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Atherosclerosis, the underlying cause of ischemic heart disease and stroke, is an inflammatory disease of
arteries in a hyperlipidemic milieu. Endothelial expression of cellular adhesion molecules, such as en-
dothelial-leukocyte adhesion molecule-1 (E-selectin) and intercellular adhesion molecule-1 (ICAM-1),
plays a critical role in the initiation and progression of atherosclerosis. The dietary flavonoid, quercetin,
has been reported to inhibit expression of cellular adhesion molecules, but the underlying mechanisms
are incompletely understood. In this study, we found that quercetin dose-dependently (5–20 mM) inhibits
lipopolysaccharide (LPS)-induced mRNA and protein expression of E-selectin and ICAM-1 in human
aortic endothelial cells (HAEC). Incubation of HAEC with quercetin also significantly reduced LPS-induced
oxidant production, but did not inhibit activation of the nuclear factor-kappaB (NF-κB). Furthermore,
quercetin induced activation of the nuclear factor erythroid 2-related factor 2 (Nrf2) and subsequent
mRNA and protein expression of the antioxidant enzymes, heme oxygenase-1 (HO-1), NAD(P)H dehy-
drogenase, quinone 1, and glutamate-cysteine ligase. The induction of Nrf2 and antioxidant enzymes was
partly inhibited by the p38 mitogen-activated protein kinase (p38) inhibitor, SB203580. Our results
suggest that quercetin suppresses LPS-induced oxidant production and adhesion molecule expression by
inducing Nrf2 activation and antioxidant enzyme expression, which is partially mediated by p38; and the
inhibitory effect of quercetin on adhesion molecule expression is not due to inhibition of NF-κB acti-
vation, but instead due to antioxidant-independent effects of HO-1.

& 2016 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Endothelial activation with increased expression of adhesion
molecules, such as endothelial-leukocyte adhesion molecule-1 (E-
selectin) and intercellular adhesion molecule-1 (ICAM-1), is a
critical initiating step in atherosclerosis. These cellular adhesion
molecules mediate the adhesion of blood monocytes to the aortic
endothelial cell surface and their transmigration into the
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subendothelial space of the aortic intima. The role of infection and
inflammation in the initiation and progression of atherosclerosis is
being increasingly recognized [17]. Evidence from animal studies
suggests a significant role of lipopolysaccharide (LPS), the active
constituent of endotoxin of Gram-negative bacteria, in athero-
sclerotic lesion development [13,22,71].

In addition, oxidative stress due to excessive production of
oxidants and reactive oxygen species (ROS), has been implicated in
the pathogenesis of atherosclerosis [12,25,47,49,51,54,70]. In vas-
cular cells, ROS are generated primarily by constitutively expressed
NAD(P)H oxidases [1]. While ROS play a critical role in redox-
regulation of normal cellular functions, such as signal transduc-
tion, proliferation, differentiation, and apoptosis, abnormally ele-
vated ROS levels are often associated with pathophysiological
conditions [5,16,19,66,80]. Many risk factors for cardiovascular
disease, such as smoking, hypercholesterolemia, hypertension, and
diabetes, are associated with increased ROS production
[3,24,63,67,68], and there is ample evidence that oxidative stress is
an important causal factor in endothelial dysfunction, inflamma-
tion, and atherosclerosis [12,47,49,70]. For example, ROS mediate
endothelial dysfunction induced by obesity and body fat
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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distribution [25,51] and promote neutrophil adhesion to en-
dothelial cells [46]. ROS have also been reported to attenuate the
protective effect of NO [20] and to mediate the activation of en-
dothelial cells and expression of adhesion molecules induced by
LPS or pro-inflammatory cytokines [49,54].

Certain flavonoids have been reported to suppress oxidative
stress and reduce inflammatory responses in cell culture and
in vivo, and to inhibit atherosclerotic lesion development in animal
models [39,40,50]. Of the large family of flavonoids, quercetin (3,
3′, 4′, 5,7-pentahydroxyflavone) is one of the most widely dis-
tributed and is commonly found in plant-based diets. We and
others have shown that quercetin inhibits adhesion molecule ex-
pression in human aortic endothelial cells (HAEC), suppresses
production of pro-inflammatory cytokines in macrophages, and
improves endothelial function and vessel relaxation in isolated
aorta [7,10,40,41,58,60]. Several underlying mechanisms for these
effects of quercetin have been proposed, including induction of
endothelial nitric oxide synthase and modulation of extracellular
matrix composition [28,60]. However, the effects of quercetin on
intracellular oxidant production and activation of redox-sensitive
signaling pathways in HAEC have not been reported, and, there-
fore, the underlying mechanisms remain incompletely understood.

