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ABSTRACT We investigated whether different concentrations of the flavonoid quercetin ameliorate nitric oxide
production and nuclear factor (NF)-�B activation in interleukin (IL)-1�–activated rat hepatocytes. Primary cultures
of rat hepatocytes were treated with IL-1� alone or with quercetin in concentrations ranging from 5 to 100 �mol/L.
The generation of reactive oxygen species, assessed by flow cytometry using dichlorodihydrofluorescein diacetate,
was significantly reduced, and the oxidized:reduced glutathione ratio decreased in cultures treated with 50 and 100
�mol/L of quercetin. Quercetin at 100 �mol/L significantly prevented the IL-1�-induced release of nitrite into the
culture medium. Western blot and reverse transcription-PCR analyses demonstrated that increased levels of
inducible nitric oxide synthase (iNOS) protein and mRNA in hepatocytes stimulated by IL-1� were prevented by 50
�mol/L and 100 �mol/L of quercetin. Electrophoretic mobility shift assay experiments and Western blots indicated
that quercetin blocked the activation of NF-�B and decreased the inhibitor �B protein levels induced by IL-1�. In
summary, quercetin, a natural flavonol widely distributed in the human diet, inhibits NO production in IL-1�–
stimulated hepatocytes through the inhibition of iNOS expression. Although the mode of action remains to be
clarified, our findings support the view that the mechanism of action is via inhibition of IL-1�–induced NF-�B
activation. J. Nutr. 135: 1359–1365, 2005.
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Interleukin-1� (IL-1�)3 is a multifunctional cytokine that
plays a critical role in inflammation, immunity, antiviral re-
sponses, and a variety of diseases (1,2). IL-1� binds to specific
high-affinity cell surface receptors and has pleiotropic effects
that include costimulation of T lymphocytes, B-cell prolifera-
tion, induction of adhesion molecules, and stimulation of the
production of other cytokines and inflammatory mediators (3).
IL-1� is one of the most important cytokines in the liver, and
increased IL-1� levels have been observed in liver diseases
(4–6).

Nitric oxide (NO) is a potent biological mediator pro-
duced by hepatocytes after exposure to cytokines, including
IL-1� (7,8). The production of NO is regulated by intra-
cellular nitric oxide synthases; of the 3 isoforms of NO
synthase, the isoform expressed in macrophages and hepa-
tocytes is termed inducible NOS (iNOS). Its activity is
regulated at the transcriptional level by cytokines and the
exposure of cells to other inflammatory stimuli such as
endotoxin or reactive oxygen species (ROS) (9). During
inflammation, NO and its metabolites, such as peroxyni-

trite, are potentially cytotoxic and capable of injuring the
invading pathogens and eliminating altered cells (10).
However, indiscriminate destruction of cells and tissues by
NO and its reactive nitrogen intermediates may be involved
in the pathology of many inflammatory conditions; there-
fore, production of NO induced by iNOS may reflect the
degree of inflammation and provide a measure with which
to assess the effect of drugs on the inflammatory process
(11). Thus, selective inhibition of the iNOS pathway is a
rational approach because attenuation of inflammation and
suppression of NO production may be effective therapeutic
strategies for preventing inflammatory reactions and dis-
eases (12).

Nuclear factor (NF)-�B belongs to the Rel family of tran-
scriptional activator proteins and is induced by a number of
pathogens and agents, including IL-1� (13,14). NF-�B acti-
vates several different genes important for the inflammatory
response, including cytokines, growth factors, and inflamma-
tory enzymes (15). The promoters of murine and human genes
encoding iNOS contain a consensus sequence for the binding
of NF-�B, which is necessary to confer inducibility by cyto-
kines and lipopolysaccharide (LPS) (16). Because of its ubiq-
uitous role in the pathogenesis of inflammatory gene expres-
sion, NF-�B is a current target for treating inflammatory
diseases, and inhibition of NF-�B activation may be of ther-
apeutic benefit in various types of inflammation.

