shift assay (EMSA) showed that SNP exposure

markedly increased the DNA binding of NF-nB, but not that of AP-1. Deletion or mutagenesis of the NF-nB site in the g-GCS gene promoter

abolished the SNP-induced up-regulation of GSH protein and g-GCS mRNA.

These results suggest that the elevation of intracellular GSH in RAW 264.7 cells exposed to low concentrations of SNP occurs through the

operation of the de novo GSH pathway, and is mediated by transcriptional up-regulation of the g-GCS gene, predominantly at the NF-nB
binding site in its promoter.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Nitric oxide (NO), which has been identified as the

endothelium-derived relaxing factor [1], has a wide range of

biological activities, acting as a neurotransmitter, mediator

of inflammation, regulator of immune response and inducer

or inhibitor of apoptosis. NO is produced by enzymatic

oxidation of the amino acid l-arginine to l-citrulline by a

family of enzymes termed nitric oxide synthases (NOS).

High concentrations of NO can increase oxidative stress and

induce tissue injury and apoptosis, while low concentrations

of NO can induce biosynthesis of intracellular antioxidants

including glutathione and thereby protect cells against
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oxidative stress. Whether NO is cytotoxic or protective

thus depends on the circumstances.

Reduced glutathione (GSH), a tripeptide (l-g-glutamyl-

l-cysteinyl-glycine) containing a thiol (sulfhydryl) group, is

a critical intracellular reductant, protecting cells from

electrophilic compounds, free radicals, reactive oxygen

species (ROS), and toxic substances, and it has been

implicated in immune modulation and inflammatory

responses [2–4]. The intracellular concentration of GSH is

in the range of 5–10 mM in many cells and is maintained by

control of the biosynthesis. The rate-limiting enzyme, g-

glutamylcysteine synthetase (g-GCS), is regulated by the

level of GSH [5,6] and by oxidants [7], and depletion of

GSH or the presence of oxidants increases its activity. GSH

synthesis is also dependent on the availability of the amino

acid precursors, glutamate, glycine, and cysteine. A normal

reducing environment, required for cellular integrity, is

provided by reduced GSH.
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In previous studies, it was found that low doses of radiation

elevated intracellular total glutathione, and it was suggested that

this elevation is a consequence of the formation of ROS. Re-

active oxygen species, which include hydroxyl radicals ( ȮH),

superoxide anion (O2̇
�), hydrogen peroxide (H2O2), and nitric

oxide (NO), are produced during normal cellular functions.

Currently, the central issue concerning the signal trans-

duction pathways activated by changes of intracellular redox

status is the transcription factors. It is well known that nuclear

factor nB (NF-nB) and activator protein-1 (AP-1) rapidly

respond to a wide range of agents, factors, and chemicals that

alter cellular redox status, and that both factors regulate the

expression of a variety of genes [8–12]. g-GCS is composed

of two subunits, heavy (g-GCSh) and light (g-GCSl) chains,

expressing catalytic and regulatory functions, respectively.

These two subunits are encoded by different genes, and

dissociate under reducing conditions [13–15]. Furthermore,

the g-GCSh gene has binding motifs for both NF-nB and AP-

1 in the 5V regulatory region [16,17]. The induction of g-

GCShmRNAby several stimuli that cause redox disruption is

regulated by stimulus-dependent transcription factors [18–

21], but the factor(s) that modulate gene expression in

response to low-level NO remain to be identified. In the

present study, we investigated themechanisms of induction of

g-GCShmRNA expression by SNP, a well-known NO donor.
2. Materials and methods

2.1. Materials

N -a-Tosyl-l-phenylalanine chloromethyl ketone

(TPCK), caffeic acid phenethyl ester (CAPE) and curcumin

were purchased from Sigma (St. Louis, MO, USA).

Reduced glutathione (GSH), oxidized glutathione (GSSG),

sodium nitroprusside (SNP), and 5.5V-dithiobis(2-nitroben-
zoic acid) (DTNB) were obtained from Wako Pure

Chemicals (Osaka, Japan). h-NADPH and GSH reductase

(GR, 120 U/mL) were from Oriental Yeast (Tokyo, Japan).

