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Abstract Effect of quercetin on NO production and regulation mode of quercetin on oxidative stress, NFkB activation, and
INOS expression, possible mechanisms of NO suppression in LPS-stimulated macrophages were investigated. Treatment of
RAW 264.7 cells with quercetin significantly reduced lipopolysaccharide (LPS)-stimulated nitric oxide (NO) production dose-
dependently (ICsy, 9.2 uM). Expression of iNOS and specific DNA binding activities of nuclear factor kB (NFkB) were
significanly suppressed by quercetin pretreatment. Quercetin reduced thiobarbituric acid-reactive substances (TBARS)
accumulation, enhancing GSH level and antioxidant activities of enzymes, such as superoxide dismutase (SOD) and catalase.
These results demonstrate quercetin may ameliorate inflammatory diseases by suppressing NO production through inhibition
of iNOS expression, NFKB transactivation, and oxidative stress, which may be mediated partially by antioxidative effect of
quercetin. Thus, quercetin appears to be used as a potential therapeutic agent for treating LPS-induced inflammatory processes.
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Introduction

Various studies implicated elevated nitric oxide (NO)
production and oxidative stress in activated macrophages
to inflammation and development of chronic diseases (1-
2). NO is produced from L-arginine by constitutive and
inducible nitric oxide synthase (INOS) in various
mammalian cells and tissues. iNOS, in turn, is induced by
either bacterial lipopolysaccharide (LPS) or cytokines
including tumor necrosis factor o and interferon-y in
macrophages (3-5). NO produced by iNOS reacts with
superoxide and yields peroxynitrite, which contributes to
etiology of cardiovascular disease and aging by promoting
oxidative stress and inflammation processes (1,2.6).
Expression of iNOS is closely related with the up-
regulation of nuclear factor kappa B (NFxB), whose sites
have been identified in the promoter region of iNOS gene
(7-9). NFkB, an inducible transcription factor, is activated
in response to various extracellular stimuli, including
cytokines (10,11), LPS (12), and oxidative stress (13).
Quercetin (3,5,7,3 4’ -pentahydroxyflavone), a flavonoid,
prevents oxidant injury by scavenging oxygen radicals and
protecting lipid peroxidation (14-16). Recently, anti-
inflammatory activity of quercetin has been proposed by
several studies, in which flavonoids including quercetin
were suggested to suppress NO production via down-
regulation of iNOS expression (17, 18). However, little
information is available on the effect of quercetin on
NFkB, a ROS-sensitive transcriptional factor, which
regulates the INOS expression and subsequent NO
production in LPS-stimulated murine macrophages. This
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study was designed to investigate the effect of quercetin on
the NO production and how quercetin regulates oxidative
stress, NFkB activation, and iNOS expression as its
possible mechanisms of NO suppression in LPS-
stimulated macrophage cell line.

Materials and methods

Materials Dulbecco’s modified Eagle Medium (DMEM),
fetal bovine serum (FBS), and TRIzol® reagent were
obtained from Gibco BRL (Gaithersburg, MD, USA).
MMLYV first strand cDNA synthesis kit (Invitrogen,
Carlsbad, CA, USA), Tag DNA polymerase and PCR
reagents (Perkin-Elmer, Boston, MA, U.S.A), NFxB-
specific oligonucleotide and T, polynucleotide kinase
(Promega, Madison, WI, USA), and microspin G-25
column (Amersham Inc., Piscataway, NJ, USA) were used
for reverse transcription-polymerase chain reaction (RT-
PCR) and electrophoretic mobility shift assay (EMSA).
All other reagents including lipopolysaccharide (LPS),
glutamine, quercetin, DMSO, protease inhibitor cocktail,
NADPH, and Griess reagent were obtained from Sigma
Chemicals (St. Louis, MO, USA). The murine
macrophage cell line RAW 264.7 (#T1B-71) was obtained
from American Type Culture Collection (Rockville, MD,
USA).

Cell culture and treatment The murine macrophage cell
line RAW 264.7 was cultured in DMEM supplemented
with 10% FBS and 2 mM L-glutamine. Cells in 100-mm
dishes (5 x 10° cells/dish) or 24-well plates (4 x 10° cells/
well) were pre-incubated with and without quercetin (10,
20, and 50 uM) for 2 hr, then further incubated with LPS
(2 ug/ml) for 20 hr at 37°C in a humidified atmosphere
containing 5% CO,. Untreated and control indicate
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negative control without LPS and positive control treated
with LPS, respectively.