Flavonoids are phenolic phytochemicals that represent sub-
stantial constituents of the nonenergetic part of the human
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diet and are thought to promote optimal health through bio-
logical functions such as apoptosis-inducing activity, free rad-
ical scavenging activity, and antitumorigenic activity (17).
They contain a number of phenolic hydroxyl groups, confer-
ring strong antioxidative activity and therapeutic potential for
some diseases, including cancer, ischemic heart disease, and
atherosclerosis (18,19). Their antiradical property is directed
toward the highly reactive species implicated in the initiation
of lipid peroxidation. Moreover, flavonoids are soluble chain-
breaking inhibitors of the peroxidation process, scavenging
intermediate peroxyl and alkoxyl radicals (20).

Several flavonoids were shown to inhibit the expression
of NF-�B– dependent cytokines, iNOS, and cyclooxygenase
(COX)-2 genes (21). Quercetin (3,5,7,3�,4�-pentahydroxy
flavone) is one of the most widely distributed flavonoids; it
is present in fruit, vegetables and many other dietary
sources. Quercetin was reported to have an inhibitory effect
on LPS-induced iNOS gene expression in different LPS-
stimulated macrophage lines (9,22,23), rat Kupffer cells
(24), and the C6-astrocytic cell line (25). Quercetin inhib-
its NF-�B activation in cultured human synovial cells (26),
primary cultured rat proximal tubule epithelial cells (27),
and rat aortic smooth muscle cells (21). However, although
different flavonoids such as resveratrol, naringenin, or api-
genin inhibit enhanced expression of iNOS in macrophages
through downregulation of NF-�B (23), quercetin does not
modify NF-�B activity in LPS-stimulated RAW 264.7 macro-
phages, and it was suggested that it may downregulate iNOS
expression by modulating enzyme activity related to signal
transduction (28).

In the present study, rat hepatocytes stimulated with IL-1�
were used as a model for iNOS induction. We tested whether
the induction of iNOS and the NO production could be
prevented by quercetin and whether iNOS-induced downregu-
lation involved the inhibition of NF-�B activation.

MATERIALS AND METHODS

Animals. Male Wistar rats weighing 200–250 g were housed in
a room maintained at 22°C with humidity ranging from 45 to 55%
and a 12-h dark:light cycle. They had free access to food (standard
diet for rats Panlab A044) and water, and were not food deprived
before experiments. All study protocols were reviewed and approved
by the University of Leon Animal Care Committee and were in
accordance with the indications of the Guide to the Care and Use of
Experimental Animals.

Hepatocyte isolation. Hepatocytes were isolated by a nonrecir-
culating in situ collagenase (Sigma) perfusion of liver through the
portal vein. Hepatocytes were separated from nonparenchymal cells
by differential centrifugation 4 times at 50 � g. Hepatocyte purity
assessed by microscopy was �98% and cell viability consistently
exceeded 95% by the trypan blue exclusion test.

Cell culture and treatment. The isolated hepatocytes were
suspended in culture medium at 5.5– 6.0 � 108 cell/L, seeded onto
plastic dishes (2 mL/dish, 35 mm � 10 mm:9 cm2, Falcon Plastic),
and then cultured in monolayers in a 5% CO2 humidified incu-
bator at 37°C. The culture medium used was Williams’ medium E
(Gibco) supplemented with 10% fetal calf serum, Hepes (5 mmol/
L), penicillin (1 � 105 units/L), streptomycin (100 mg/L), and
insulin (10 nmol/L). After 4 h, the medium was changed to
include IL-1� (0.1 nmol/L) alone or with quercetin (5, 50, or 100
�mol/L) dissolved in dimethyl sulfoxide (DMSO; 0.1%). After the
incubation period, culture medium and hepatocytes were collected
and frozen at �80°C.

Lactate dehydrogenase (LDH) release. LDH activity in the
culture medium was measured by incubation with �-NADH (0.2
mmol/L) and pyruvic acid (0.4 mmol/L) diluted in PBS. LDH release
was calculated using a commercial standard (Merck).

Nitrite determination. Accumulation of nitrite in the medium
was used as a measure of NO formation. Nitrite was determined by
the Griess method, adapted from Green et al. (29).