The nuclear factor erythroid 2-related factor 2 (Nrf2) signaling
pathway plays an important role in cellular defense against oxi-
dative and toxicological stress by upregulating expression of an
array of antioxidant and detoxifying enzymes [30]. In addition,
Nrf2 activation has also been reported to protect against in-
flammation. Nrf2 attenuates inflammatory responses by inducing
the anti-inflammatory enzyme, heme oxygenase-1 (HO-1)
[23,37,64] and by negatively regulating the expression of pro-in-
flammatory cytokines [32] and chemokines [36].

The goal of the present study was to gain a deeper under-
standing of the mechanisms whereby quercetin exerts its anti-
oxidant and anti-inflammatory effects in endothelial cells. To this
end, we investigated quercetin’s effects on cellular oxidant pro-
duction and adhesion molecule expression, activation of the re-
dox-sensitive transcription factors, nuclear factor-kappaB (NF-κB)
and Nrf2, expression of antioxidant enzymes, and the involvement
of specific protein kinases.
2. Materials and methods

2.1. Materials

Quercetin, LPS, and 2′,7′-dichlorofluorescin diacetate (DCFH-
DA) were purchased from Sigma-Aldrich (St. Louis, MO). All the
other chemicals were of the highest grade available from Sigma-
Aldrich.

2.2. Endothelial cells

Human aortic endothelial cells were obtained from Lonza
(Walkersville, MD). Upon receipt, the cells were seeded in 75-cm2

flasks precoated with 1% (w/v) bovine gelatin (Sigma-Aldrich) at a
ratio of 1:2 and were grown in EBM basal medium (Lonza) con-
taining bovine brain extract, ascorbic acid, hydrocortisone, epi-
dermal growth factor, 2% (v/v) fetal bovine serum (FBS; Sigma-
Aldrich), and gentamicin/amphotericin-B at 37 °C under 5% CO2 in
a humidified atmosphere. Medium was replaced periodically until
cells reached 80–90% confluence; cells were then detached with
0.05% (w/v) trypsin-0.02% (w/v) EDTA (Sigma-Aldrich) and sub-
cultured in gelatin-precoated 75 cm2

flasks at a 1:3 ratio. Cells at
passage 7 were used for experiments.
2.3. Experiments

Human aortic endothelial cells were plated in 1% (w/v) gelatin-
precoated, flat-bottom 96-well plates or 10-cm dishes with Med-
ium 199 (Sigma-Aldrich) supplemented with 20% (v/v) FBS, 2 mM
glutamine, 50 U/ml penicillin, 50 μg/ml streptomycin, and 1 ng/ml
human basic fibroblast growth factor (Roche). The cells were al-
lowed to grow for 3–4 days until they reached confluence. Sub-
sequently, they were incubated with or without different con-
centrations (5, 10, or 20 μM) of quercetin for up to 18 h, and then,
in some experiments, were co-incubated for up to 5 h without or
with 0.10 mg/ml LPS and the corresponding concentrations of
quercetin. Previous work done in our laboratory had indicated that
18 h incubation of HAEC with quercetin was required for maximal
inhibition of adhesion molecule expression [40,41].

Stock solutions of quercetin were freshly prepared by dissol-
ving it in DMSO. The stock solutions were subsequently diluted
with Medium 199 containing 20% (v/v) FBS. The final concentra-
tions of DMSO in the medium were r0.1% (v/v). Appropriate
controls with the vehicle DMSO were included in all experiments.
Cell viability was determined with Cell Proliferation Reagent WST-
1 (Roche) according to the manufacturer’s instructions.