Cell viability Cell viability was assessed by measuring
the uptake of the supravital dye neutral red by viable cells
according to the procedure of Fautz er al. (19). After
culturing the cells as described previously, the medium
was removed and replaced with 0.5 ml fresh medium
containing 1.14 mmol/L neutral red. After incubation for 3
hr, the medium was removed, and the cells were washed
twice with phosphate buffered saline solution (PBS, pH
7.4). The incorporated neutral red was released from the
cells by incubation for 15 min at room temperature in the
presence of 1 ml cell lysis buffer [SO mmol/L. Tris-HCl
(pH 7.4), 150 mmol/L NaCl, 5 mmol/L dithiothreitol and
Triton X-100 (1%, v/v)] containing acetic acid (1%, v/v)
and ethanol (50%, v/v). To measure the amount of dye
taken up, the cell lysis products were centrifuged, and
absorbance of the supernatant was measured
spectrophotometrically at 540 nm.

NO production The nitrite accumulated in the culture
medium was measured as an indicator of NO production
based on the Griess reaction (20). One hundred microliters
of each medium supernatant was mixed with 50 ul of 1%
sulphanilamide (in 5% phosphoric acid) and 50 pl of 0.1%
naphthylenediamine dihydrochloride, and incubated at
room temperature for 10 min. The absorbance at 550 nm
was measured using the NaNO, serial dilution standard
curve, and nitrite production was determined.

Glutathione (GSH) concentration GSH was measured
by an enzymatic recycling procedure of Tietze (21), in
which GSH is sequentially oxidized by 5,5”-dithiobis (2-
nitrobenzoic acid) and reduced by NADPH in the presence
of glutathione reductase. The medium was removed from
- the cultured RAW cells, and the cells were washed twice
with PBS, added with 1 ml PBS, and scraped. Cell
suspensions were sonicated three times on ice for 5 sec
each time, and the cell sonicates were centrifuged at 2,300
x g for 10 min. Four hundred microliters cell supernatant
was mixed with 100 pl of 5% sulfosalicylic acid and
centrifuged at 2,300 x g for 10 min. Fifty microliters
supernatant was mixed with 100 ml reaction mixture [100
mM sodium phosphate buffer with 1 mM EDTA (pH 7.5),
1 mM dithiolnitirobezene, 1 mM NADPH, 1.6 U GSH
reductase]. The rate of formation of 2-nitro-5-thio-benzoic
acid was monitored spectrophotometrically at 412 nm.
GSH content was determined by comparing the rate to a
standard curve generated with known amount of GSH.

Antioxidant enzyme assays Cells (5 x 10° cells/dish) in
100-mm dishes were preincubated with and without

Table 1. List of primer sequence and product size
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quercetin for 2 hr, then further incubated with LPS (2 pg/
ml) for 20 hr. The medium was removed, and the cells
were washed twice with PBS, added with 1 ml of 50 mM
potassium phosphate buffer with 1 mM EDTA (pH 7.0),
and scraped. Cell suspensions were sonicated three times
on ice for 5 sec each, and the cell sonicates were centrifuged
at 10,000 x g for 20 min at 4°C. Cell supernatants were
used for antioxidant enzyme activities. The protein
concentration was measured using the method of Bradford
assay (22) with bovine serum albumin as the standard.
Superoxide dismutase (SOD) activity was determined by
monitoring the auto-oxidation of pyrogallol according to
the method of Marklund er al. (23). A unit of SOD activity
was defined as the amount of enzyme that inhibited the
rate of oxidation of pyrogallol. The reduction of the
catalase activity by 50% was measured according to the
method of Aebi based on the decrease in absorbance of
H,0, (24). The decrease in absorbance at 240 nm was
measured for 2 min. Standards containing 0, 0.2, 0.5, 1,
and 2 mM H,0, were used to construct a standard curve.
Glutathione peroxidase (GSH-px) activity was assayed by
the method of Paglia and Valentine (25). A unit of GSH-
px was defined as the amount of enzyme that oxidizes 1
nmole NADPH consumed per min. GSH reductase
activity was measured based on the oxidation of NADPH
according to the method of Inger and Bengt (26). One unit
of GSH reductase was defined as the amount of enzyme
that catalyzes the reduction of 1 nmole NADPH per min.

