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Abstract

Resveratrol is a polyphenolic compound in red wine 
that has anti-oxidant and cardioprotective effects in 
animal models. Reactive oxygen species (ROS) and 
monocyte chemotactic protein-1 (MCP-1) play key 
roles in foam cell formation and atherosclerosis. We 
studied LPS-mediated foam cell formation and the ef-
fect of resveratrol. Resveratrol pretreatment strongly 
suppressed LPS-induced foam cell formation. To de-
termine if resveratrol affected the expression of genes 
that control ROS generation in macrophages, NADPH 
oxidase 1 (Nox1) was measured. Resveratrol treatment 
of macrophages inhibited LPS-induced Nox1 ex-
pression as well as ROS generation, and also sup-
pressed LPS-induced MCP-1 mRNA and protein 
expression. We investigated the upstream targets of 
Nox1 and MCP-1 expression and found that Akt-fork-
head transcription factors of the O class (FoxO3a) is an 
important signaling pathway that regulates both 
genes. These inhibitory effects of resveratrol on Nox1 
expression and MCP-1 production may target to the Akt 

and FoxO3a signaling pathways.
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Introduction

Resveratrol is a polyphenol existing in grapes, 
berries, and peanuts. Resveratrol protects plants 
from fungal infection; exhibits anti-oxidative, anti- 
inflammatory, and chemopreventive properties in 
mammalian systems (Park et al., 2007); and inhibits 
macrophage activation (Pervaiz, 2003). In addition, 
resveratrol has been proposed to contribute to 
anti-atherosclerotic properties (Hou et al., 2008). A 
number of studies using animal models support 
this suggestion (Zang et al., 2006). Mechanisms 
proposed to explain the anti-atherosclerotic proper-
ties of resveratrol include reduction of LDL oxi-
dation, inhibition of monocyte chemotactic protein-1 
(MCP-1) production (Cullen et al., 2007a), inhi-
bition of macrophage inflammation, and control of 
plasma cholesterol levels. However, the precise 
mechanisms concerning the anti-atherosclerosis 
effects of resveratrol remain unclear.
    Oxidative stress-mediated LDL modification has 
a key role in initiation of the atherosclerotic process 
(Carnevale et al., 2007). The production of super-
oxide anion contributes to the pathology of foam 
cell formation and atherosclerosis by promoting 
conversion from LDL to oxLDL. Several kinds of 
cells, including macrophages, endothelial cells, 
and smooth muscle cells are likely to play a role in 
generating oxLDL. MCP-1 is also considered one 
of the most important chemokine-related factors in 
the process of foam cell formation. LPS controls 
macrophage function by producing MCP-1, with 
reactive oxygen species (ROS) being the most 
important intermediate (Fontaine et al., 2007). The 
LPS-mediated ROS production mechanism is very 
diverse and includes NADPH oxidase (Nox) and 
mitochondria respiratory chain systems. However, 
even though the production of ROS is considered 
one of the most important factors controlling 
MCP-1 production, the precise nature of the control 
is unclear. 
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Figure 1. Resveratrol inhibits LPS-induced foam cell formation. 
Raw264.7 macrophages were cultured in the absence or presence of re-
sveratrol with LPS (100 ng/ml) containing LDL (50 μg/ml) for 24 h, 
stained with Oil-red O to label intracellular lipid droplets, and then photo-
graphed at a magnification of ×400.

