
Redox factor-1 mediates NF-jB nuclear translocation for
LPS-induced iNOS expression in murine macrophage

cell line RAW 264.7

Introduction

Activated macrophages release nitric oxide (NO), which is

a multifunctional biomolecule involved in a variety of

physiological and pathological processes.1,2 In contrast to

the effects of protection and anti-inflammation, massive

production of NO has been associated with oxidative

stress3,4 and detrimental effects have occurred during sep-

tic shock, autoimmune disease and persistent local

inflammatory processes.2,5,6 Moreover, NO mediates reac-

tions with proteins and nucleic acids, and causes apopto-

sis of macrophages. Nitric oxide-mediated apoptosis is

generally considered to occur through DNA or mitochon-

drial damage.7 Irrespective of numerous studies on the

signalling network for NO synthesis, the intracellular

mechanism involved in the pivotal double-edged role of

NO is still to be elucidated.

Inducible NO synthase (iNOS) expression is regulated

mainly at the transcription level by the activation of sev-

eral transcription factors that bind to the promoter region

of the iNOS gene, such as nuclear factor-jB (NF-jB), sig-

nal transducer and activator of transcription-1 (STAT1)

and interferon regulatory factor-1 (IRF-1).8–10 In particu-

lar, NF-jB acts as a critical activator in the expression of

iNOS,8,11 the DNA binding activity of which is regulated

by a redox (reduction/oxidation) mechanism.12 In macro-

phages, the bacterial product lipopolysaccharide (LPS)

causes the release of reactive oxygen species (ROS)
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Summary

Redox-sensitive transcriptional regulator redox factor-1 (Ref-1) is induced

by oxidative stress and protects cells against it. However, the function of

Ref-1 in regulating nitric oxide (NO) synthesis in macrophages has not

been defined. We investigated the role of Ref-1 related to the regulation

of NO synthesis in lipopolysaccharide (LPS)-stimulated macrophage RAW

264.7 cells. LPS stimulates the up-regulation and nuclear translocation of

Ref-1 in macrophages. Importantly, Ref-1-deficient macrophages using a

small interfering RNA did not stimulate inducible NO synthase (iNOS)

expression as well as nuclear factor-jB nuclear translocation by stimula-

tion with LPS. When the cells were pretreated with diphenyleneiodonium

or p47phox small interfering RNA for inhibition of NADPH oxidase activ-

ity, LPS did not stimulate the nuclear translocation of Ref-1. We next

asked whether reactive oxygen species are sufficient for the nuclear trans-

location of Ref-1 in macrophages. The direct use of H2O2 stimulated the

translocation to the nucleus of nuclear factor-jB, but not Ref-1 and anti-

oxidant N-acetyl cysteine did not inhibit the LPS-stimulated nuclear

translocation of Ref-1. These data suggest that Ref-1 nuclear translocation

in LPS-stimulated macrophages requires the activation of other signalling

molecules aside from reactive oxygen species followed by the activation of

NADPH oxidase.

Keywords: nitric oxide; lipopolysaccharide; redox factor-1; reactive oxygen

species; NADPH oxidase

Abbreviations: DAF2-DA, diaminofluorescein-2 diacetate; DPI, diphenyleneiodonium; ECL, enhanced chemiluminescence;
H2DCF-DA, 20-70-dichlorodihydrofluorescein diacetate; iNOS, inducible NO synthase; KRP, Krebs–Ringer phosphate;
NF-jB, nuclear factor-jB; LPS, lipopolysaccharide; NAC, N-acetyl cysteine; NO, nitric oxide; PBS, phosphate-buffered saline;
PI, propidium iodide; Ref-1, redox factor-1; ROS, reactive oxygen species; SCR, scrambled RNA; siRNA, small interfering RNA.
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through the assembly of NADPH oxidase. This multi-

meric protein complex is composed of membrane-bound

proteins (p91phox and p22phox) and cytosolic factors

(GTPase Rac1, p67phox, and p47phox)13 and is essential for

macrophage function.