Intracellular generation of ROS. Production of peroxides was
monitored by flow cytometry using dichlorodihydrofluorescein diac-
etate (DCFH-DA; Sigma) (30). This dye is a stable nonpolar com-
pound that readily diffuses into cells and yields DCFH. Intracellular
H2O2, low-molecular-weight peroxides, peroxynitrites, and nitric ox-
ide oxidize DCFH to the highly fluorescent compound dichlorofluo-
rescein (DCF). Thus, fluorescence intensity is proportional to the
amount of oxidants produced by the cells. At the end of the incuba-
tion periods, cells were washed with PBS and immediately detached
with trypsin/EDTA and incubated for 30 min in 2 mL of PBS
containing 5 �mol/L DCFH-DA at 37°C. The cells were washed
twice with PBS to remove the extracellular DCFH-DA, followed by
analysis on a FACSCalibur flow cytometer (Becton Dickinson Im-
munocytometry Systems; excitation 488 nm and emission 525 nm for
DCF). Quantification of fluorescence intensity of M2 peaks was
expressed as a percentage of control values. ROS production was
corroborated by confocal microscopy using a confocal laser scanning
microscope Radiance 2000 (Bio-Rad).

Oxidized:reduced glutathione concentration. Oxidized (GSSG)
and reduced (GSH) glutathione analysis was performed fluori-
metrically in hepatocyte homogenates by the method of Hissin
and Hill (31).

Western blot analysis. Protein extraction and Western blotting
were performed as described (30). Membranes were probed with
anti-iNOS or anti-inhibitory �B� (I�B�) antibodies (Santa Cruz
Biotechnology). Bound primary antibody was detected using a per-
oxidase-conjugated secondary antibody (DAKO) by chemilumines-
cence using the ECL kit (Amersham Pharmacia Biotech). The den-
sities of the specific iNOS (130 kDa) and I�B� (36 kDa) bands were
quantitated with an imaging densitometer. Equal loading of the gels
was demonstrated by probing the membranes with an anti-�-actin
polyclonal antibody. Blots were developed by enhanced chemilumi-
nescence (Amersham International).

RT-PCR. RNA extraction and reverse transcriptase reaction
were performed as described (30). PCR on complementary DNA was
performed by using primers purchased from Biosource International.
The PCR-primer sequences for rat iNOS were (sense) 5�-CA-
CATCTGGCAGGATGAGAA-3� and (antisense) 5�-GAAG-
GCGTAGCTGAACAAGG-3�. The mRNA levels were normalized
against �-actin mRNA. The amplified products for iNOS and �-actin
contained 201 and 457 bp, respectively. After amplification, PCR
products were subjected to electrophoresis in 1% agarose gel and
visualized by means of ethidium bromide staining. Fragments were
then photographed using a Gelprinter plus photodocumentation sys-
tem (TDI).

Electrophoretic mobility shift assay (EMSA). Nuclear extracts
were prepared from hepatocyte lysates as described previously (32).
Activation of transcription factor NF-�B was examined using con-
sensus oligonucleotides of NF-�B (5�-AGT TGA GGG GAC TTT
CCC AGG C-3�). Probes were labeled by T4 polynucleotide kinase
as described (33). Binding reactions included 10 �g of nuclear ex-
tracts in incubation buffer [10 mmol/L Tris-HCl, pH 7.5, 40 mmol/L
NaCl, 1 mmol/L EDTA and 4% glycerol and 1 �g poly (dI-dC)].
After 15 min on ice, the labeled oligonucleotide was added and the
mixture incubated for 20 min at room temperature. For competition
studies, 3.5 pmol of unlabeled NF-�B oligonucleotide was mixed for
15 min before the incubation with the labeled oligonucleotide. The
mixture was electrophoresed through a 6% polyacrylamide gel for 90
min at 150 V. The gel was then dried and autoradiographed at �70°C
overnight. Signals were analyzed densitometrically.

Statistical analysis. Means and SEMs were calculated. Signifi-
cant differences between means were evaluated by ANOVA and
Newman-Keul’s test. A difference was considered significant when P
was �0.05.

4 The composition of the standard diet was: 15.4% protein, 2.9% fat, 60.5%
carbohydrate, 3.9% fiber, 5.3% minerals, and 12% water.
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RESULTS

LDH release. IL-1� increased LDH activity in the culture
medium (�68%). This effect was significantly prevented by
quercetin at 100 �mol/L (Table 1).

Generation of ROS. We investigated the generation of
oxidants by hepatocytes (Fig. 1). Analysis of histograms in
which the fluorescence, detected with the FL1-H channel, was
plotted against the relative number of cells (Fig. 1A) and
quantification of the corresponding M2 peaks (Fig. 1B) indi-
cated that the increase induced by IL-1� was significantly
blocked by 50 and 100 �mol/L quercetin concentrations.
Representative fluorescent images of DCFH-DA–stained cells
obtained by confocal microscopy corroborated the results ob-
tained by flow cytometry (Fig. 2).