2.4. Gene expression of adhesion molecules and antioxidant enzymes

Confluent HAEC in 10-cm dishes were incubated with quercetin
for 6–18 h and then, in some experiments, co-incubated with LPS
and quercetin for 3 h. In other experiments, cells were pre-in-
cubated with the p38 mitogen-activated protein kinase (p38) in-
hibitor, SB203580 (Sigma-Aldrich), for 1 h before incubation with
quercetin. Total RNA was isolated from HAEC with TRIzol reagent
(Life Technologies, Carlsbad, CA, USA). cDNA was synthesized
using a high-capacity cDNA archive kit (Life Technologies). mRNA
levels of E-selectin, ICAM-1, HO-1, NAD(P)H dehydrogenase, qui-
none 1 (NQO1), and the glutamate-cysteine ligase (GCL) modifier
and catalytic subunits (GCLM and GCLC, respectively) were de-
termined by real-time quantitative polymerase chain reaction
(qPCR) with an ABI Prism 7500 Sequence Detection System (Life
Technologies). Primers and probes used were purchased from Life
Technologies as Assays on Demand, which contained a 20x mix-
ture of PCR primers and TaqMan 6-FAM dye-labeled probes. The
PCR reactions were performed with TaqMan Universal PCR Master
Mix (Life Technologies). Glyceraldehyde 3-phosphate dehy-
drogenase or β-actin were used as internal control genes, and each
gene was quantified relative to the control gene using standard
curves.

2.5. Protein expression of adhesion molecules

Confluent HAEC in 96-well plates were incubated with quer-
cetin for 18 h and then co-incubated with LPS and quercetin for
5 h. Protein levels of E-selectin and ICAM-1 on the cellular surface
were measured by cell ELISA. After experimental treatments, cells
were fixed in phosphate-buffered saline (PBS) containing 0.1%
(v/v) glutaraldehyde. Plates were then blocked with 0.1% (v/v)
Tween 20 in PBS containing 5% (w/v) skim milk at 37 °C for 1 h
and subsequently incubated with a primary antibody to either
E-selectin or ICAM-1 (R&D Systems, Minneapolis, MN) at 37 °C for
2 h. Thereafter, the plates were incubated with a horseradish
peroxidase-linked sheep anti-mouse IgG secondary antibody (GE
Healthcare, Little Chalfont Bucks, UK) at 37 °C for 1 h. Expression
of E-selectin and ICAM-1 was evaluated by adding o-pheny-
lendiamine-hydrochloride (Sigma-Aldrich). Absorbance at 492 nm
was recorded in a microplate reader spectrophotometer (Spec-
tromax 190, Molecular Devices, Sunnyvale, CA).
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Fig. 1. Quercetin inhibits LPS-induced adhesion molecule expression. Human aortic endothelial cells were incubated for 18 h without or with the indicated concentrations of
quercetin, and then were co-incubated for 3 h (mRNA levels) or 5 h (protein levels) without or with 0.10 mg/ml LPS and the corresponding concentrations of quercetin. mRNA
and protein levels of E-selectin (a, c) and ICAM-1 (b, d) were measured by real-time PCR and cell-ELISA, respectively. *Denotes significant difference from LPS-stimulated
cells, Po0.05.

Fig. 2. Quercetin inhibits LPS-induced intracellular oxidant production. Human aortic
endothelial cells were incubated for 18 h without (Control, LPS) or with the indicated
concentrations of quercetin (Que). The cells were then washed and incubated for
20 minwith 10 μMDCFH-DA. Subsequently, cells were washed again and 10 μg/ml LPS
in medium containing 0.1% (v/v) FBS or LPS-freemedium containing 0.1% (v/v) FBS was
added. Fluorescence was measured immediately after adding LPS and every hour up to
4 h. *Denotes significant difference from LPS-stimulated cells, Po0.05; #denotes sig-
nificant difference from control cells, Po0.05.
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Fig. 3. Quercetin does not inhibit LPS-induced NF-κB activation. Human aortic
endothelial cells were incubated for 18 h without (Control) or with 20 mM quercetin
(Que) and then co-incubated for 3 h without or with 0.10 mg/ml LPS (LPS) and
20 mM quercetin (LPSþQue). Nuclear proteins were extracted and NF-κB was
measured by ELISA. Results marked with different letters differ significantly,
Po0.05.
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2.6. Intracellular oxidant production

Confluent HAEC in 96-well plates were incubated with quer-
cetin for 18 h, washed with HBSS buffer, and then incubated with
10 mM DCFH-DA for 20 min. After washing the cells again, they
were incubated with 10 mg/ml LPS in medium containing 0.1% (v/v)
FBS. Fluorescence was measured immediately after adding LPS and
then every hour up to 4 h using a Spectromax Gemini XS multi-
plate fluorometer (Molecular Devices, Sunnyvale, CA) with ex-
citation and emission settings of 485 nm and 530 nm, respectively.