Redox factor-1 (Ref-1), also known as APE,14 HAP115

and APEX,16 is a ubiquitous bifunctional protein with

both apurinic/apyrimidinic endonuclease DNA repair

activity and nuclear reducing activity.7,17 Ref-1 plays a

fundamental role in DNA repair and its activity is consid-

ered to be the rate-limiting step in the process of base

excision repair after oxidative damage.18 In addition to

playing a role in DNA repair, Ref-1 functions as a nuclear

reducing factor that promotes the DNA-binding proper-

ties of many redox-sensitive transcription factors, such as

NF-jB, AP-1, p53, Egr-1 and c-Myb.19–21 The ability of

Ref-1 to activate the proteins involved in the cellular

response to various stresses suggests that Ref-1 may play

a role in cell survival signalling pathways.

Interestingly, Ref-1 is regulated by various stresses such

as hypoxia, radical species, ionizing radiation, and DNA-

damaging drugs. Several studies have reported that stress

signals lead to increased expression of Ref-1 and/or its

nuclear translocation.18,22,23 Although Ref-1 has a nuclear

localizing signal at its N terminus, numerous studies have

also demonstrated its distribution in the cytoplasm.14,18

Moreover, differential cellular and subcellular expression

patterns of Ref-124,25 suggest that Ref-1 also has a poten-

tial physiological role in the cytoplasm. Notably, Ref-1

has been observed in the cytoplasm of metabolically active

cells such as spermatocytes and hippocampal cells. Ref-1

was also distributed in the cytoplasm of cells, including

macrophages, which are constantly confronted with oxi-

dative stress. These data possibly reflect a significant cyto-

plasmic role for Ref-1 in cellular responses to the balance

of the redox milieu.

However, the role of Ref-1 in the regulation of iNOS

expression and its importance in macrophages are not

well known. The present study was undertaken to eluci-

date the exact molecular mechanisms underlying the

regulation of the signalling network by Ref-1 during

macrophage activation. We demonstrate that NADPH

oxidase activity is responsible for LPS-induced Ref-1

nuclear translocation, not only ROS, and that Ref-1 regu-

lates LPS-induced NO synthesis via regulating the activa-

tion of a redox-sensitive transcription factor NF-jB in

RAW 264.7 macrophages.

Materials and methods

Materials

Antibodies for Ref-1, iNOS, NF-jB p65, and p47phox

were purchased from Santa Cruz Biotechnology (Santa

Cruz, CA). Phenol-extracted Salmonella enteritidis

LPS, protease inhibitor cocktail, bicinchoninic acid, sul-

phanilamide, N-(1-naphthyl)-ethylenediamine dihydro-

chloride, phosphoric acid (H3PO4), sodium nitrite

(NaNO2), hydrogen peroxide (H2O2), N-acetyl cysteine

(NAC), and diphenyleneiodonium (DPI) were all

obtained from Sigma-Aldrich Chemical Co. (St Louis,

MO). RPMI containing L-arginine (200 mg/l), Opti-

MEM media, fetal bovine serum (FBS) and other tissue

culture reagents were purchased from Life Technologies

(Gaithersburg, MD) and siPORT Amine was obtained

from Ambion (Austin, TX). Diaminofluorescein-2 diace-

tate (DAF2-DA) and 20-70-dichlorodihydrofluorescein

diacetate (H2DCF-DA) were obtained from Molecular

Probes (Eugene, OR). The secondary fluorescein isothi-

ocyanate (FITC)-conjugated antibodies and enhanced

chemiluminescence (ECL) Western blotting kits were

obtained from Amersham Pharmacia Biotech (Piscata-

way, NJ).

Macrophage culture

The murine monocyte/macrophage cell line RAW 264.7

was cultured in 75-cm2 plastic flasks (Falcon-Becton

Dickinson Labwares, Franklin Lakes, NJ) and maintained

at 37� with a 5% CO2 in air atmosphere in RPMI-1640

supplemented with 10% (volume/volume) heat-inacti-

vated FBS and antibiotics (100 U/ml penicillin, 100 lg/ml

streptomycin). The cells were grown to 80% confluence,

scraped and then cultured in either 24-well plates

(5 · 105 cells/well) or six-well plates (2 · 106 cells/dish)

for 12–18 hr before an experiment.