2.2. Cell culture

Mouse macrophage-like RAW 264.7 cells were pur-

chased from American Type Culture Collection, USA. The

cells were maintained in Dulbecco’s modified Eagle’s

medium (DMEM) containing 10% fetal bovine serum

(FBS) at 37 8C in a 5% CO2/95% air atmosphere. The

cells were tested and found to be free of mycoplasma.

2.3. SNP treatment

Cells in the logarithmic phase were used throughout the

experiment. Freshly harvested RAW264.7 cells were resus-

pended in DMEM medium containing 10% FBS at a density

of 1�106/mL, and the suspension (2 mL) was seeded into six-

well plates (Corning, NY). SNP was then added to the
medium to give a final concentration of 0, 0.1, 0.25, 0.5, or 1.0

mM, and incubation was continued for an appropriate time.

2.4. Measurement of NO metabolite production

Concentrations of nitrite (NO2
�) and nitrate (NO3

�) in the

medium were assayed. NO2
� and NO3

� were separated and

measured by using an HPLC-Griess system, which consists

of separation and reduction columns (ENO-10, EICOM,

Kyoto, Japan). Briefly, the collected mediumwas mixed with

1 vol of methanol and centrifuged at 10,000�g at 4 8C for 30

min. Then, 10 AL of the supernatant was injected into the

system, in which NO2
� and NO3

�were separated on a reverse-

phase separation column packed with polystyrene polymer

(NO-PAK, EICOM), and nitrate was reduced to nitrite in a

reduction column packed with copper-plated cadmium

filings (NO-RED, EICOM). Nitrite was mixed with a Griess

reagent (1.25%HCl containing 5 g/L sulfanilamide with 0.25

g/L N-naphthylethylenediamine) to form a purple azo dye in

the reaction coil. The separation and reduction columns and

the reaction coil were kept at 35 8C in a column oven. The

absorbance of the product dye at 540 nm was measured by a

flow-through spectrophotometer (NOD-10, EICOM). The

mobile phase, which was delivered by a pump at a rate of

0.33 mL/min, was 10% methanol containing 0.15 N NaCl/

NH4Cl and 0.5 g/L 4 Na-EDTA. The Griess reagent was

delivered at a rate of 0.1 mL/min. Total NO metabolites

(NOx
�) was calculated by summing NO2

� and NO3
�.

2.5. Assay of cellular glutathione levels

For the determination of intracellular total glutathione

levels, the cultured cells at each time interval were washed

three times with ice-cold phosphate-buffered saline (PBS)

and then harvested from the dishes with a silicon rubber

policeman into Eppendorf tubes. The cell pellet was

suspended in PBS containing 5 mM EDTA, 0.01% digitonin

and 0.25% sodium cholate. The cells were disrupted by

sonication and the sonicate was centrifuged at 10,000�g for

20 min. An aliquot of the supernatant was removed for

protein assay. An equal volume of 10% trichloroacetic acid

(TCA) was added to another aliquot, and the solutions were

kept for 30min on ice. The acid-soluble fraction was obtained

by centrifugation at 10,000�g for 20 min. The fraction was

subjected to total glutathione assay after repeated removals (5

times) of TCA with ether. Total glutathione (GSH+GSSG)

content was measured by using a modified spectrophoto-

metric technique [22]. Briefly, each sample fraction was

diluted 1:5, and a 25-AL aliquot was mixed with 250 AL of 1

mMDTNB, 733 AL of 0.3 mMNADPH, and 10 AL of GR (2

U/mL). The rate of change in absorbance was measured at

412 nm. Authentic GSH (0–25 AM)was analyzed in the same

manner. The GSH concentration of each sample was

calculated as nmol/mg protein. Cell protein determinations

were performed using the Bradford reagent (Bio-Rad, USA)

after cell lysis by the method of Gogstad and Krutnes [23].
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2.6. RNA isolation and Northern blot analysis