    The most important ROS source in the vascular 
system is Nox (Bedard and Krause, 2007). Noxes 
are a family of multi-subunit enzymes. Recently, 
several Nox isoforms have been reported (Bedard 
and Krause, 2007), which mainly differ in their 
large membrane-bound Nox subunit. Of the six 
proteins hitherto described, Nox1, Nox2, and Nox4 
are involved in vascular ROS formation (Schroder 
et al., 2007). In the vascular system, Nox1 is 
expressed in vascular smooth muscle cells; Nox2 
in macrophages, adventitial fibroblasts, and to 
some extent also in endothelial cells; and Nox4 in 
endothelial and smooth muscle cells. ROS that 
causes LDL conversion is produced in various 
routes. LDL oxidation in macrophages is known to 
depend on ROS produced usually from Nox2 
(Bedard and Krause, 2007). Recently, the impor-
tance of different kinds of Nox in macrophages was 
suggested (Takeya and Sumimoto, 2006), but 
research on Nox1 has been scant. Nox1 was the 
first homolog of the Nox family found in non- 
myeloid cells (Gaggioli et al., 2007). It shares 58% 
identity with the Nox2 and is expressed mainly in 
the colon epithelium. The function of Nox1 may 
similarly be in host defense (Banfi et al., 2000). 
Other functions of Nox1 have been recently repor-
ted as well. For example, Nox1 knockout mice 
decreases hypertension by angiotensin II, and 
exhibits protection effects from aortic dissection. 
However, there has not been any report that discu-
sses the function of Nox1 related to MCP-1 pro-
duction or foam cell formation. Resveratrol reduces 
Nox activity in rat aortic homogenate and macro-
phages (Chow et al., 2007), however, it is unknown 
which kind of Nox activation resveratrol inhibits. 
We therefore sought to examine how resveratrol 
regulates macrophage ROS production and to 
examine if such regulation correlates with an effect 
on the functional MCP-1 secretion and foam cell 
formation of the macrophages. 
    The purpose of this study was to investigate 
whether LPS can induce Nox1 expression and to 
determine the signaling mechanisms responsible. 
We also investigated whether resveratrol can inhibit 
LPS-induced Nox1 and MCP-1 expression. Our re-
sults demonstrate that LPS is a potent inducer of 
Nox1 and MCP-1 expression in mouse macropha-
ges via an Akt and forkhead transcription factors of 
the O class (FoxO3a)-dependent signaling pathway, 
and that this pathway is inhibited by resveratrol.

Results

Resveratrol blocks LPS-induced foam cell formation

We examined the influence of resveratrol in foam 

cell formation, which is an important marker in the 
early stages of atherosclerosis. We added LPS or 
LDL with LPS, which can induce foam cell for-
mation in cultured macrophages. Foam cell for-
mation converted from macrophages was analyzed 
through Oil-red O staining. LDL weakly influenced 
formation of foam cells, while LDL with LPS treated 
in macrophages together resulted in the typical 
formation of foam cells. We next examined the 
effects of resveratrol in foam cell formation induced 
by LPS. We pretreated 2.5 μM of resveratrol for 1 
h, treated with LPS and LDL continually for 24 h, 
and checked the formation of foam cells through 
Oil-red O staining. Resveratrol effectively inhibited 
foam cell formation induced by LPS (Figure 1). 

Resveratrol suppresses LPS-induced ROS 
generation and Nox1 expression

Given the well-documented anti-oxidative mecha-
nisms of resveratrol, we focused on the influence 
of ROS production in resveratrol-mediated inhi-
bition of foam cell formation. As seen in Figure 2A, 
LPS strongly induced the production of ROS, and 
such production was blocked by pretreatment of 
antioxidant N-acetyl cysteine (NAC) or apocynin. 
These results suggest the importance of ROS pro-
duction caused by LPS in the conversion process 
of foam cell production in macrophages, and espe-
cially, the inhibition effects of ROS production by 
apocynin suggests a possibility of Nox activity as 
well (Vejrazka et al., 2005). We tested the inhi-
bitory effects of ROS production by resveratrol 
using a lucigenin assay; pretreatment of resveratrol 
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Figure 2. Resveratrol suppress Nox1-mediated ROS generation. (A) 
Cells were cultured in 96-well plates, pretreated with resveratrol (5 μM), 
NAC (5 mM) or apocynin (0.2 mM) for 1 h, suspended in PBS and stimu-
lated with LPS containing lucigenin and NADPH. Chemiluminescence 
was measured in RLU every 10 min over a period of 150 min. (B, C) 
Macrophages were incubated for 1-6 h with 100 ng/ml of LPS in the pres-
ence or absence of resveratrol (5 μM). At the end of the incubation peri-
od, total mRNAs were isolated and Nox1 mRNAs were analyzed by 
RT-PCR (B) or real-time PCR (C). The mRNA levels of Nox1 were nor-
malized to the levels of β-actin mRNA. 