Fig. 4. Quercetin induces Nrf2 activation. Human aortic endothelial cells were in-
cubated without (Control) or with 20 mM quercetin (Que) for the indicated time
periods; or were incubated for 18 h without or with 20 mM quercetin, respectively,
and then incubated for 3 h with 0.10 mg/ml LPS (LPS and LPSþQue). Nuclear pro-
teins were extracted and Nrf2 was measured by ELISA (a). Further, HAEC were
incubated for 6 h without (Con) or with 20 mM quercetin (Que). Nuclear proteins
were extracted and Nrf2 was assessed by immunoblotting (b) and quantitatively
analyzed (c). *Denotes significant difference from Control (a, c), Po0.05; #denotes
significant difference from LPS-stimulated cells (a), Po0.05.
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2.7. Activation of Nrf2, NF-κB, and p38 measured by ELISA

Confluent HAEC in 10-cm dishes were incubated with quercetin
for 3–18 h and then, in some experiments, co-incubated with LPS
and quercetin for 3 h. In other experiments, cells were pre-in-
cubated with SB203580 for 1 h before incubation with quercetin.
Nuclear extracts (Nrf2 and NF-κB) or whole-cell extracts (phos-
phorylated p38) of HAEC were prepared with a cell extraction kit
(Active Motif, Carlsbad, CA) according to the manufacturer’s in-
structions. NF-κB and Nrf2 DNA-binding activity was measured
with the corresponding TransAM transcription factor ELISA kit
(Active Motif, Carlsbad, CA), following the manufacturer’s in-
structions. Specificity of the assays was confirmed by competition
with the supplied wild-type or mutant oligonucleotide. Phos-
phorylated p38 was measured with a p38 MAPK alpha (pT180/
Y182) SimpleStep ELISA Kit (Abcam, Eugene, OR), following the
manufacturer’s instructions.

2.8. Activation of Nrf2, protein expression of antioxidant enzymes,
and phosphorylation of p38 measured by immunoblotting

Confluent HAEC in 10-cm dishes were incubated with quercetin
for 3 h (p38), 6 h (Nrf2) or 18 h (antioxidant enzymes). In some ex-
periments, cells were pre-incubated with SB203580 for 1 h before
incubation with quercetin. Nuclear and whole-cell extracts of HAEC
were prepared with a cell extraction kit (Active Motif) according to
the manufacturer’s instructions. Equal amounts of protein (20–25 mg)
were separated on 8% or 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis gels and then transferred to Immobilon poly-
vinylidene difluoride membranes (Millipore, Bedford, MA). The
membranes were blocked in 5% (w/v) nonfat dry milk in PBS con-
taining 0.1% (v/v) Tween 20 for 1 h at room temperature and were
then incubated overnight at 4 °C with specific primary antibodies to
Nrf2 (Santa Cruz Biotechnology, Santa Cruz, CA), HO-1, NQO1, GCLC,
GCLM, p38, phosphorylated p38, β-actin (Abcam, Eugene, OR) or
lamin A/C (Cell Signaling Technology, Danvers, MA), followed by in-
cubation at room temperature for 1 h with a horseradish peroxidase-
conjugated secondary antibody (Abcam). The membrane was then
incubated with the SuperSignal West Pico Chemiluminescent Sub-
strate (Thermo Fisher Scientific, Eugene, OR) and exposed to films for
visualization.

2.9. Statistical analysis

Data were expressed as means7SEM of at least three in-
dependent experiments each run in triplicate and were analyzed
by unpaired student’s t-test or by factorial analysis of variance
(ANOVA) followed by post hoc analysis with the Holm-Sidak test.
Significance was accepted at Po0.05.
3. Results

3.1. Quercetin inhibits LPS-induced adhesion molecule expression

To investigate whether quercetin can inhibit adhesion molecule
expression induced by LPS, HAEC were incubated with or without
5, 10, or 20 μM quercetin for 18 h and then co-incubated with 0.10
μg/ml LPS and the corresponding concentrations of quercetin for
3 h. Transcription of E-selectin and ICAM-1 genes was evaluated
by real-time qPCR. As expected, incubation of HAEC with LPS
strongly upregulated mRNA levels of E-selectin and ICAM-1 com-
pared to control cells incubated without LPS (Fig. 1a and b).
Quercetin treatment dose-dependently inhibited LPS-induced in-
creases of adhesion molecule mRNA levels: ICAM-1 message was
significantly reduced by quercetin at all concentrations tested
(Fig. 1b), and E-selectin mRNA levels were significantly reduced by
10 and 20 μM quercetin (Fig. 1a).