Expression of g-GCS mRNA was analyzed by Northern

blotting. Total RNAwas isolated from the cells by means of

the acid guanidium isothiocyanate–phenol–chloroform

extraction method. The RNA was quantified spectrophoto-

metrically at 260 nm (the ratio of A260 nm to A280 nm always

exceeded 1.8), and 8.5 Ag aliquots of total RNA were size-

fractionated by electrophoresis on a 1.0% agarose gel

(Nippon Gene, Toyama, Japan). RNAwas then blotted onto

a nylon membrane using 0.02 M MOPS buffer (pH 7.0), and

immobilized by UV cross-linking. The relative amounts of

RNA were determined by hybridization with a mouse

glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

probe. Mouse g-GCS and GAPDH cDNAs were synthesized

by RT-PCR (Titan, Boehringer Mannheim, Mannheim) from

mouse liver total RNA using oligo DNA primers for g-GCS

heavy subunit (g-GCSh) (5V-CACATCTACCACG-

CAGTCA-3V and 5V-TTCGCTTTTCTAAATCCTGA-3V)
and GAPDH (5 V-TGAAG-GTCGGTGTGAACG-

GATTTGGC-3V and 5V-CATGTAGGCCATGAGGCCAC-
CAC-3V). cDNA was amplified (35 cycles, 94 8C, 1 min;

55 8C, 1 min; 72 8C, 1 min) and the PCR products were

subcloned into the pGEM-T vector (Promega, Madison, WI)

for amplification. Hybridization was carried out in a solution

consisting of 5� SSPE (20� SSPE=3.6 M NaCl, 200 mM

NaH2PO4, 20 mM EDTA, pH 7.4), 10� Denhardt’s reagent

(0.2% Ficoll, 0.2% polyvinylpyrrolidone, 0.2% BSA), 50%

formamide, 1.4% sodium dodecyl sulfate (SDS), and 0.1 mg/

mL herring sperm DNA with 32P-labeled probes at 42 8C.
After hybridization, the membrane was washed with 6� SSC

(20� SSC=3 M NaCl, 0.3 M trisodium citrate) and 0.1%

SDS at 42 8C for 30 min, 1� SSC and 0.1% SDS at 55 8C for

30 min, and 0.1� SSC and 0.1% SDS at 60 8C for 30 min.

Quantitation was done with a laser image analyzer (Fujix

BAS 2500, Fuji Film, Kanagawa). The membrane was also

exposed to an X-ray film (Fuji HR-HA30, Fuji Film) with an

intensifying screen at �80 8C.

2.7. Treatment with transcription factor inhibitor

RAW264.7 cells were incubated with NF-nB and AP-1

inhibitors for 30 min under conventional conditions. Then,

the cells were exposed to 0.25 mM SNP, as described above,

and incubated for an appropriate time at 37 8C. The

inhibitors used here were inhibitors of NF-nB, i.e., TPCK
or CAPE, and an inhibitor of AP-1, curcumin, all of which

were dissolved in ethanol. The concentration of each

inhibitor and the incubation period were determined on

the basis of a preliminary experiment.

2.8. Isolation of nuclear proteins

Nuclear extracts were isolated in the following manner.

Namely, the cells (1.0�107 cells) were washed twice with

ice-cold washing buffer (pH 7.5) composed of 10 mM Tris–
HCl, 130 mM NaCl, 5 mM KCl, and 8 mMMgCl2, and then

harvested in Eppendorf tubes. Next, the cells were incubated

in hypotonic lysis buffer (pH 7.9) composed of 10 mM

HEPES–NaOH, 10 mM KCl, 0.15 mM MgCl2, 0.5 mM

dithiothreitol (DTT), 0.5 mM phenylmethylsulfonyl fluoride

(PMSF) on ice for 15 min. Then, 10% Igepal CA-630

solution (Sigma) was added to the swollen cells in lysis buffer

to give a final concentration of 0.6%, and the suspension was

centrifuged at 10,000�g for 30 s. The supernatant was

removed, and the precipitated nuclear fraction was suspended

in extraction buffer (pH 7.9) composed of 20 mM HEPES–

NaOH, 0.2 mM EDTA–NaOH, 0.42 M NaCl, 1.5 mM

MgCl2, 25% glycerol, 0.5 mM DTT, 0.5 mM PMSF, and 0.5

Ag/mL pepstatin A (Sigma), and stirred for 30 min at 4 8C.
The suspension was centrifuged at 15,000�g for 5 min. The

supernatant was divided into small volumes and stored at

�80 8C as the nuclear fraction. Aliquots of the extracts were

removed for protein assay using the Bio-Rad Protein Assay

Dye Reagent Concentrate (Bio-Rad Laboratories).