Measurement of NO production

To measure fluorescence intensity, LPS-stimulated cells

were washed twice with Krebs–Ringer phosphate (KRP)

buffer (120 mM NaCl; 4�8 mM KCl; 0�54 mM CaCl2;

1�2 mM MgSO4; 11 mM glucose and 15�9 mM sodium

phosphate, pH 7�2), and then KRP buffer containing

10 lM DAF2 and 1 mM L-arginine in the presence or

absence of the NOS inhibitor L-NAME (1 mM) was

added.26 After incubation for 1 hr, supernatants were col-

lected and the fluorescence was measured with a fluores-

cence microplate reader (Titertek Fluoroscan II; Flow

Laboratories, North Ryde, Australia) calibrated for excita-

tion at 485 nm and emission at 538 nm. To measure the

NO metabolite nitrite (NO2
)), 100 ll macrophage culture

supernatant was collected, mixed with an equal volume of

the Griess reagent (1% sulphanilamide; 0�1% N-(1-naph-

thyl)-ethylenediamine dihydrochloride; 2�5% H3PO4) and

incubated for 10 min at room temperature. Nitrite con-

centration was determined by measuring the absorbance

at 540 nm in an Emax 96-well microtest plate spectro-

photometer (Molecular Devices, Menlo Park, CA), as

described previously.27
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Preparation and transfection of small interfering RNA
(siRNA)

Twenty-one-nucleotide RNA with 30-dTdT overhangs was

synthesized to interfere exclusively with Ref-1 and p47phox

mRNA by Ambion (Austin, TX) in the ‘ready-to-use’

option. As a negative control, the same nucleotides were

scrambled to form a non-genomic combination (con-

trolled by a basic local alignment search tool) (scrambled

RNA; SCR). The AA-N19 mRNA targets were Ref-1 tar-

get sequence (50-CUUCGAGCCUGGAUUAAGA-30) and

p47phox target sequence (50-UAACGUAGCUGACAUC

ACA-30). Cells in the exponential phase of growth were

plated in six-well plates at 5 · 105 cells/well, grown for

24 hr, and then transfected with 30 nM siRNA per well

using siPORT Amine and Opti-MEM media according to

the manufacturer’s recommended protocol. The concen-

tration of siRNA was chosen based on dose–response

studies.

Measurement of intracellular ROS

Intracellular ROS was detected by monitoring changes

in the fluorescence of the ROS-sensitive fluorophore

H2DCF-DA as previously described.28 The fluorescence

was measured after 10 min of incubation with H2DCF-

DA using a Zeiss LSM 510 laser-scanning confocal micro-

scope (Göttingen, Germany). Absolute fluorescence

intensities were determined from the same numbers of

cells in a randomly selected area.

Immunofluorescence staining

Sorted cells were cultured on collagen-coated four-well

glass chamber slides for 48 hr in RPMI with 10% FBS.

Cells were fixed in 4% paraformaldehyde/phosphate-

buffered saline (PBS) followed by permeabilization in

0�1% saponin/PBS. Primary antibodies, rabbit polyclonal

anti-Ref-1 (0�13 lg/ml in 1% BSA/PBS) or mouse mono-

clonal anti-NF-jB p65 (0�13 lg/ml in 1% donkey serum/

0�3% Tween-20/PBS), were added to the cells for 30 min

at 37�. For secondary labelling, cells were incubated with

FITC-conjugated secondary antibody or Texas Red-conju-

gated secondary antibody for 30 min at 37�. Nuclei were

counterstained using propidium iodide (PI). After stain-

ing, coverslips were mounted using Prolong anti-fade

reagent. Fluorescent images were observed and analysed

under a laser-scanning confocal microscope.