Oxidized:reduced glutathione concentration. A decrease
in the hepatic concentration of GSH (�24%) and an increase
in that of GSSG (�42%) and in the GSSG:GSH ratio
(�56%) were observed in IL-1�–treated hepatocytes (Table
2). These effects were significantly inhibited by administration
of quercetin at 100 �mol/L.

Nitrite release and iNOS expression. Stimulation of
hepatocytes with IL-1� caused a significant increase in nitrite
ion (oxidation products of NO) release into the culture me-
dium (�65%). This increase was significantly prevented by
simultaneous addition of quercetin at 100 �mol/L (Table 1).
Quercetin at 50 and 100 �mol/L inhibited the induction of
iNOS mRNA (Fig. 3) and protein (Fig. 4) stimulated by
IL-1� in hepatocytes.

NF-�B activation and I�B� levels. Incubation of hepa-
tocytes with IL-1� induced a marked activation of NF-�B that
was significantly reduced in hepatocytes treated with different
concentrations of flavonoid quercetin (Fig. 5). Because acti-
vation of NF-�B correlates with rapid proteolytic degradation
of I�B�, we assessed protein levels of I�B�. Protein levels were
decreased by IL-1� and this effect was reduced by 50 �mol/L
quercetin and blocked by 100 �mol/L quercetin (Fig. 6).

DISCUSSION

In our study, quercetin inhibited the accumulation of ni-
trite, and this decrease in NO production was consistent with
the inhibition of IL-1�–induced iNOS gene expression as
shown by Western blotting and RT-PCR. Several reports
demonstrated previously that in LPS-stimulated macrophages

or gastric mucosal cells (34,35), inhibition of iNOS expression
is mediated by impairment of signaling pathways such as
mitogen-activated protein kinases and NF-�B. However, re-
sults in our study differed from the previous report showing
that quercetin inhibits the production of NO by LPS-stimu-
lated Kupffer cells and decreases the amount of iNOS without
affecting mRNA levels, an observation suggesting that the
inhibition of NO production might occur at a post-transcrip-
tional level (24). In RAW 264.7 macrophages, quercetin and
resveratrol were proposed to act more by scavenging NO
radicals than by inhibition of iNOS gene expression (36). Our
data highlight the divergence between different cell types and
suggest that the inhibitory action of quercetin on NO produc-

TABLE 1

LDH activity and nitrite concentration in the culture medium
of rat isolated hepatocytes incubated with IL-1� alone

or with various concentrations of quercetin1

Group LDH Nitrite

nmol/(min � 106 cells) nmol/106 cells

C 218.93 � 10.57 3.24 � 0.85
IL-1 541.62 � 71.23a 9.19 � 1.30a

Q5 541.21 � 67.71a 9.09 � 0.55a

Q50 508.50 � 27.86a 6.81 � 1.04a

Q100 335.44 � 11.64ab 3.57 � 0.76b

1 Values are means � SEM, n � 5.
a Different from C, P � 0.05; b different from IL-1�, P � 0.05.

Groups: C: control; IL-1: 0.1 nmol/L IL-1�; Q5: IL-1 � 5 �mol/L quer-
cetin; Q50: IL-1 � 50 �mol/L quercetin; Q100: IL-1 � 100 �mol/L
quercetin.

FIGURE 1 Intracellular oxidant generation in cultures of rat hepa-
tocytes incubated with IL-1� alone or with various concentrations of
quercetin for 16 h. (A) Representative histograms in which the fluores-
cence (FL1-H) is plotted against the number of cells. (B) The quantifi-
cation of M2 peaks referred by fluorescence intensity as a percentage
of the control values. Values are means � SEM, n � 5. Groups: C:
control; IL-1: 0.1 nmol/L IL-1�; Q5: IL-1 � 5 �mol/L quercetin; Q50:
IL-1 � 50 �mol/L quercetin; Q100: IL-1 �100 �mol/L quercetin. aDif-
ferent from C, P � 0.05; bdifferent from IL-1�, P � 0.05.
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tion in IL-1�–stimulated hepatocytes might be due to abroga-
tion of iNOS protein induction by impairment of intracellular
signal pathways.