strongly inhibited the production of ROS induced 
by LPS (Figure 2A). Next, we have examined the 
nature of resveratrol-mediated inhibition of ROS 
production. Since the possibility of Nox participa-
tion was suggested in by the observed LPS 
induced ROS production, we targeted Nox as the 
molecule that exhibits the ROS blocking effects by 

resveratrol. The macrophages used in this experi-
ment expressed Nox2 dominantly, but Nox1 was 
weakly expressed as well (data not shown). LPS 
treatment increased the expression of Nox1 mRNA 
time-dependently (Figure 2B), while having no 
effects on the expression of Nox2 mRNA (data not 
shown). Pretreatment of resveratrol inhibited the 
expression of Nox1 mRNA induced by LPS (Figure 
2B). Such effects of resveratrol had similar results 
in real-time PCR analysis as well (Figure 2C). 

Resveratrol inhibits LPS-induced MCP-1 expression

In the process of foam cell formation, MCP-1 is the 
other well known intermediate factors, so we sought 
to confirm MCP-1 production induced by LPS 
through an RT-PCR and ELISA. We examined the 
effects of resveratrol in the control of MCP-1 
production. MCP-1 mRNA expression in Raw264.7 
macrophages increased according to the LPS 
treatment time, with maximum effect noted at 6 h. 
However, pretreatment with 20 μM resveratrol grea-
tly inhibited MCP-1 mRNA expression induced by 
LPS (Figure 3A). Similar with the results of the 
conventional RT-PCR, real-time PCR also showed 
that the MCP-1 mRNA expression induced by LPS 
was completely inhibited by resveratrol pretreat-
ment (Figure 3B). We quantitatively analyzed the 
changes in MCP-1 protein production with the 
culture supernatants using ELISA. MCP-1 protein 
production induced by LPS decreased depending 
on the concentration of resveratrol suggesting that 
MCP-1 expression induced by LPS could be 
inhibited by resveratrol at the transcription level 
(Figure 3C). In addition, both antioxidants NAC and 
apocynin also suppressed the LPS-induced MCP-1 
production (Figure 3D).

Akt-FoxO3a signaling is a target for the inhibitory 
effect of resveratrol

We examined through which signal transduction 
molecules the production of MCP-1 and the 
inhibition of Nox1 expression by resveratrol were 
targeted. Because resveratrol inhibits phosphati-
dylinositol 3 kinase (PI3K) (Frojdo et al., 2007), we 
focused on PI3K-Akt signaling based on the des-
cription that respiratory burst by resveratrol in 
human monocytes correlates with the inhibition of 
PI3K signaling. To prove that PI3K-Akt signaling 
controls the expression of MCP-1 and Nox1 expre-
ssion by LPS, we used the PI3K pathway inhibitor 
LY294002. LY294002 pretreatment inhibited the 
expression of LPS-induced MCP-1 and Nox1 
mRNA in a concentration dependent manner, and 
the inhibition of two genes showed similar ten-
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Figure 3. Resveratrol suppress MCP-1 production induced by LPS. (A, B) Cells were treated with a resveratrol (5 μM) for 1 h prior to stimulation with LPS 
for the indicating times. At the end of the incubation period, total mRNAs were isolated and MCP-1 mRNAs were analyzed by RT-PCR (A) or real-time 
PCR (B). The mRNA levels of MCP-1 were normalized to the levels of β-actin mRNA. (C) Cells were pretreated with the indicating concentrations of re-
sveratrol for 1 h and stimulated with LPS for 6 h. (D) Cells were pretreated with the indicating inhibitors for 1 h and stimulated with LPS for 6 h. MCP-1 
amounts of cell supernatants were analyzed by ELISA.