2.9. Electrophoresis mobility shift assay (EMSA)

Oligonucleotides containing the consensus sequence for

NF-nB (5V-AGTTGAGG-GGACTTTCCCAGG-3V) and AP-

1 (5V-CGCTTGATGATCAGCCGGAA-3V) were labeled with
[g-32P]ATP (111 TBq/mmol, NENk Life Science Products,

USA), using the T4 polynucleotide kinase (Takara Shuzo,

Japan). This labeling reaction was terminated with 50 mM

EDTA. The 32P-labeled oligonucleotides were purified by

using a Sephadex G-50 Micro Column.

The binding reaction proceeded in a 22 AL reaction

mixture containing 5 Ag of nuclear extract, 2 Ag of poly(dI-

dC) as a nonspecific competitor DNA, and 32P-labeled

oligonucleotides including either AP-1 or NF-nB specific

binding domain (2.0�104 cpm), at room temperature for 30

min. For the competitive binding study, an excess (100-fold)

of nonlabeled consensus oligonucleotide was added. Further

confirmation of the identity of the binding proteins was done

by means of antibody supershift assays. For NF-nB, anti-p50
and anti-p65 antibodies were used (Santa Cruz Biotech, Santa

Cruz, CA). Samples were incubated with 2.5 AL of antibody

for 30 min at 4 8C, then loaded on a 4% poly-acrylamide gel

and subjected to electrophoresis in TAE buffer (6.7 mMTris–

HCl, 3.3 mM NaOAc, and 1 mM EDTA, pH 7.5), at 4 8C for

100 min. The DNA-binding activity of each nuclear extract is

presented as the amount of 32P-labeled DNA-transcription

factor complex measured with the Bio-imaging Analyzer

System, using an imaging plate.

2.10. Luciferase constructs

A human g-GCSh promoter construct (kindly provided

by Dr. J. Gipp, Madison, WI) was cloned into the HindIII

site of the luciferase reporter vector pGL3-Basic (Promega)

and used for the transfection of RAW264.7 cells. A

promoter fragment lacking the AP-1 element (�3349:



Fig. 1. Changes in NOx level after treatment of RAW 264.7 cells with SNP.

Time course of SNP-induced increase of NOx in the medium. After 0.25

mM SNP treatment, the concentration of NOx (nitrite and nitrate) in the

medium was measured by means of the Greiss reaction. Each point

indicates the meanFS.D. of three independent assays. **: Significantly

different from the respective nontreated control group at Pb0.01.

Fig. 2. Changes in total glutathione content after treatment of RAW 264.7

cells with SNP. (A) Intracellular total glutathione content after 0.25 mM

SNP treatment. (B) Dose dependence of the effect of SNP on intracellular

total glutathione content at 6 h post-treatment. Each point indicates the

meanFS.D. of three independent assays. * and **: Significantly different

from the respective nontreated control group at Pb0.05 and Pb0.01,

respectively.
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�3343) was constructed by digestion with SacI. To generate
the deletion construct for the NF-nB site (�1099: �1091),
the g-GCSh promoter template was digested with KpnI. To

mutate the NF-nB site, site-directed mutagenesis of NF-nB
was conducted using a QuikChange XL Site-Directed

Mutagenesis Kit (Stratagene). The sequence of the NF-nB
site was changed from 5V-GGAAATCCC-3V to 5V-
CTCAATCCC-3V.