To investigate whether quercetin also inhibited LPS-induced
upregulation of adhesion molecule protein levels, HAEC were in-
cubated as described above, except that exposure to LPS lasted for
5 h instead of 3 h. After incubation, E-selectin and ICAM-1 protein
levels on the cell surface were determined by cell-ELISA. Quercetin
dose-dependently inhibited LPS-induced E-selectin and ICAM-1



Fig. 5. Quercetin induces antioxidant enzyme expression. Human aortic endothelial cells were incubated for 18 h without (Control) or with the indicated concentrations of
quercetin (Que) (a); or were incubated with 20 mM quercetin for the indicated time periods (b); or were incubated for 18 h without (Control, LPS) or with the indicated
concentrations of quercetin (Que) and then co-incubated for 3 h without or with 0.10 mg/ml LPS and the corresponding concentrations of quercetin (e). mRNA levels of HO-1
and NQO1 were measured by real-time PCR. Further, HAEC were incubated for 18 h without (Con) or with 20 mM quercetin (Que), and protein levels of HO-1 and NQO1 were
assessed by immunoblotting (c) and quantitatively analyzed (d). *Denotes significant difference from control cells (a, d) or 0 h (b) or LPS-stimulated cells (e), Po0.05.
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protein expression (Fig. 1c and d). ICAM-1 protein levels were
more effectively suppressed by quercetin than E-selectin, with
485% inhibition of ICAM-1 expression by 20 mM quercetin
(Fig. 1d). These results are consistent with our previous observa-
tion that quercetin differently inhibited tumor necrosis factor al-
pha (TNFα)-induced expression of ICAM-1 and E-selectin, reflect-
ing differences in the promoter regions of the genes of these two
adhesion molecules [40].

During and after incubations, cells were examined with an
inverted optical microscope. No noticeable morphological altera-
tions were observed with any of the treatments. In addition, none
of the concentrations of quercetin used in this study significantly
reduced cell viability (data not shown).
3.2. Quercetin inhibits LPS-induced intracellular oxidant production

Oxidative stress has been reported to be an important factor in in-
ducing adhesion molecule expression and inflammation [14,33,54].
Hence, we assessed the effect of quercetin on intracellular oxidant le-
vels, using DCFH-DA as a fluorescence probe. As shown in Fig. 2, LPS
significantly increased intracellular oxidant production compared to
unstimulated cells. Quercetin significantly decreased LPS-induced for-
mation of oxidants at all concentrations tested. After 4 h of incubation
with LPS, 10 and 20 mMquercetin inhibited oxidant generation by about
75%, while 5 mM quercetin caused about 40% inhibition. Quercetin at
20 mM also significantly reduced basal levels of cellular oxidant pro-
duction in the absence of LPS (Fig. 2). Since cells were incubated with
quercetin and then washed prior to the addition of DCFH-DA, followed



Fig. 6. Quercetin induces p38 activation. HAEC were incubated for 3 h without
(Con) or with 20 mM quercetin (Que). Phosphorylated p38 (P-p38) in whole cell
extracts was measured by ELISA (a) or assessed by immunoblotting (b) and
quantitatively analyzed (c). *Denotes significant difference from control cells (a and
c).
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by incubationwith LPS in the absence of quercetin, these data suggest a
persistent effect of quercetin treatment on HAEC, including changes in
antioxidant levels or signal transduction pathways.
3.3. Quercetin does not inhibit LPS-induced NF-κB activation

The redox-sensitive transcription factor, NF-κB, is critically in-
volved in the regulation of many pro-inflammatory genes, such as
cytokines, chemokines, and cellular adhesion molecules [8,34]. To
investigate whether the inhibitory effect of quercetin on adhesion
molecule expression is mediated by NF-κB, HAEC were incubated
with 20 mM quercetin for 18 h and then exposed to LPS for 3 h. Nu-
clear extracts were prepared and NF-κB DNA binding activity was
measured by ELISA. While LPS strongly increased nuclear levels and
DNA-binding activity of NF-κB, quercetin treatment did not inhibit
LPS-induced NF-κB activation, and in fact appeared to further en-
hance it (Fig. 3). These results suggest that the inhibition of adhesion
molecule expression by quercetin is not due to suppression of NF-κB
activation, and that alternative pathways are involved.