dencies (Figure 4A and B). These results suggest 
that PI3K signaling is essential in the control of 
LPS-mediated MCP-1 and Nox1 gene expression. 
LPS treatment maximized the phosphorylation of 
Akt (the downstream molecule of PI3K) in 20 min 
and maximized the phosphorylation of ERK1/2 in 
30 min (Figure 4C). While pretreatment of resve-
ratrol did not have much effect in the phospho-
rylation of ERK1/2, it significantly decreased pho-
sphorylation of Akt (Figure 4D). These results 
suggest a possibility that expression inhibition of 
MCP-1 and Nox1 by resveratrol can be controlled 
by PI3K-Akt signaling. Various transcription factors 
are involved in Nox1 regulation. Akt directly phos-
phorylates FoxO3a, regulating transcriptional acti-
vity (Arden and Biggs, 2002). Appropriately, we 
examined whether LPS could induce phospho-
rylation of FoxO3a. As shown in Figure 4E, 

anti-phospho FoxO3a antibody labeled a protein in 
the extracts of LPS-stimulated cells. Effects of res-
veratrol on LPS-induced phosphorylation of FoxO3a 
were next examined. As shown in Figure 4F and 
4G, resveratrol or LY294002 suppressed phospho-
rylation of FoxO3a induced by LPS. These results 
suggest that PI3K-Akt and transcription factor 
FoxO3a may be involved in the LPS-induced Nox1 
expression (Figure 4H). 

Discussion 

Elevated ROS is considered a major contributing 
factor to atherosclerosis, and antioxidants have 
been found to attenuate ROS effect, which has 
been suggested to be due primarily to their free 
radical scavenging activity (Dandona et al., 2007). 
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Figure 4. Resveratrol is targeted to 
the Akt-FoxO3a signaling pathway 
for Nox1 and MCP-1 expression. (A, 
B) Cells were treated with an in-
dicating concentrations of LY294002 
(PI3K-Akt inhibitor) for 1 h prior to 
stimulation with LPS for 6 h. At the 
end of the incubation time, total 
mRNAs were isolated and MCP-1 
(A) and Nox1 (B) mRNAs were ana-
lyzed by real-time PCR. The mRNA 
levels of MCP-1 and NOX1 were 
normalized to the levels of β-actin 
mRNA. (C) Cells were treated with 
LPS for the indicated times. After in-
cubation with LPS, cells were lysed 
and the protein lysates were then 
analyzed by Western blotting using 
specific antibodies. (D) Cells were 
pretreated for 1 h with resveratrol 
and then incubated with LPS. After 
incubation with LPS for 30 min, cells 
were lysed and the protein lysates 
were analyzed by Western blotting 
using specific antibodies. (E) Cells 
were treated with LPS for the in-
dicated times. After incubation with 
LPS, cells were lysed and the pro-
tein lysates were analyzed by 
Western blotting using specific an-
ti-FoxO3a or anti-phospho FoxO3a 
(S253) antibodies. (F and G) Cells 
were pretreated with the resveratrol 
or LY294002, and then incubated 
with LPS. After incubation with LPS 
for 30 min, cells were lysed and the 
protein lysates were then analyzed 
by Western blotting using specific 
anti-FoxO3a or anti-phospho FoxO3a 
(S253) antibodies. (H) Signaling me-
chanism involved in LPS-induced 
Nox1 expression in macrophages 
and that are targeted by resveratrol.

The present study demonstrates that resveratrol 
inhibits form cell formation, one of the most important 
steps in atherosclerosis, as well as ROS production. 
Especially, resveratrol blocked ROS production by 
inhibiting the expression of Nox1, and further inhibits 
MCP-1 production as well. Also, the inhibition of Nox1 
expression by resveratrol is accomplished by Akt- 
FoxO3a signaling as its target. 
    Oxidation of LDL favors the transformation of 
macrophages into foam cells, an important cell 