Expressions of iNOS by RT-PCR Total RNA was
isolated using Trizol-reagent and quantitated spectrophoto-
metrically at 260 nm. Total RNA (2pug) was used to
produce the first strand cDNA using MMLV first strand
cDNA synthesis kit. PCR was carried out in 50 pul reaction
mixture containing the first strand cDNA, 10xPCR
buffer, 2.5 mm dNTP, 20 pM each primer, and Taqg DNA
polymerase. PCR was performed for 27 cycles. The
expressed house-keeping gene GAPDH served as the
control. Primer sequences and PCR product size of iNOS
and GAPDH are shown in Table 1. The PCR products
specific for each cDNA were analyzed by electrophoresis
on a 2% agarose gel and visualized by ethidium bromide
staining. The intensity of the bands were densitometrically
measured using the Gel Doc EQ System (Bio-Rad,
Hercules, CA, USA).

EMSA Nuclear protein was extracted by the slightly
modified method of Dignam et al. (27). Cells in 100-mm
dishes were lysed with a buffer containing 0.6% igepal,
0.15 M NaCl, 10 mM Tris (pH 7.9), 1 mM EDTA, and
0.1% protease inhibitor cocktail, vortexed, kept on ice for
5 min, and centrifuged at 500x g for 5 min at 4°C.
Pelleted nuclei were resuspended in 50 pl extraction buffer

Name Product Size (bp) Sequence (5°- 37) Annealing temperature (°C)
INOS 920 F 5-GCC TTC AAC ACC AAG GIT GIC TGC A-3° 59
R 5"-TCA TTG TAC TCT GAG GGC TGA CAC A-37
F 5°-CAA TGC CAA GTA TGA TGA CAT-3"
GAPDH 375 49

R 5°-CCT GIT ATT ATG GGG GIC TG-3"
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[10 mM Hepes, pH 7.9, 0.1 mM EGTA, 0.1 mM EDTA,
1.5 mM MgCl,, 420 mM NaCl, 25% glycerol, 1 mM
DTT, and 0.33% protease inhibitor cocktail]. The samples
were kept on ice for 20 min with gentle mixing, and were
centrifuged at 500 x g for 5 min at 4°C. The supernatant
fraction was transferred into new tubes and stored at -70
°C. Protein concentration was determined by Bradford
assay (22). NFxB-specific oligonucleotide was end-
labeled with [y-**P]-ATP using T, polynucleotide kinase,
and purified using microspin G-25 column for EMSA,
which was performed according to the instruction manual
of Promega. Nuclear protein (5 ig), binding buffer, *2P-
labeled NFxB, and loading buffer were incubated for 30
min at room temperature. DNA-protein complexes were
separated from the unbound DNA probe by 4%
polyacrylamide gel electrophoresis using 0.5X Tris-Borate
EDTA buffer as the running buffer. The gels were exposed
to a phospho screen (Perkin-Elmer, Boston, MA, USA) for
2 hr at -20°C, and the bands were quantitated by a
phospho imager (Packard, Meriden, CT, USA).

Statistical analysis All data are expressed as means =
S.D. Statistical analyses were performed using an SPSS
program. One-way ANOVA and Duncan’s multiple range
tests were used to examine the difference between groups.
P values <0.05 were considered significant, unless
otherwise stated.

Results and Discussion

Cell viability and NO production The cytotoxic effect
of quercetin was examined in the presence of LPS using
the neutral red assay. Cell viability was >97% at the
concentrations treated (data not shown). LPS induced
nitrite production, and this induction was suppressed by
quercetin treatment. Quercetin pretreatment was found to
suppress NO production in a dose-dependent manner (p <
0.05) with an 1Csy of 9.2 uM, and quercetin treatment at
50 uM suppressed NO production to the level of LPS-
untreated control (Fig. 1), as confirmed by several studies
(28-30). These results indicate suppressive effect of
quercetin on NO production is not due to the cell death by
quercetin treatment.

iINOS mRNA expression and NFxB activity RT-PCR
was performed to examine whether the inhibition of NO
production by quercetin was involved in the iNOS mRNA
expression. iNOS mRNA expression was highly induced
in LPS-stimulated macrophages, whereas it was not
detected under normal condition. However, pretreatment
of quercetin with LPS suppressed the expression of iNOS
mRNA significantly (p<0.05) (Fig. 2). EMSA was performed
to determine whether quercetin interferes with the binding
of NFxB, a transcriptional factor regulating several genes
including iNOS, to DNA. Specific DNA binding of NFxB
showed that LPS treatment to RAW 264.7 cells enhanced
NFxB activation. However, this enhancement in NFxB
activity by LPS was inhibited by quercetin treatments at
10-50 uM (p<0.05) (Fig. 3).