Preparation of nuclear extracts

Cell stimulation was terminated by the addition of ice-

cold PBS, and a modified procedure based on the method

of Diaz-Guerra et al.11 and Schreiber et al.29 was used.

Cells were harvested, washed with PBS, resuspended in

200 ll hypotonic lysis buffer (10 mM HEPES, pH 7�9;

10 mM KCl and 1�5 mM MgCl2) supplemented with a

protease inhibitor cocktail, and incubated for 15 min at

4�. Cells were lysed by the addition of 25 ll 2�5% nonidet

P-40. After 10 min, the tubes were gently vortexed for

15 seconds and nuclei were collected by centrifugation at

8000 g for 15 min. The supernatants were stored at )80�
(cytosolic extracts) and the pellets were resuspended in

extraction buffer (10 mM HEPES, pH 7�9; 100 mM NaCl;

1�5 mM MgCl2; 0�1 mM ethylenediaminetetraacetic acid

and 0�1 mM dithiothreitol) supplemented with protease

inhibitor cocktail. After gently shaking for 30 min at 4�,

samples were centrifuged at 13 000 g for 15 min. The

protein levels in the samples were then quantified using

the colorimetric method with bicinchoninic acid solution.

All the steps of cell fractionation were carried out at 4�.

Western blot analysis

Equivalent amounts of protein were loaded on a 12%

sodium dodecyl sulphate–polyacrylamide gel for electro-

phoresis. The gels were transferred to nitrocellulose mem-

branes using an electroblotting apparatus (Bio-Rad,

Richmond, CA) and reacted with the appropriate primary

antibody according to standard methods. Bound immuno

complexes were visualized on X-ray film by ECL reagents

(Amersham Pharmacia Biotech, Piscataway, NJ). b-Actin

was used as an internal control to monitor equal protein

sample loading and, to avoid contamination of the

nucleus and the cytoplasm, antibodies against b-actin and

histone were used for the nuclear and cytoplasmic pro-

teins, respectively.

Statistics or reproducibility

Data in figures are the mean ± standard deviation (SD)

of at least three different experiments performed in tripli-

cate. Differences between means were compared using

the Student’s t-test and P values < 0�05 were considered

significant.

Results

LPS stimulates up-regulation and nuclear
translocation of Ref-1 in RAW 264.7 cells

To assess the role of Ref-1 in macrophage activation, we

first examined the level of Ref-1 expression in macro-

phage RAW 264.7 cells stimulated with LPS. Cells were

stimulated with various concentrations of LPS, the most

notable activator for the activation including tumour

necrosis factor-a secretion and NO synthesis in macro-

phages, for 12 or 24 hr. The amount of intracellular NO

secreted was determined from the measurement of fluo-

rescence intensity of the specific NO indicator DAF2. As
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shown in Fig. 1(a), an LPS concentration-dependent

increase of NO production was observed in macrophages

stimulated with LPS. To determine whether the macro-

phage activation by LPS was correlated with Ref-1 expres-

sion, we used Western blotting to analyse the amount of

Ref-1 induced. As shown in Fig. 1(b), LPS increased total

cellular Ref-1 compared to the control in RAW 264.7

cells. Next, the subcellular distribution of Ref-1 was deter-

mined by two-colour analysis under confocal microscopy

(Fig. 2a). In unstimulated cells Ref-1 was detected weakly

in the cytoplasm (green fluorescence) and not in the

nucleus, which was stained red by PI. At 3 hr after LPS

treatment, there was no Ref-1 nuclear translocation in

cells stimulated with LPS. At this time, the green fluores-

cence became more intense in the cell cytoplasm com-

pared with the level of fluorescence in the control cells,

which suggested that there was de novo protein synthesis.

Stimulation with LPS induced Ref-1 translocation to the

nucleus, as could be seen by the considerable increase in

orange fluorescence indicative of colocalization in the

nucleus 6 hr after treatment with LPS (Fig. 2a). Western

blot analysis was performed on nuclear extracts from par-

allel experiments. As shown in Fig. 2(b), the amount of

nuclear Ref-1 was increased markedly at 6 hr after treat-

ment. These data demonstrate that LPS stimulates the up-

regulation and nuclear translocation of Ref-1 in activated

macrophages.