In theory, there are several critical steps at which quercetin
may modulate the cascade of molecular events leading to the
expression of iNOS in IL-1�–treated hepatocytes. Certain
flavonoids were reported to inhibit protein kinase C, phospho-
lipase C or A2, and phosphodiesterases (37). Another possi-
bility includes modulation of iNOS indirectly by inhibition of
the COX and/or lipoxygenase pathways (38). Nevertheless, all
pathways of iNOS induction seem to converge in the activa-
tion of the essential transcription factor NF-�B, and the ex-
pression of iNOS is inhibited when NF-�B activation is down-
regulated by proteasome inhibitors or overexpression of I�B
mutants (39).

However, the relation between quercetin and NF-�B is
inconsistent, and it was reported that quercetin induces NF-
�B–dependent apoptosis in L1210 lymphocytic leukemic cells
(40) or does not reduce NF-�B in the renal cortex of rats with
glomerular disease (41). Quercetin and resveratrol (100–200
�mol/L) inhibit LPS-dependent production of iNOS mRNA

and decrease NO release but do not inhibit activation of
NF-�B in RAW 264.7 macrophages; this apparently does
not support the view that the effects of these flavonoids on
genes activated by LPS are mediated by NF-�B activation
(28). Quercetin is a major component in Gingko biloba
extract, which was shown to inhibit iNOS mRNA and NO
production in LPS/interferon �–activated macrophages
while having no effect on NF-�B activation (42). In LPS-
stimulated macrophages, a higher concentration of resvera-

FIGURE 3 iNOS mRNA levels (RT-PCR) in cultures of rat hepa-
tocytes incubated with IL-1� alone or with various concentrations of
quercetin for 16 h. (A) Representative RT-PCR reactions. (B) Values are
means � SEM expressed as a percentage of IL-1� values, normalized
to �-actin mRNA, n � 5. See Figure 1 legend for group definitions.
aDifferent from C, P � 0.05; bdifferent from IL-1�, P � 0.05.

TABLE 2

GSH and GSSG concentrations and the GSSG:GSH ratio
in rat isolated hepatocytes incubated with IL-1� alone

or with various concentrations of quercetin1

Group GSSG GSH GSSG:GSH � 100

nmol/106 cells

C 7.18 � 1.19 112.16 � 8.42 6.4 � 1.4
IL-1 12.47 � 0.53a 84.56 � 6.44a 14.7 � 0.9a

Q5 12.12 � 0.47a 93.95 � 8.92a 12.9 � 0.5a

Q50 11.38 � 0.94a 106.38 � 7.43b 10.7 � 1.3ab

Q100 9.19 � 0.84b 106.91 � 12.38b 8.6 � 0.7b

1 Values are means � SEM, n � 5.
a Different from C, P � 0.05; b different from IL-1�, P � 0.05. See

Table 1 for group definitions.

FIGURE 2 Intracellular peroxide generation in cultures of rat
hepatocytes incubated with IL-1� alone or with various concentrations
of quercetin for 16 h. (A) Confocal reflection microscopy images are
shown so as to detect unlabeled cells in the population of fluorescently
labeled cells. See Figure 1 legend for group definitions. (B) Represen-
tative fluorescent images.
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trol than that needed for the inhibition of NO production
is required for the inhibition of NF-�B mobilization or
iNOS expression (43).

The results of the present study indicate that IL-1�–stim-
ulated NO production in hepatocytes is associated with acti-
vation of the transcription factor NF-�B; the EMSA showed
that cells exposed to quercetin at concentrations of 50 and 100
�mol/L caused an inhibition of NF-�B activation and a par-
allel downregulation of iNOS gene expression. A similar effect
on NF-�B activation was reported previously in aortic smooth
muscle cells treated with the same quercetin doses (21), and
even lower concentrations of the flavonoid are effective in
HepG2 cells treated with H2O2 (44) or fibroblast L-TK cells
treated with IL-1� (45). Our data support the view that
antioxidants are cell specific in their ability to inhibit NF-�B
and clearly suggest that quercetin acts in the hepatocytes on
the signal transduction pathways relating IL-1� stimulation
and NF-�B activation.