3.4. Quercetin induces Nrf2 activation

Nrf2 is a transcription factor that is activated by intracellular
oxidative or electrophilic stress and coordinates the expression of
many genes encoding antioxidant and detoxification enzymes
[30]. To investigate whether quercetin alone (i.e., in the absence of
LPS), can induce Nrf2 activation, HAEC were incubated with 20 mM
quercetin and nuclear Nrf2 levels were measured by ELISA and
Western blotting. As shown in Fig. 4a, quercetin induced nuclear
Nrf2 DNA-binding activity in a time-dependent manner. The
highest level of Nrf2 activity was observed after 6 h of incubation,
which was followed by a gradual return to baseline after 18 h.
Quercetin treatment for 6 h also caused a significant increase in
Nrf2 protein levels in nuclear extracts of HAEC measured by im-
munoblotting (Fig. 4b and c).

To determine whether quercetin affects Nrf2 transcriptional
activation in the presence of LPS, HAEC were incubated with
20 mM quercetin for 18 h and then treated with LPS for 3 h as in
previous experiments. Cells treated with quercetin and LPS ex-
hibited a two-fold increase in nuclear Nrf2 levels, as assessed by
ELISA, while LPS alone had no effect (Fig. 4a). These results de-
monstrate that quercetin induces Nrf2 activation in both quiescent
and LPS-stimulated cells, and this activation is likely the me-
chanism whereby quercetin exerts its antioxidant and anti-in-
flammatory effects in HAEC.

3.5. Quercetin induces antioxidant enzyme expression

To assess the effect of quercetin on the expression of anti-
oxidant enzymes [2,26,65], HAEC were treated for up to 18 h with
5–20 mM quercetin, and mRNA levels of antioxidant enzymes were
determined by real-time qPCR. We found that HO-1 gene tran-
scription was strongly induced by quercetin in a dose- and time-
dependent manner, while induction of NQO1 was less pronounced
(Fig. 5a and b). mRNA levels of GCLM and GCLC were also induced
by quercetin treatment (data not shown). Effects of quercetin on
HO-1 and NQO1 protein expression were determined by im-
munoblotting, and significant induction of both enzymes was
observed after incubation of HAEC for 18 h with 20 mM quercetin
(Fig. 5c and d).

To determine whether LPS affects the ability of quercetin to
induce antioxidant enzymes, HAEC were incubated with quercetin
followed by LPS stimulation, as before. While LPS treatment alone
did not affect mRNA levels of NQO1 and HO-1, quercetin sig-
nificantly and dose-dependently increased mRNA levels of both
HO-1 and NQO1 in LPS-treated cells (Fig. 5e), similar to the results
observed in the absence of LPS (Fig. 5a). These data are further
evidence that the mechanism of quercetin’s activity in HAEC is
independent of LPS.

3.6. Quercetin induces p38 activation

Several mitogen-activated protein kinase signaling pathways
have been reported to be involved in Nrf2 activation and the
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Fig. 7. Quercetin-induced Nrf2 activation and antioxidant gene transcription are inhibited by the p38 inhibitor, SB203580. Human aortic endothelial cells were incubated for
1 h without (Con) or with 15 mM of the p38 inhibitor, SB203580 (SB), and then were incubated without or with 20 mM quercetin (Que) for 6 h (a–c) or 12 h (d). Nuclear
proteins were extracted and Nrf2 was measured by ELISA (a) or assessed by immunoblotting (b) and quantitatively analyzed (c); or mRNA levels of HO-1 and NQO1 were
measured by real-time PCR (d). Results marked with different letters differ significantly, Po0.05 (a, c, d).
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induction of antioxidant enzymes [9,29]. p38 has been implicated
as one such protein kinase, especially in the activation of HO-1 by
extracts of natural products and plants [9,48]. Hence, we assessed
the effect of quercetin on the activation, i.e., phosphorylation, of
p38. We found that incubation of HAEC for 3 h with 20 mM quer-
cetin slightly but significantly increased the levels of phosphory-
lated p38, measured either by ELISA (Fig. 6a) or immunoblotting
(Fig. 6b and c).