Ref-1 acts as a key regulator for iNOS expression
in LPS-stimulated macrophages

The role of Ref-1 in the regulation of NO synthesis in

LPS-stimulated macrophages was investigated by knock-

Figure 1. LPS increases NO production and Ref-1 protein levels in

the macrophage cell line RAW 264.7. (a) Fluorescence intensity by

NO indicator. Cells were stimulated for 12 hr with the indicated

concentrations of LPS. Then, the cells were washed and incubated

for another 1 hr in KRP buffer containing DAF2 in the presence or

absence of l-NAME (1 mm). In supernatants, NO production was

measured with a fluorescence microplate reader. (b) After stimula-

tion with LPS for 24 hr, the cell lysates were analysed by Western

blotting using antibodies for iNOS and Ref-1. b-Actin was used as

an internal control to monitor equal protein loading. For (a), values

are presented as means ± SD of three independent cell preparations.

Differences between means were compared using Student’s t-test

(P < 0�05).

Figure 2. LPS activates Ref-1 nuclear trans-

location in macrophages. (a) Cells were stimu-

lated with LPS (200 ng/ml) at the indicated

times. The cells were fixed, then reacted with

Ref-1 antibody and PI for analysis by confocal

microscopy. The upper panels show nuclear

staining with PI (red), the middle panels

show immunoreactivity of anti-Ref-1 antibody

(green), the bottom panels show superposi-

tion of PI and anti-Ref-1 immunoreactivity

(orange). (b) Cells stimulated with LPS

(200 ng/ml) were harvested at each time-point

and nuclear protein was isolated for Western

blot analysis.
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down of Ref-1. Surprisingly, siRNA to Ref-1 significantly

inhibited iNOS expression (Fig. 3a) and reduced the

amount of NO, as measured by the method of Griess

after conversion to nitrite (Fig. 3b), in LPS-stimulated

macrophages. Ref-1 is therefore an important regulator of

iNOS expression and NO synthesis in RAW 264.7 cells

stimulated with LPS.

Ref-1 mediates translocation of NF-jB to the nucleus
in LPS-stimulated macrophages

Generally, LPS-stimulated macrophages generate ROS via

the activation of a NADPH oxidase, and ROS plays an

important role in NF-jB activation. To determine whether

the deficiency of Ref-1 prevents NF-jB nuclear trans-

location in macrophages stimulated with LPS, immuno

fluorescence staining was conducted. As shown in Fig. 4,

silencing of Ref-1 resulted in a slight increase of intracellu-

lar ROS levels in both macrophages treated with LPS and

untreated cells. However, the silencing of Ref-1 did not

stimulate nuclear localization of NF-jB even in LPS-

treated cells (Fig. 5a,b). Ref-1 is therefore a critical factor

in the process of the nuclear translocation required for

NF-jB activation in LPS-stimulated macrophages.

NADPH oxidase activity is responsible for
LPS-induced Ref-1 nuclear translocation
and iNOS expression