involved in atherosclerosis (Vivancos and Moreno, 
2008), so that modulating its activation process is a 
potential therapeutic target. The macrophage is 
thought to play a major role in the pathogenesis of 
atherosclerosis. This cell differentiates and the re-
sulting macrophage accumulates oxidized LDL to 
form the characteristic foam cell. Macrophage oxi-
dation of LDL is thought to be dependent on ROS 
produced from Nox. Presently, we found that res-
veratrol decreased foam cell formation induced by 
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LPS in the μM concentration level, the first such 
description. Since resveratrol significantly inhibits 
the expression of Nox1 and blocks ROS produc-
tion, we think that such inhibition of foam cell for-
mation by resveratrol is accomplished by inhibiting 
the oxidation of LDL. However, we could not exa-
mine the changes in oxidized LDL, and so this 
suggestion is equivocal. 
    Resveratrol has been shown to have broad 
antioxidant activities in a number of biological sys-
tems. Resveratrol exerts its effects by decreasing 
the effect of Nox complex assembly via decreased 
membrane translocation of gp91phox and Rac1 
(Chow et al., 2007). Such results show that the 
Nox2 system will usually control ROS production 
because the Nox2 complex in phagocytic cells is a 
flavocytochrome composed of two membrane- 
bound proteins, gp91phox and p22phox, and two 
cytosolic proteins, p47phox and p67phox. The small 
molecular weight G protein Rac1 is also necessary 
for the assembly of active Nox2 complex. Res-
veratrol can lower Nox activity in monocytes conta-
minated by the intracellular organism Chlamydia 
pneumonia, which participates in atherosclerosis 
development; however, this study did not clarify in 
what type of Nox activation such diminution was 
mediated. Besides Nox activation, resveratrol inhi-
bits ROS production by inhibiting the activation of 
enzymes through myeloperoxidase and direct 
interaction (Kohnen et al., 2007). However, based 
on our findings, we suggest that the inhibitory 
effect of resveratrol involves targeting of the Nox1 
gene. Even though we could not confirm the 
effects of resveratrol related to Nox2 activities, we 
feel confident in suggesting that resveratrol at least 
controls Nox1 mRNA expression and inhibits ROS 
production. 
    Research on Nox has focused on Nox2, but 
more recent reports have dealt with other Nox spe-
cies including Nox1. Similar to other Nox species, 
Nox1 is highly expressed in colon epithelial cells 
and is principally involved in host defense (Kawa-
hara et al., 2004). ROS production by Nox1 parti-
cipates in many functions including vasucular 
smooth muscle cells activation and migration, but 
Nox1 in the vascular system is usually expressed 
in smooth muscle cells and Nox2 is usually 
expressed in macrophages (Bedard and Krause, 
2007). Nox2 activation is the most important ROS 
regulation factor regulating the vascular system, 
but our data shows that Nox1 expression, espe-
cially in macrophages, is an important factor as 
well. Even though the Nox1 gene is expressed at a 
low basal level, we think that Nox1 and Nox2 
cooperate and regulate ROS production, since 
expression of the Nox1 gene markedly increases 