Quercetin pretreatment suppressed NO production,
iINOS mRNA expression, and NFkB activation. Several
previous studies implicated quercetin in the suppression of
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Nitrite production (uM)
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Fig. 1. Inhibitory effect of quercetin on NO production in
LPS-stimulated RAW 264.7 cells. Cells (4x10° /plate) in 24-well
plates were first incubated with and without indicated concen-
trations of quercetin for 2 hr, and then incubated with LPS (2 ug/
ml) for 20 hr. Untreated is negative control without LPS treatment.
Data represent the means = S.D. of triplicate experiments. Values
sharing same superscript are not significantly different at p<0.05.
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Fig. 2. Effect of quercetin on iNOS gene expression in LPS-
stimulated RAW 264.7 cells. Cells (5 x 10° cells) in 100 mm
dishes were first incubated with and without indicated
concentrations of quercetin for 2 hr, and then incubated with LPS
(2 ug/ml) for 20 hr. Untreated is negative control without LPS
treatment. Levels of iINOS mRNA were determined by RT-PCR
analysis. GAPDH was used as an internal control.
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Fig. 3. Effect of quercetin on NF«B activity in LPS-stimulated
RAW 264.7 cells. Cells (5x10° cells) in 100 mm dishes were first
incubated with and without indicated concentrations of quercetin
for 2 hr, and then incubated with LPS (2 ug/ml) for 20 hr.
Untreated is negative control without LPS treatment. (A) DNA
binding activity of NFxB was performed by EMSA. (B) Values
are expressed as relative intensity of radioactivity. Data represent
the means +S.D. of triplicate experiments. Values sharing the
same superscript are not significantly different at p<0.05.

NO production via down-regulation of iNOS pathway (17,
18). The finding that LPS-stimulated NO production,
iNOS mRNA expression, and NFxB activation were
suppressed by quercetin suggests that inhibition of LPS-
stimulated NO production by quercetin might be mediated
through the down-regulation of NFxB, because the
activation of NF«B is critical for the induction of iNOS
gene expression in macrophages stimulated with LPS (8).
In addition, the promoter region of the iNOS gene contains
several consensus sequences for the binding of NFxB (9),
as supported by the results of our study and those of Cho
et al. (29), in which the amelioration of LPS-stimulated
NFkB activity by quercetin treatments was observed;
however, Wadsworth and Koop (28) reported that
quercetin had no effect on LPS-induced activation of
NF«B. This discrepancy observed might have been caused
by the differences in the incubation period and the
concentration of quercetin used, because NFxB activity
has been reported to be rapid and transient (31).

Early works implicated reactive oxygen species (ROS)
in LPS-stimulated NFxB activation, which was largely
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Fig. 4. Inhibitory effect of quercetin on TBARS generation in
LPS-stimulated RAW 264.7 cells. Cells (4 x 10° cells) in 24-well
plates were furst incubated with and without indicated
concentrations of quercetin for 2 hr, and then incubated with LPS
(2 ug/ml) for 20 hr. Untreated is negative control without LPS
treatment. Data represent the means + S.D. of triplicate experiments.
Values sharing same superscript are not significantly different at p
<0.05.

based on the suppression of oxidative stress and NFxB
activation by antioxidants. Indeed, antioxidants such as
organosulfur compounds (32), anthocyanins (33), selenium
(7), and carnosol in rosemary (8) have been reported to
suppress NO production in macrophages, and their
inhibition mechanisms are based on their ability to inhibit
the activation of NFkB. Furthermore, quercetin is a well
known antioxidant. These evidences suggest a role of
quercetin as a ameliorator of oxidative stress and NF«kB
activation. However, quercetin treatment did not show
dose-dependent suppressive effects on iNOS expression
and NFkB activity, while NO production was suppressed
in a dose-dependent manner, which implies that suppression
of NO production by quercetin involves different
mechanisms as well as down-regulations of iNOS
expression and NFxB activation.