Next, we assessed the role of NADPH oxidase in regulat-

ing the nuclear translocation of Ref-1 in macrophages

stimulated with LPS. LPS-stimulated macrophages initiate

NO synthesis via the activation of the NADPH oxidase

involved in ROS generation and the modulation of

enzymes that are downstream of NADPH oxidase. Treat-

ment with the NADPH oxidase inhibitor DPI significantly

reduced the intracellular levels of ROS in RAW 264.7 cells

stimulated with LPS (data not shown). DPI suppres-

sed iNOS expression in a dose-dependent manner, as

expected, but not Ref-1 (Fig. 6a). Interestingly, DPI

inhibited the nuclear translocation of Ref-1 that was stim-

ulated by LPS (Fig. 6b). We also used p47phox siRNA for

the inhibition of NADPH oxidase activity and efficiently

silenced the p47phox gene. In the p47phox-deficient macro-

phages, LPS did not induce ROS generation (data not

shown). Along with these results, the silencing of the

p47phox gene also significantly inhibited iNOS expression

(Fig. 6c) and blocked the translocation of Ref-1 from

cytosol to nucleus (Fig. 6d) in LPS-stimulated macro-

phages. These data suggest that Ref-1 nuclear transloca-

Figure 3. Ref-1 depletion by siRNA prevents LPS-induced NO syn-

thesis in macrophages. (a) Cells were transfected with siRNA for the

silencing of the Ref-1 gene, and were stimulated with 200 ng/ml LPS

for 24 hr. The cell lysates were analysed by Western blotting using

antibodies for iNOS and Ref-1. b-Actin was used as an internal con-

trol to monitor equal protein loading. (b) Supernatants were col-

lected, and the amount of nitrite released by macrophages was

measured by the method of Griess. Values are presented as

means ± SD of three independent cell preparations. Differences

between means were compared using the Student’s t-test (P < 0�05).

Figure 4. Ref-1 depletion by siRNA increases ROS generation in

macrophages. Cells transfected with Ref-1 siRNA were stimulated

with 200 ng/ml LPS for 1 hr and then cells were incubated with

10 lm H2DCF-DA for an additional 10 min. Cells were washed twice

with PBS, and the intracellular levels of ROS were analysed by confo-

cal microscope. Absolute DCF fluorescence intensities were deter-

mined from the same numbers of cells in a randomly selected area.

Values are means ± SD of experiments (n � 3). Differences between

means were compared using the Student’s t-test (P < 0�05).
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tion and iNOS expression in LPS-stimulated macrophages

require the activation of NADPH oxidase.

ROS is not sufficient for the nuclear translocation
of Ref-1 in macrophages

Only ROS generated by NADPH oxidase was sufficient

for nuclear translocation of Ref-1 in LPS-stimulated

macrophages. Antioxidant NAC was utilized to inhibit

the generation of LPS-stimulated ROS. Pretreatment of

the cells with 5 or 10 mM NAC for 30 min before LPS

stimulation did not inhibit the LPS-induced nuclear

translocation of Ref-1 (data not shown). We also inves-

tigated the effect of H2O2 on Ref-1 nuclear transloca-

tion in macrophages. It is well documented that H2O2,

an agent commonly produced during the oxidative

stress generated in phagocytic cells, activates the DNA

binding of the transcription factor NF-jB in a variety

of cells including macrophages. Cells were stimulated

for 24 hr with LPS or increasing concentrations of

H2O2, and nuclear and cytoplasmic extracts were analy-

sed by Western blotting. As shown in Fig. 7(a,b),

H2O2 itself induced Ref-1 expression in macrophages.

However, H2O2 at the concentrations tested did not

stimulate nuclear translocation of Ref-1 (Fig. 7b). These

data suggest that ROS alone generated by activation

of NADPH oxidase is insufficient for Ref-1 nuclear

translocation in LPS-stimulated macrophages, possibly

reflecting that Ref-1 nuclear translocation in LPS-stimu-

lated macrophages requires the activation of other

signalling molecules downstream by the activation of

NADPH oxidase.

Discussion

Reports to date have demonstrated that iNOS expression

is induced by the endotoxin LPS and by cytokines such as

interferon-c (IFN-c) and interleukin-2. Two upstream

DNA regions of the iNOS promoter, the RI and RII

domains, are required for the maximal promoter activa-

tion by LPS, and the RII domain mediates promoter

trans-activation of IFN-c. Both of these domains com-

prise multiple sequences homologous to those of the cis

elements involved in transcriptional activation. Many data

point to activation of NF-jB, a redox-sensitive transcrip-

tion factor, as a critical role for iNOS gene expression in

several cell types, including murine macrophages.8,11,30,31

The activation of NF-jB is induced by ROS produced

from macrophages following stimulation with LPS and

depends on the degradation of the corresponding IjBa
and IjBb, which maintain the inactivity of the NF-jB