upon exposure to LPS. 
    Despite the evidence for a prominent role of 
MCP-1 in the development of atherosclerosis, few 
studies have directly investigated the effect of 
resveratrol on MCP-1. Moreover, in the process of 
MCP-1 production related to Nox1, there have not 
been reports about the effects of resveratrol. ROS 
is an important factor in controlling MCP-1 pro-
duction. Indeed, resveratrol-mediated control of 
MCP-1 production may occur in a disparate fashion. 
In macrophages, even though resveratrol inhibits 
various types of inflammatory cytokine productions, 
it has no effects on MCP-1 (Culpitt et al., 2003). 
Yet, resveratrol effectively blocks MCP-1 produc-
tion in human umbilical vein endothelial cells 
(Cullen et al., 2007b). This disparity could reflect 
the configuration differences could be from the 
difference of the trans- and cis-isomers (Leiro et 
al., 2004). Even though our data was obtained 
from trans-isomers, resveratrol had strong inhibi-
tory effects in MCP-1 production. Our results show 
that the inhibition of MCP-1 production by res-
veratrol could also be achieved by control of Nox1 
expression. In the LPS-induced expression of Nox1 
and MCP-1, the increased temporal transcription of 
the two genes was very similar, and the inhibition 
of the two genes by resveratrol displayed a similar 
pattern. Our observation that resveratrol inhibited 
the production of LPS-induced MCP-1 production 
are entirely consistent with the suggestion that 
ROS produced by Nox1 activation controls the 
production of MCP-1. 
    Presently, we demonstrated that resveratrol blo-
cked LPS-induced Nox1 and MCP-1 expression 
via inhibition of PI3K-Akt signaling. A previous 
report demonstrated that resveratrol controls PI3K- 
Akt signaling and affects cell functions as well, with 
the chemopreventive or chemotherapeutic proper-
ties of resveratrol being correlated to its capability 
to decrease PI3K-controlled phosphorylation of the 
anti-apoptotic kinase Akt. Resveratrol is a potent 
class IA PI3K inhibitor and consequently inhibits 
their downstream signaling molecules (Frojdo et 
al., 2007). In addition, the inhibitory effect of res-
veratrol on fMLP-induced ROS production corre-
lates with its inhibitor effect on the PI3K-Akt path-
way. Moreover, resveratrol inhibits the activation of 
Akt and ERK1/2 in mouse cardiac fibroblasts, 
inhibiting the expression of interleukin-17, which 
glucose mediates (Venkatachalam et al., 2008). 
Our results confirmed that the PI3K inhibitor 
inhibits LPS-induced Nox1 and MCP-1 expression, 
and that resveratrol blocks LPS-induced Akt pho-
sphorylation as well. However, in a finding that 
differs from previous observations (Venkatachalam 
et al., 2008), we found that resveratrol did not 
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affect ERK1/2 phosphorylation. These present 
result suggest that in LPS-induced Nox1 and 
MCP-1 expression, Akt signaling is essential and 
that resveratrol inhibits Nox1 and MCP-1 produc-
tion by blocking Akt phosphorylation. But there are 
suggestions of pleiotropic effects of resveratrol in 
different types of kinases, and, in fact, there have 
been reported examples of the regulation of kinase 
activation (Kundu and Surh, 2004), so further re-
search is necessary. 
    Several transcription factors may play a role in the 
expression of Nox1. Previous results suggest that 
expression of human Nox1 gene is mediated by the 
GATA-6 transcription factor (Adachi et al., 2008), 
hepatocyte nuclear factor-1α, and the caudal related 
homeobox proteins, Cdx1 and Cdx2 (Valente et al., 
2008). Interferon-γ responsive element and activating 
transcription factor-1 were also identified in the 
upstream region of the human Nox1 gene (Katsu-
yama et al., 2005). On the other hand, there is little 
information on the exact molecular mechanisms 
underlying the up-regulation of murine Nox1 gene 
expression. Of particular our interest is the invol-
vement of FoxO3a, because PI3K-Akt signaling is 
very important for FoxO3a regulation (Kim et al., 
2005). In the present study, we determined the role of 
resveratrol in FoxO3a phosphorylation induced by 
LPS. Resveratrol suppressed LPS-induced phospho-
rylation of FoxO3a in macrophages, implicating 
FoxO3a as a putative target of resveratrol. Additio-
nally, pretreatment of LY294002, PI3K-Akt pathway 
inhibitor, also attenuated the LPS-induced FoxO3a 
phosphorylation. Taken together, these results su-
ggest that resveratrol block the LPS-induced PI3K-Akt 
pathway and then affected the FoxO3a phospho-
rylation. However, further investigation is required to 
deduce whether FoxO3a is responsible for the direct 
regulation of Nox1 expression.
   The ability of resveratrol to inhibit Nox1 and 
MCP-1 expression may represent an important 
anti-inflammatory mechanism, which could poten-
tially modulate the activations of important macro-
phage functions associated with atherosclerosis. 
Moreover, the ability of resveratrol to modulate the 
Akt-FoxO3a pathway might represent an important 
anti-oxidant effect of resveratrol.