Status of oxidative stress and antioxidative enzyme
activities To assess the defensive function of quercetin
against oxidative stress, markers of oxidative stress status,
such as levels of TBARS, GSH, and antioxidative enzyme
activities, were investigated. Results show treatment with
LPS eclevated TBARS level, an indicative of lipid
peroxidation (Fig. 4). Pre-incubation with quercetin
significantly decreased TBARS (p<0.05) in a dose-
dependent manner, suggesting that lipid peroxidation was
attenuated in LPS-stimulated macrophages by quercetin
treatment. Exposure of RAW 264.7 cells to LPS depleted
GSH level, whereas GSH levels were enhanced in LPS-
treated RAW 264.7 cells pre-incubated with quercetin
(Fig. 5). The effects of quercetin on the specific activities
of antioxidative enzymes in LPS-stimulated cells are
shown in Table 2. Exposure of cells to quercetin before
LPS treatment resulted in different behavior to that of the
antioxdative enzyme activity. Indeed, activities of catalase
and SOD increased dose-dependently, while those of
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Fig. 5. Effect of quercetin on GSH concentration in LPS-
stimulated RAW 264.7 cells. Cells (5%10° cells) in 100 mm dishes
were first incubated with and without indicated concentrations of
quercetin for 2 hr, and then incubated with LPS (2 ug/ml) for 20
hr. Untreated is negative control without LPS treatment. Data

represent the means + S.D. of triplicate experiments. Values sharing
same superscript are not significantly different at p<0.05.

GSH-px and GSH-reductase slightly decreased at 10 and
20 mM then increased at 50 mM quercetin. Similar result
was obtained from Molina et al. (34), who reported that
quercetin pretreatment prevented and protected against
ethanol-induced oxidative stress in mouse liver. However,
the effect of antioxidants on antioxidative enzyme has not
yet been fully elucidated. Kameoka et al. (35) reported
that dietary flavonoids did not affect the antioxidant
protein expression in human intestinal Caco-2 cells, while
Rohrdanz et al. (36) reported that quercetin treatment
increased catalase mRNA expression and decreased SOD
and GSH-px expressions in hepatome cells.

Our results showed that quercetin pretreatment in LPS-
stimulated macrophages suppressed oxidative stress by
enhancing GSH and antioxidative enzyme activities and
suppressing TBARS and NO production. It was proposed
that high NO level along with decreased SOD activity
leads to peroxynitrite formation, while the degradation of
hydrogen peroxide by catalase and GSH-px ameliorates
cytotoxic effects of ROS (37). Furthermore, NO was
found to interact with thiol-containing GSH. Depletion of
GSH increased the sensitivity of cells to the toxic effects
of NO (38). Furthermore, suppression of NO production
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by flavonoids may be attributed to direct NO- or ROS-
scavenging activity (14-17). These findings support
antioxidative and free radical-scavenging activities of
quercetin.

Based on the findings of this study, the inhibitory effect
of quercetin on NFkB activation induced by LPS in RAW
264.7 cells can be explained by the attenuated intracellular
oxidative stress in the signaling pathway of LPS to NFxB.
activation. Indeed, suppressive effect of quercetin on
NF«B activation coincides with attenuated NO, TBARS,
elevated GSH generation, and enhanced antioxidative
enzyme activities. These evidences suggest that suppressed
NO production via down-regulation of NFxB activation
by quercetin treatments might be attributed in part to
antioxidant properties of quercetin. On the other hand,
suppressed NO production through the suppressed iNOS
expression and NFkB activity by quercetin may contribute
to the attenuation of intracellular oxidative stress in reverse
by ameliorating peroxynitrite formation of NO. Thus,
suppressed NO production and ameliorated oxidative
stress by quercetin treatment support that dietary quercetin
could prevent damages of many biological molecules
including DNA (40) and NO-related inflammatory
diseases (1, 2).

In summary, quercetin may attenuate intracellular
oxidative stress by delaying the consumption of cellular
GSH and enhancing antioxidative enzyme -activities, which
result in the suppression of NFxB activation, iNOS
expression, and NO production by LPS. These results
demonstrate that quercetin may ameliorate inflammatory
diseases by suppressing NO production through the
inhibition of iNOS expression and NF«kB transactivation,
which may be mediated by antioxidative effect of
quercetin. Thus, quercetin appears to be a potential
therapeutic agent for treating LPS-induced inflammatory
processes.
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