2.11. Transient transfections and luciferase assay

RAW 264.7 mouse macrophage-like cells were seeded in

60-mm dishes at a density of 2.0�105 cells/mL 1 day prior to

transfection. Cells were transfected with 2 Ag of pGL3

luciferase reporter vector to construct various g-GCSh

promoters and 0.5 Ag of pRL-TK control vector (Promega)

as an internal control to normalize transfection efficiency

using the TransFastk Transfection Reagent (Promega),

usually for 48 h before the experimental procedures. Cells

were treated with 0.25 mM SNP for 15 h, and then harvested

using passive lysis buffer (Promega). Luciferase activity in

cell lysates was assayed using the Dual-Luciferase Reporter

assay system (Promega). All values in transfection experi-

ments were normalized for transfection efficiency based on

the result of co-transfection with the pRL-TK vector.

2.12. Statistical analysis

The statistical significance of differences was determined

by using Student’s t test for comparison between two groups

or two-way repeated measures analysis of variance and
Dunnett’s tests for multiple comparisons, where appropriate.

P values of less than 0.05 were considered significant.
3. Results

3.1. Changes in NOx production and intracellular total

glutathione induced by SNP exposure

We investigated the change of NO metabolite (nitrite and

nitrate) production in the medium of RAW 264.7 cells after

SNP exposure, because of difficulty in measuring NO itself.

Several methods are available to measure nitrite and nitrate,

but the most common procedure is application of the Griess

reaction after reduction of nitrate to nitrite. The NOx

concentration was significantly increased at 15 min post



Fig. 4. Effect of transcription factor inhibitors for NF-nB and AP-1 on the

increase of total glutathione induced by SNP. Cellular total glutathione was

assayed at 6 h after 0.25 mM SNP treatment. Cells were exposed to SNP in

the presence or absence of inhibitors. Values are the meanFS.D. of three

independent assays. ##: Significantly different from the nontreated control

group at Pb0.01. * and **: Significantly different from the SNP-treated

group at Pb0.05 and Pb0.01, respectively. SNP, sodium nitroprusside;

TPCK, N-a-tosyl-l-phenylalanine chloromethyl ketone; CAPE, caffeic

acid phenethyl ester; CURCM, curcumin.

Fig. 3. Time and dose dependence of the effects of SNP on g-GCS mRNA

expression in RAW 264.7 cells. (A) Total RNA from RAW 264.7 cells was

extracted at various times post-treatment with 0.25 mM SNP, hybridized

with cDNA for g-GCS and analyzed by Northern blotting as described in

Materials and methods. Relative mRNA levels are indicated as the ratio of

the g-GCS mRNA level to the mRNA level of the housekeeping gene

GAPDH. Each point indicates the meanFS.D. of three independent assays.

* and **: Significantly different from the nontreated control group at

Pb0.05 and Pb0.01, respectively. (B,C) Dose dependence of the effect of

SNP on the expression of g-GCS mRNA in RAW 264.7 cells after 3 h.

Total cellular RNA was extracted and Northern analysis for g-GCS (B,

upper bands) and GAPDH mRNA (B, lower bands) was performed as

described in Materials and methods. (C) Results of quantification of mRNA

levels by densitometric analysis of autoradiogram of RAW 264.7 cells

treated with SNP. Relative mRNA levels are indicated as the ratio of the g-

GCS mRNA level to the mRNA level of the housekeeping gene GAPDH.

Each point indicates the meanFS.D. of three independent assays. * and **:

Significantly different from the nontreated control group at Pb0.05 and

Pb0.01, respectively.
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SNP-treatment, and the increase was maintained at 6 h post-

treatment (Fig. 1). Next, changes in the intracellular total

glutathione (GSH+GSSG) level induced by SNP treatment

were examined in RAW 264.7 cells after exposure to 0.25
Fig. 5. Effect of NF-nB transcription factor inhibitors on the elevated g-

GCS mRNA expression induced by SNP. Results of quantification of

mRNA level by densitometric analysis. Relative mRNA level is indicated

as the ratio of the g-GCS mRNA level to that of the housekeeping gene,

GAPDH. Values are the meanFS.D. of three independent assays. ##:

Significantly different from the nontreated control group at Pb0.01. **:

Significantly different from the SNP-treated group at Pb0.01. SNP, sodium

nitroprusside; TPCK, N-a-tosyl-l-phenylalanine chloromethyl ketone;

CAPE, caffeic acid phenethyl ester.
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mM SNP. As shown in Fig. 2(A), the glutathione level in

RAW 264.7 cells was significantly increased at 6 h post-

treatment, and returned to almost the nontreated control

level at 48 h post SNP treatment. Next, the dose dependence

of the effect of SNP on the total glutathione level at 6 h post-

treatment was investigated. As shown in Fig. 2(B), total

glutathione increased dose-dependently up to 0.25 mM

SNP, while at 0.5 mM SNP, the increase was smaller than

that at 0.25 mM SNP, though it was still significant.