Although LPS-induced NF-�B activation in some cell lines
appears to be mediated through its ability to stimulate the
production of ROS (46), in RAW 264.7 cells, it was reported
that LPS and ROS exhibit differential effects because activa-
tion of NF-�B is resistant to N-acetyl cysteine, resveratrol, or
quercetin, whereas some antioxidants inhibit activation in-
duced by H2O2 (28). There is, however, increasing evidence
that ROS are mediators in cytokine signaling pathways and
IL-1 stimulates the production of ROS itself (47). On the basis

of the present observations, the inhibition of quercetin on
NF-�B activation induced by IL-1� can be explained by
ameliorated intracellular oxidative stress in the signaling
pathway of IL-1� to NF-�B activation. Indeed, the suppres-
sive effects of quercetin on NF-�B activation at 50 and 100
�mol/L were parallel to a lower DCF fluorescence, indicat-
ing attenuated production of oxidants, and to a reduced
GSSG:GSH ratio at these concentrations. Our data coin-
cide with a previous report that genistein at 50 and 100
�mol/L suppressed NF-�B activation and TBARS accumu-
lation, increasing the GSH level and antioxidant enzyme
activities (superoxide dismutase and catalase) in RAW 264.7
macrophages (48). iNOS induction in hepatocytes in vivo and
in vitro is dependent on intracellular glutathione status and
correlates with NF-�B binding, and hepatocyte glutathione
depletion prevents iNOS induction (49). Moreover, quercetin
was shown to elevate the GSH level and the expression of
both the regulatory and the catalytical subunits of glutathione
cysteine synthetase (50).

NF-�B is present in the cytoplasm of unstimulated cells in
a complex with the inhibitor I�B. When the cells are stimu-
lated with cytokines such as IL-1, I�B is phosphorylated and
dissociates from NF-�B, allowing its migration to the nucleus,
where it activates its target genes (51). The signal-induced
phosphorylation of I�B involves 2 I�B kinases, IKK� and IKK
�. I�B� degradation results in rapid changes in NF-�B induc-

FIGURE 5 NF-�B activation in cultures of rat hepatocytes incu-
bated with IL-1� alone or with various concentrations of quercetin for
30 min. Specific binding was verified by addition of unlabeled (cold)
oligonucleotide (competitor, C�) or labeled oligonucleotide mutate
(noncompetitor, C�). (A) A representative EMSA. (B) Values are means
� SEM expressed as a percentage of IL-1� values, n � 5. See Figure
1 legend for group definitions. aDifferent from C, P � 0.05; bdifferent
from IL-1�, P � 0.05.

FIGURE 4 Western blot analysis of iNOS protein in cultures of rat
hepatocytes incubated with IL-1� alone or with various concentrations
of quercetin for 16 h. (A) Representative Western blot photographs. (B)
Values are means � SEM expressed as a percentage of IL-1� values,
normalized to �-actin mRNA, n � 5. See Figure 1 legend for group
definitions. aDifferent from C, P � 0.05; bdifferent from IL-1�, P � 0.05.
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tion, whereas I�B� degradation is associated with prolonged
NF-�B activation (52). Some flavonoids were reported to
inhibit NF-�B through the activation of I�B kinases (53,54)
and downregulation of iNOS expression is associated with the
suppression of the release of NF-�B into LPS-stimulated mac-
rophages (34). We found that IL-1� stimulation induced a
significant decrease in I�B�; in contrast, quercetin partially
prevented IL-1�–induced I�B� degradation. Thus, this mech-
anism seems to be involved in the action of quercetin on
iNOS induction in IL-1�–treated hepatocytes.

In summary, the data presented in this study indicate that
quercetin, a natural flavonol widely distributed in the human
diet, inhibits NO production in IL-1�–stimulated hepatocytes
through the inhibition of iNOS expression. However, these
effects did not occur at 5 �mol/L, but were evident only at
high doses (50 or 100 �mol/L). The high levels of quercetin
are not likely achievable physiologically even with extremely
high intakes (55), but it is possible that quercetin and other
phytochemicals could be used as lead molecules to develop a
new generation of drugs for controlling various acute and
chronic inflammatory diseases associated with induction of
iNOS. Although the mode of action remains to be clarified,
our findings support the view that the mechanism of action is
via inhibition of the IL-1�–induced NF-�B/I�B transduction
pathway.
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(2003) Effects of FK506 and rapamycin on generation of reactive oxygen spe-
cies, nitric oxide production and nuclear factor kappaB activation in rat hepato-
cytes. Biochem. Pharmacol. 66: 439–445.