Methods

Reagents and cell culture

Cell culture reagents, including FBS were obtained from 
Life Technologies (Grand Island, NY). Antibodies against 
Akt, phospho-Akt, FoxO3a, and phosphor-FoxO3a (S253) 
were obtained from Cell Signaling Technology (Beverly, 
MA). A MCP-1 immunoassay kit was obtained from R&D 

Systems (Minneapolis, MN). Escherichia coli LPS, 
resveratrol, NADPH and lucigenin were obtained from 
Sigma-Aldrich (St Louis, MO). LY294002 and various 
inhibitors were purchased from Calbiochem (San Diego, 
CA). The Raw264.7 macrophage cell line was obtained 
from the American Type Culture Collection (Manassas, 
VA).

Lipid uptake assays

For lipid uptake analysis, macrophages were cultured in 
6-well plates and then treated with LPS and LDL (50 μg/ml) 
for 24 h. Next, the cells were washed three times with 
PBS, fixed with 10% formalin, and then stained with Oil-red 
O. The intracellular lipid droplets were then detected under 
a DIAPHOT 300 light microscope (Nikon, Tokyo, Japan). 
The microscopy images were captured with an AxioCam 
ICcl digital camera system (Carl Zeiss, Jena, Germany).

Western blot analysis

Macrophages were cultured in 6-well plates and treated 
with LPS in the presence or absence of an inhibitor. Cell 
pellets were resuspended in lysis buffer (50 mM Tris-HCl, 
pH 8.0, 5 mM EDTA, 150 mM NaCl, 0.5% Nonidet P-40, 1 
mM PMSF, and protease inhibitor cocktail). Proteins were 
separated by 8% reducing SDS-PAGE and immunoblotted 
onto nitrocellulose membranes in 20% methanol, 25 mM 
Tris, and 192 mM glycine. Membranes were then blocked 
with 5% non-fat dry milk and incubated with primary 
antibody for 4 h. The membranes were then washed, 
incubated for 1 h with secondary antibody conjugated to 
HRP, rewashed, and finally developed using an enhanced 
enhanced chemiluminescence system.

Enzyme-linked immunosorbent assay (ELISA)

Supernatants from treated macrophages were collected 
and analyzed for MCP-1 using a sandwich ELISA kit (R&D 
systems) according to the manufacturer’s instructions.

Measurement of ROS generation

NADPH-dependent ROS formation was measured by 
monitoring lucigenin-derived chemiluminescence at room 
temperature using the LMax II luminometer (Molecular 
Devices, Sunnyvale, CA). Briefly, cells were cultured in 
96-well plates, pretreated with inhibitors for 1 h, subse-
quently suspended in PBS and incubated with lucigenin 
(100 μM) and NADPH (200 μM). LPS was added 
exogenously to the suspended cells. Chemiluminescence 
was measured in relative light units (RLU) every 10 min 
over a period of 150 min.

RT-PCR and real-time PCR

Total RNA was extracted from cells using the total RNA 
miniprep kit (Axygen Biosciences, Union City, CA). One 
microgram of total RNA was used as a template to make 
first strand cDNA by oligo-dT priming using the Promega 
reverse transcriptase system (Promega, Madison, WI). 
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PCR was then performed using specific primers for target 
genes, as well as primers for β-actin as an internal standard. 
Real-time PCR was performed using a LightCycler 1.5 
thermalcycler (Roche Diagnostics, Almere, Netherlands) 
with SYBR-Green I as the florescent dye, according to the 
manufacturer's instructions. The cDNA obtained was then 
amplified using two synthetic primers specific for mouse 
Nox1 (5'-AAGTGGCTGTACTGGTTGG-3') (5'-GTGAGGA-
AGAGTCGGTAGTT-3'), mouse MCP-1 (5'-AGAGAGCCA-
GACGGGAGGAA-3') (5'-GTCACACTGGTCACTCCTAC-3') 
and mouse β-actin (5'-AGAGGGAAATCGTGCGTGAC-3') 
(5'-CAATAGTGATGACCTGGCCGT-3'). The cycling condi-
tions used were 94oC for 3 min, followed by 45 cycles of 
95oC for 5 s, 62oC for 5 s and 72oC for 12 s.
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