3.2. Changes in expression level of c-GCS mRNA induced

by SNP exposure

Changes inmRNAforg-GCS, the rate-limiting enzyme of de

novo GSH synthesis, after treatment with SNP were examined.

As shown in Fig. 3(A), the g-GCS mRNA level peaked at 3 h
Fig. 6. Changes of NF-nB and AP-1 DNA-binding activities in RAW 264.7 cells

were incubated with an NF-nB-or AP-1-specific 32P-oligonucleotide for 30 min

activities of the extracts were estimated by electrophoretic mobility shift assay.

+competitor for NF-nB; lanes 10 and 11, supershift analysis with p50 and p65 an

264.7 cells; lane 8, +competitor for AP-1. Arrows indicate positions of specific D
post-treatment with 0.25 mM SNP, and then declined slowly. It

remained significantly increased at 12 h post-treatment.

Next, the SNP dose dependence of the increase in the g-

GCS mRNA level was investigated at 3 h post-treatment

with SNP in the concentration range of 0 to 1 mM. As

shown in Fig. 3(B,C), g-GCS mRNA expression in RAW

264.7 cells was significantly elevated at SNP concentrations

ranging from 0.1 to 1.0 mM, and the maximal effect was

seen at 0.25 mM SNP.

3.3. Effect of NF-jB and AP-1 inhibitors on the elevation of

total glutathione and c-GCS mRNA expression induced by

SNP

It has recently been reported that the promoter region of

the g-GCS gene contains binding sites for nuclear factor-nB
treated with 0.25 mM SNP. Nuclear extracts obtained at the indicated times

and loaded on a 4% nondenaturing polyacrylamide gel. The DNA-binding

(A) NF-nB activity; lanes 1–8, extracts from RAW 264.7 cells; lane 9,

tibodies, respectively. (B) AP-1 activity; lanes 1–7, cell extracts from RAW

NA-binding complexes and the free probe.



Fig. 7. Luciferase activity of g-GCS promoter. RAW 264.7 cells were treated with 0.25 mM SNP and incubated for 15 h. Putative sequences in the 5V-upstream
region of the human g-GCSh gene and restriction enzymes used are shown (upper left). Numbers indicate the distance in base pairs from the transcription start

site. 1, a HindIII fragment; 2, a SacI fragment lacking the AP-1 site; 3, a KpnI fragment lacking the AP-1 and NF-nB sites; 4, a NsiI fragment lacking the AP-1,

NF-nB, and AP-1 like sites; 5, 2 with a mutation at the NF-nB site. Each point indicates the meanFS.D. of three independent assays. *Pb0.05, **Pb0.01.
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(NF-nB), activator protein (AP-1), and other factors. We

examined the involvement of the transcription factors NF-

nB and AP-1 in the SNP-induced elevations of glutathione

level and g-GCS mRNA expression by using the NF-nB
inhibitors TPCK and CAPE, and the AP-1 inhibitor

curcumin. As shown in Fig. 4, the elevation of total

glutathione level by 0.25 mM SNP was dose-dependently

suppressed by TPCK or CAPE, while curcumin was less

effective. The elevation of g-GCS mRNA expression was

also significantly suppressed by both inhibitors of NF-nB
(Fig. 5), suggesting that SNP-induced enhancement of g-

GCS gene expression was mainly mediated through the NF-

nB response element in the promoter.