Furthermore, we assessed the role of p38 in quercetin-induced
Nrf2 activation and subsequent antioxidant enzyme induction in
HAEC by incubating cells with SB203580, a specific p38 inhibitor.
Cells were treated with 15 mM SB203580 for 1 h, followed by in-
cubation for up to 12 h with 20 mM quercetin. We found that
SB203580 partially inhibited quercetin-induced Nrf2 activation,
measured by ELISA (Fig. 7a) and immunoblotting (Fig. 7b and c). In
parallel, SB203580 also attenuated quercetin-induced gene tran-
scription of HO-1 and NQO1 (Fig. 7d). The inhibition of quercetin-
induced antioxidant gene expression by SB203580 was stronger
than the inhibition of Nrf2 activation, suggesting an amplifying
effect. Taken together, these results suggest that quercetin induces
Nrf2 activation and antioxidant enzyme gene transcription via
activation of p38, although other protein kinases may be involved
in the response.
4. Discussion

In the present study, we found that quercetin exerts anti-
oxidant and anti-inflammatory effects in HAEC that may be
relevant to the inhibition of atherogenesis in humans. In our ex-
periments, we used the aglycone (or “free”) form of quercetin and
showed dose-dependent effects in the concentration range of 5–
20 mM. Naturally occurring quercetin in plants exists in the form of
glycosides, which are ubiquitously contained in fruits and vege-
tables, particularly onions, apples, kale, and broccoli (Michael
1992). In the small intestine, quercetin glycosides are absorbed
into intestinal epithelial cells, where they are hydrolyzed and the
remaining quercetin aglycone is glucuronidated or sulfated. Those
metabolites of quercetin are released into the blood stream and
then may be further metabolized in the liver by sulfate transferase
and catechol O-methyl transferase.

Therefore, quercetin detected in plasma is mostly in conjugated
forms under normal physiological conditions, and quercetin aglycone
is only found in the sub-micromolar concentration range [45,56,62].
In tissues, however, quercetin aglycone can be the predominant form
[6,79]. Both monocytes and macrophages can release β-glucur-
onidase [18,77], which catalyzes the deglucuronidation of quercetin
glucuronides, producing quercetin aglycone [4]. In the initial stages of
atherosclerosis, monocytes are recruited to the arterial wall and
subsequently mature into resident macrophages. It has been re-
ported that β-glucuronidase activity increases in human athero-
sclerotic aortas [43] and in the aorta of rabbits in the early stages of
experimental atherosclerosis [44]. LPS-induced inflammation also
has been shown to significantly increase deconjugation of quercetin-
3-O-glucuronide by macrophages, which is essential for quercetin’s
anti-inflammatory effects [27]. In LPS-challenged rats, the aglycone:
monoglucoronide ratio of luteolin, which has a structure similar to
quercetin, increases from 0.23 to 0.78 [61].
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Fig. 8. Scheme summarizing the antioxidant and anti-inflammatory effects of
quercetin in human aortic endothelial cells. Quercetin induces Nrf2 nuclear
translocation and DNA binding activity via activation (phosphorylation) of p38.
Since the p38 inhibitor, SB203580, did not completely suppress Nrf2 activation by
quercetin, (an) alternative pathway(s) may be involved. Activation of Nrf2 results in
gene transcription and protein expression of the antioxidant enzymes, HO-1, NQO1,
and GCL, which in turn inhibit LPS-induced formation of oxidants (ROS) via the
TLR4 pathway. Induction of HO-1 may inhibit AP-1 activity and adhesion molecule
expression by (an) antioxidant-independent mechanism(s). In contrast, quercetin
did not inhibit LPS-induced NF-κB activation. Solid lines: based on our data pre-
sented in this paper; dashed lines: based on previously reported data
[8,34,37,49,53,57,73–75].
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We observed antioxidant and anti-inflammatory effects of
quercetin at concentrations as low as 5 mM. Total quercetin (con-
jugated and aglycone) concentration in human plasma can reach
3.95 mM after consuming shallot dry skin [72]. Dietary supple-
mentation with quercetin may result in even higher plasma levels.
If the majority of the quercetin is converted to its aglycone form at
the site of inflammation and endothelial dysfunction, i.e., in the
subendothelial space of the arterial intima, the local tissue con-
centration of quercetin aglycone may well reach levels comparable
to the concentrations used in this study.