complex in the cytosol.32 The activation of NF-jB can

also be induced by direct H2O2 exposure. However, H2O2

exposure cannot enhance iNOS expression and NO pro-

duction without the addition of another stimulator such

as IFN-c.33,34

Figure 5. Ref-1 depletion by siRNA prevents

NF-jB nuclear translocation in LPS-stimulated

macrophages. (a) Cells transfected with Ref-1

siRNA were stimulated for 24 hr as indicated

in Fig. 3. The cells were fixed, reacted with

NF-jB p65 antibody (green) and PI (red) for

analysis by confocal microscopy. (b) Nuclear

(N) and cytoplasmic (C) proteins were isolated

and used for Western blot analysis.
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Recent studies have demonstrated that redox potential-

based mechanisms play a critical role in the regulation of

transcription factors.7,12,35 Redox regulation of transcrip-

tion factors is largely based on the action of the Ref-1

protein. It was suggested that activation of transcription

factors by Ref-1 occurs through reduction of cysteine resi-

dues in the DNA-binding domain,36 but the molecular

mechanism involved in macrophage activation, including

iNOS expression, remains to be elucidated. In this paper,

we demonstrate that Ref-1 is induced and translocated

from the cytoplasm into the nucleus in response to LPS

stimulation, and the deficiency of Ref-1 fails to induce

iNOS expression as well as NF-jB nuclear translocation

by stimulation. Our present study provides the first evi-

dence that Ref-1 is an essential factor for iNOS expression

and NO synthesis in RAW 264.7 cells.

Ref-1 is described in the literature as a nuclear protein,

and would therefore not be predicted to regulate cyto-

plasmic factors. However, it is also observed in the cyto-

plasm of a variety of cell types, including endothelial

cells, hepatocytes and thyroid cells.25,28,37 Furthermore,

differentiation of circulating monocytes to tissue macro-

phages is associated with a shift of Ref-1 expression from

the nucleus to the cytoplasm with a concomitant decrease

in phorbol ester-stimulated ROS generation,24,38 which

implicates a role for cytoplasmic Ref-1 in the regulation

of the macrophage oxidative burst. The observation that

Ref-1 modulates the activity of a Rac1-regulated oxidase

Figure 6. Blockage of NADPH oxidase activity inhibits Ref-1 nuclear

translocation and iNOS expression in LPS-stimulated macrophages.

(a) Cells were pretreated with the indicated concentrations of DPI

for 30 min, and then stimulated with 200 ng/ml LPS for another

24 hr. The cell lysates were analysed by Western blotting using anti-

bodies for iNOS and Ref-1. (b) Nuclear (N) and cytoplasmic (C)

proteins were isolated and used for Western blot analysis. (c) Cells

were transfected with siRNA for the silencing of the p47phox gene.

Then, cells were stimulated with 200 ng/ml LPS for 24 hr. The cell

lysates were analysed by Western blotting using antibodies for iNOS

and p47phox. (d) Nuclear (N) and cytoplasmic (C) proteins were iso-

lated and used for Western blot analysis. b-Actin was used as an

internal control to monitor equal protein loading. For (b) and (d),

antibodies against b-actin and histone were used for contamination

of the nuclear and cytoplasmic proteins, respectively.

Figure 7. H2O2 does not activate Ref-1 nuclear translocation in

macrophages. (a) Nuclear and cytoplasmic proteins were isolated in

cells stimulated for 24 hr with 200 ng/ml LPS or the indicated con-

centrations of H2O2 and analysed by Western blotting using antibod-

ies for Ref-1. Equivalent protein loading was confirmed by Ponceau

S staining. (b) Cells were stimulated for 24 hr with 200 ng/ml LPS

or 400 lm H2O2. The cells were fixed and reacted with antibody for

Ref-1 and NF-jB p65 for analysis by confocal microscopy. The

upper panels show immunoreactivity of anti-Ref-1 antibody (red),

the bottom panels show immunoreactivity of anti-NF-jB p65 anti-

body (green).
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may also have relevance to immune cell function. Rac

proteins regulate the activity of the NADPH oxidase that

is responsible for the ROS generation in macrophages and

neutrophils.39,40 Previous reports have shown that forced

cytoplasmic overexpression of Ref-1 suppresses hypoxia/

reoxygenation, LPS-induced oxidative stress, NF-jB acti-

vation, NO synthesis and apoptosis.28,41 This is achieved

through modulation of NADPH oxidase-mediated ROS

generation by higher cytoplasmic Ref-1 expression.