3.4. Effects of SNP on DNA-binding activity of NF-jB and

AP-1

To test whether activation of NF-nB and AP-1 mediates

the induction of g-GCS mRNA in RAW 264.7 cells exposed

to SNP, changes in the DNA-binding activities of the

transcription factors were assessed by EMSA. As shown in

Fig. 6(A), the DNA-binding activity of NF-nB increased

within a short period after treatment with 0.25 mM SNP, and

peaked at 1–2 h. The nature of the activated NF-nB–
oligonucleotide complex in RAW 254.7 cells was further

examined by supershift analysis (Fig. 6(A)). The binding

activity of the activated NF-nB with antisera to the p50 and

p65 subunits of NF-nB was assayed. The complex was

shifted to a higher molecular weight by addition of both

subunits (Fig. 6(A), lanes 10 and 11). In contrast, there was

no detectable change in AP-1 binding activity in nuclear
extracts from RAW 264.7 cells treated with 0.25 mM SNP

(Fig. 6(B)).

3.5. Effect of SNP on transcription of the c-GCS gene

RAW 264.7 cells were transiently transfected with pGL3

basic vector containing the g-GCS promoter constructs,

and then exposed to 0.25 mM SNP for 15 h. As shown in

Fig. 7, SNP-stimulated activation of luciferase was seen

in the cells transfected with g-GCS promoter containing

the NF-nB binding site. Deletion or mutagenesis of the

NF-nB site absolutely blocked the SNP-induced elevation

of luciferase activity. These results suggest that SNP

induction of the transcription of this gene is mediated

mainly by NF-nB.
4. Discussion

The ability to induce cellular defense mechanisms in

response to environmental changes is a fundamental

characteristic of eukaryotic and prokaryotic cells. Cellular

levels of glutathione are influenced by multiple factors,

including the activities of enzymes in the g-glutamyl cycle,

the availability of precursors such as cysteine, and the rate

of consumption or efflux of GSH. These pathways are

physiologically regulated so that the cellular level of total

glutathione (GSH+GSSG) is properly maintained. Gluta-

thione synthesis is signaled by many kinds of physiolog-

ical and nonphysiological stimuli under various conditions,

including oxidative stress and liver regeneration, and NO



R. Kurozumi, S. Kojima / Biochimica et Biophysica Acta 1744 (2005) 58–67 65
is one stimulus that induces elevation of glutathione level

through the de novo pathway [24]. Besides, the signaling

function of NO for vasodilation through activation

of guanylate cyclase, both injurious and protective

physiological effects of NO have been recognized. Interest

has recently been focused on induction of GSH synthesis

as one mechanism by which NO exerts its cytoprotective

effects [24,25]. In the present study, we investigated

the SNP-induced GSH synthesis in order to elucidate

the mechanism of the enhanced GSH synthesis induced

by NO.

NO-induced glutathione synthesis in macrophage-like

cells, RAW264.7 cells, appeared to occur through enhanced

induction of g-GCSh mRNA. This is the same mode of

induction as that observed in rat aortic smooth muscle cells

[24] and cultured rat hepatocytes [26], whereas in endothe-

lial cells the induction involves enhanced cysteine uptake

through the Xc-pathway of amino acid transport, not

enhanced g-GCS expression [27]. Thus, the mechanism

seems to depend on the cell type and the function to be

modified. Besides, NO, many other stimuli, including

cytokines [19,26,28], hormones [29,30], GSH conjugation

[31], heat shock [21], ionizing radiation [32,33] and

oxidative stress [34,35], have been reported to induce

elevated expression of g-GCS. A common consequence of

these stimuli is oxidative stress. Since the functional

activities of glutathione are closely related to its antioxidant

or SH-reductant capacity owing to the ability to release the

thiol hydrogen atom, it is reasonable that oxidizing

conditions affecting the cell induce g-GCS expression to

enhance the antioxidant capacity, as an adaptive response.

The promoter (5V-flanking) region of the g-GCS gene

contains consensus NF-nB and AP-1 binding sites [16,17].