To better understand the mechanism(s) by which quercetin
exerts its antioxidant and anti-inflammatory effects in HAEC, we
investigated whether the strong inhibitory effect of quercetin on
LPS-induced adhesion molecule expression, in particular ICAM-1,
was associated with decreased oxidant production and NF-κB ac-
tivation. While we found that oxidant production was strongly
inhibited by quercetin, NF-κB activation was not inhibited, as we
reported previously using TNFα [40]. Transcription of ICAM-1 is
under the control not only of NF-κB, but also activator protein 1
(AP-1) [8,34], with both transcription factors being involved in
ICAM-1 induction by LPS [59]. However, NF-κB and AP-1 are dif-
ferentially induced [34,42,52]. For example, the matrix metallo-
proteinase-9 gene has binding sites for both NF-κB and AP-1 in its
promoter; however, its induction by 12-O-tetradecanoylphorbol-
13-acetate is only dependent on AP-1 but not NF-κB [38]. Fur-
thermore, the flavan-3-ol, epigallocatechin gallate (EGCG), inhibits
AP-1 induction by TNFα but does not affect TNFα-induced DNA
binding of NF-κB [81]. In human umbilical vein endothelial cells,
induction of ICAM-1 expression by H2O2, a critical oxidant in cell
signaling, occurs through the AP-1/Ets elements in the promoter
region of the ICAM-1 gene, not through the activity of NF-κB,
which mediates induction of ICAM-1 by TNFα [57]. In fact,
activation of AP-1 by ROS is well established [38,57]. In addition,
some flavonoids, including quercitrin and quercetin, have been
reported to inhibit the activity of AP-1 [15,38].

In the present study, we further observed that quercetin in-
duced transcription of HO-1 and NQO1, two antioxidant enzymes
known to reduce ROS production and attenuate inflammation in
vitro and in vivo. For example, induction of HO-1 reduces ROS
generation and inhibits adhesion molecule expression and
monocyte adhesion in cultured cells [55,69,76], and NQO1 protects
against oxidative stress in animal models and tissue culture
[21,35]. Interestingly, HO-1 also inhibits AP-1 nuclear translocation
and DNA-binding activity [74,75]. As mentioned above, TNFα-in-
duced AP-1 DNA-binding activity is inhibited by EGCG; this effect
of EGCG appears to be mediated by HO-1, and bilirubin is involved
in the action of HO-1 on AP-1 [81]. In addition, HO-1 and bilirubin
attenuate endothelial activation induced by TNFα or oxidized low-
density lipoprotein [31]. In our study, HO-1 was strongly induced
by quercetin, which suggests a possible mechanism for the in-
hibitory effect of quercetin on ICAM-1 expression involving AP-1
(Fig. 8).

Numerous studies have shown that protein kinases are in-
volved in the induction of Nrf2 and antioxidant enzymes. De-
pending on the models and inhibitors used, results of those stu-
dies are sometimes inconsistent or even contradictory. The ex-
tracellular regulatory kinase inhibitor, PD98059, inhibits querce-
tin-induced HO-1 protein expression in RAW264.7 cells, but the
c-Jun N-terminal kinases inhibitor, SP600125, or the p38 inhibitor,
SB203580, does not show any effect [11]. In a different study,
SB203580, rather than SP600125, PD98059, or the phosphoinosi-
tide 3-kinase inhibitor, LY294002, represses HO-1 accumulation
induced by Ginkgo biloba extract [9]. Protein kinase C also has been
reported to mediate the induction of Nrf2 and HO-1 by genistein in
Caco-2 cells [78]. In the present study, the p38 inhibitor,
SB203580, inhibited the induction of Nrf2 and antioxidant en-
zymes significantly but not completely, which suggests that other
protein kinases or protein kinase-independent pathways may be
involved in quercetin’s effects on Nrf2 activation and antioxidant
enzyme induction.

Our findings are summarized in Fig. 8. Quercetin induces Nrf2
via activation of p38. The partial inhibition of quercetin-induced
Nrf2 activation by SB203580 suggests alternative mechanisms for
Nrf2 activation by quercetin. Activation of Nrf2 results in gene
transcription and protein expression of antioxidant enzymes,
which reduce excess oxidant levels stimulated by LPS through the
Toll-like receptor 4 pathway. Induction of HO-1 can inhibit AP-1
activity, which may be responsible for the inhibition of adhesion
molecule expression by quercetin, rather than inhibition of NF-kB
activation.
5. Conclusions

In the present study, we found that LPS-stimulated adhesion
molecule expression and oxidant formation in HAEC are strongly
inhibited by quercetin. Quercetin induces expression of HO-1,
NQO1, and GCL by activating Nrf2, which is partially dependent on
p38. The antioxidant effect of quercetin against basal and LPS-in-
duced oxidant formation in HAEC is readily explained by the in-
duction of antioxidant enzymes, whereas the anti-inflammatory
effect of quercetin on LPS-induced adhesion molecule expression
is likely due to increased expression of HO-1 and may occur
through antioxidant-independent mechanisms.
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