From the possible physiological relevance of our results,

we can speculate that Ref-1 participates in regulation of

iNOS gene expression in LPS-stimulated cells, favouring

the co-operation of other stimuli to induce nuclear trans-

location of NF-jB. Our data show that LPS stimulates

up-regulation and nuclear translocation of Ref-1 in mur-

ine macrophages, and NADPH oxidase activity is respon-

sible for LPS-induced Ref-1 nuclear translocation and

iNOS expression. When the cells were pretreated with

DPI or p47phox siRNA for inhibition of NADPH oxidase

activity, LPS did not stimulate the nuclear translocation

of Ref-1. In addition, we wished to analyse whether ROS

is sufficient for the nuclear translocation of Ref-1 in mur-

ine macrophages. Other investigators have demonstrated

that nuclear translocation of Ref-1 is activated by oxidant

stress in other cell types.18,42,43 Also, exogenous H2O2 has

been reported to be a potent stimulus for translocation

from cytoplasm to nucleus of Ref-1 in B lymphoid cells,

Raji, and ARO cells.44,45 These findings do not fit with

work from our laboratory, which demonstrates that the

direct use of H2O2 stimulated the translocation to the

nucleus of NF-jB in macrophages, but not Ref-1. In

addition, antioxidant NAC did not inhibit the LPS-stimu-

lated nuclear translocation of Ref-1. Our data suggest that

ROS alone generated by activation of NADPH oxidase is

insufficient for Ref-1 nuclear translocation in LPS-stimu-

lated macrophages, possibly reflecting that Ref-1 nuclear

translocation in macrophages requires the activation of

other downstream signalling molecules by the activation

of NADPH oxidase.

This report also focuses on the regulation by Ref-1 of

NF-jB nuclear translocation as a mechanism for its effect

on iNOS expression in LPS-stimulated macrophages.

Recent work demonstrated that loss of Ref-1 significantly

attenuates NF-jB signalling in the intact vasculature of

Ref-1-deficient mice,46 indicating that Ref-1 is essential

for maximal activation of NF-jB following treatment with

LPS. Although the mutation of redox-sensitive cysteine 64

(cysteine 65 in human) or the deletion of the N-terminal

116 amino acid domain decreases NF-jB transcriptional

activation,36,47 the functional role of Ref-1 in NF-jB

nuclear translocation after stimulation is not known. We

have shown here that silencing the Ref-1 gene inhibits

iNOS expression through the inhibition of NF-jB nuclear

translocation in LPS-stimulated macrophages. These accu-

mulated lines of evidence provide a functional connection

between the iNOS expression mediated by NF-jB and the

generation of intracellular ROS via the activation of

NADPH oxidase in the activation of macrophages.

In conclusion, we have demonstrated for the first time

that Ref-1 is a critical intrinsic factor in LPS-stimulated

iNOS expression via regulating nuclear translocation of

NF-jB. Ref-1 is a clear candidate for the role of shuttle

factor between the cytoplasm and the nucleus, being able

to modify the cytoplasmic/nuclear redox potential of the

cell. Indeed, the regulation of Ref-1 may play an essen-

tial role in regulating the development of activation and

death in macrophages. Thus, for further studies it is

worth considering that cytoplasmic Ref-1 may also,

directly or indirectly, affect other steps in the NF-jB acti-

vation sequence, such as the activity of IjB kinases, bind-

ing affinity to IjB, or binding of other redox-sensitive

factors such as thioredoxin, glutaredoxin and glutathione.
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