Though several oxidative stimuli induce g-GCS gene

expression through the regulation of both transcription

factors [17–19,29], there has been no information available

on the characteristics of the transcriptional regulation in

response to low-level NO exposure. To elucidate the

involvement of transcription factors in the signaling path-

ways of intracellular glutathione induction by NO, the

effects of various inhibitors on the NO-induced glutathione

elevation and g-GCS gene expression were examined in

RAW 264.7 cells. TPCK and CAPE are inhibitors of NF-

nB, while curcumin is an inhibitor of AP-1 [36–38].

Induction of glutathione and g-GCS mRNA expression

was significantly inhibited by TPCK or CAPE. In EMSA,

low-level NO activated NF-nB DNA binding, but not AP-1

DNA binding. Therefore, the increase of g-GCS mRNA

expression involves transcriptional regulation at the NF-nB
site in the promoter. Finally, in order to confirm that NF-nB-
DNA-binding activity induced by NO is required for the

increased expression of g-GCS mRNA, the effect of NO on

the transcription of g-GCS was examined by using g-GCS

promoter luciferase constructs. It was found that NF-nB is

directly involved in the induction of g-GCS mRNA by SNP,

leading to an increase in the intracellular glutathione level.
On the other hand, curcumin is also considered as an

inhibitor of NF-nB [39,40] as well as AP-1. However, the

AP-1 DNA-binding activity showed no change in EMSA

following SNP treatment, and the AP-1 DNA binding site

on the g-GCS promoter was not associated with the increase

of g-GCS promoter luciferase activity. Taken together, these

results suggest that curcumin mainly suppressed AP-1 in

this case.

g-GCS consists of a heavy subunit (g-GCSh) and a light

subunit (g-GCSl). g-GCSh exhibits a catalytic activity,

while g-GCSl is enzymatically inactive, but plays an

important regulatory function [14,15]. Both subunits have

several cysteine residues, two disulfide bonds and a thiol

cysteine residue at the active site, and are required for the

enzyme activity [41]. Nitric oxide and NO donors, such as

S-nitrosopenicillamine or DetaNONOate, cause transient

depletion of glutathione followed by induction of gluta-

thione synthesis via enhanced expression of the g-GCSh

and g-GCSl genes in rat aortic vascular smooth muscle cells

[24], pulmonary fibroblasts [42], and bovine aortic endo-

thelial cells [43]. The expression of the g-GCS subunit

genes is modulated by different regulatory signals in

response to diverse stimuli in specific cells. In the present

study, the increased g-GCSh mRNA expression induced by

SNP was a consequence of NF-nB activation, though the

mechanism of signal transduction with respect to g-GCSl

remains to be established.

NF-nB exists as a heterodimeric complex consisting

usually of p50 and p65/RelA subunits. In unstimulated cells,

NF-nB is found in the cytoplasm as an inactive non-DNA-

binding form, associated with an inhibitor protein named

InB that masks the nuclear translocation signal and so

prevents NF-nB from entering the nucleus. Oxidative stress

causes rapid ubiquitination and phosphorylation of the InB
complex, leading to the activation of NF-nB [44]. Previ-

ously, we reported that the elevation of intracellular

glutathione in RAW 264.7 cells exposed to low-level SNP

occurs via the de novo GSH pathway through transcriptional

up-regulation of the g-GCS gene induced by peroxynitrite,

and the induction was suppressed by antioxidant such as N-

acetyl-l-cysteine. [45]. Thus, redox alteration was probably

caused by peroxinitrite and resulted in the activation of NF-

nB. Furthermore, 4-hydroxyhexenal induced NF-nB activa-

tion through the IKK/NIK pathway and/or p38 MAPK and

ERK activation associated with peroxynitrite in endothelial

cells [46]. This is in good agreement with our finding that

the NF-nB DNA-binding activity was elevated post-treat-

ment with SNP.

We previously reported that AP-1 mediates the elevation

of g-GCS gene expression by low-dose radiation [47]. It is

noteworthy that induction of g-GCS gene expression by

NO is mechanistically distinct from that by hydroxyl

radicals (generated by g-rays). A detailed comparison is

under way.

In conclusion, low-level NO exposure increases the

intracellular glutathione level through transcriptional regu-
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lation of the g-GCSh gene, principally at the NF-nB binding

site in the promoter.
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