31. Hissin, J. & Hill, R. A. (1976) Fluorimetric method for determination of
oxidised and reduced glutathione in tissues. Anal. Biochem. 74: 214–226.

32. Essani, N. A., McGuire, G. M., Manning, A. M. & Jaeschke, H. (1996)
Endotoxin-induced activation of the nuclear transcription factor NF-�B in hepa-
tocytes, Kupffer cells and endothelial cells in vivo. J. Immunol. 156: 2956–2963.

33. Hensley, K., Robinson, K. A., Gabbita, S., Salsman, S. & Floyd, R. A.
(2000) Reactive oxygen species, cell signalling, and cell injury. Free Radic. Biol.
Med. 28: 1456–1462.

34. Cho, S. Y., Park, S. J., Kwon, M. J., Jeong, T. S., Bok, S. H., Choi, W. Y.,
Jeong, W. I., Ryu, S. Y., Do, S. H., Lee, C. S., Song, J. C. & Jeong, K. S. (2003)
Quercetin suppresses proinflammatory cytokines production through MAP ki-
nases and NF-kappaB pathway in lipopolysaccharide-stimulated macrophages.
Mol. Cell. Biol. 243: 153–160.

35. Moreira, J. A., Fraga, C., Alonso, M., Collado, P. S., Zettler, C., Marroni,
C., Marroni, N. & González-Gallego, J. (2004) Quercetin prevents oxidative
stress and NF-�B activation in gastric mucosa of portal hypertensive rats. Bio-
chem. Pharmacol. 68: 1939–1946.

36. Chan, M.M.Y., Mattiacci, J. A., Hwang, H. S., Shah, A. & Fong, D. (2000)
Synergy between ethanol and grape polyphenols, quercetin and resveratrol, in the
inhibition of inducible nitric oxide synthase pathway. Biochem. Pharmacol. 60:
1439–1448.

37. Middleton, E., Kandaswami, C. & Theoharides, T. C. (2000) The effects
of plant flavonoids on mammalian cells: implications for inflammation, heart
disease and cancer. Pharmacol. Rev. 52: 673–751.

38. Robak, J., Shridi, F., Wolbis, M. & Krolikowska, M. (1988) Screening of
the influence of flavonoids on lypoxygenase and cyclooxygenase activity, as well
as nonenzymic lipid oxidation. Pol. J. Pharmacol. Pharm. 40: 451–458.

39. Jiang, B., Xu, S., Hou, X., Pimentel, D. R., Brecher, P. & Cohen, R. A.
(2004) Temporal control of NF-kappaB activation by ERK differentially regulates
interleukin-1beta-induced gene expression. J. Biol. Chem. 279: 1323–1329.

40. Orzechowski, A., Grzelkowska, K., Zimowska, W., Skierski, J., Ploszaj, T.,
Bachanek, K., Motyl, T., Karlik, W. & Filipecki, M. (2000) Induction of apoptosis
and NF-kappa B by quercetin in growing murine L1210 lymphocytic leukemic
cells potentiated by TNF-alpha. Reprod. Nutr. Dev. 40: 441–465.

41. Rangan, G. K., Wang, Y. & Harris, D. C. (2002) Dietary quercetin
augments activator protein-1 and does not reduce nuclear factor-kappa B in the
renal cortex of rats with established chronic glomerular disease. Nephron 90:
313–319.

42. Kobuchi, H., Droy-Lefaix, M. T., Christen, Y. & Packer, L. (1997)
Gingko biloba extract (EGb 761): inhibitory effect on nitric oxide production in the
macrophage cell line RAW 264.7. Biochem. Pharmacol. 53: 897–903.

43. Cho, D. I., Koo, N. Y., Chung, W. J., Kim, T. S., Ryu, S. Y., Im, S. Y. & Kim,
K. M. (2002) Effects of resveratrol-related hydroxystilbenes on the nitric oxide
production in macrophage cells: structural requirements and mechanisms of
action. Life Sci. 71: 2071–2082.

44. Musonda, C. A. & Chipman, J. K. (1998) Quercetin inhibits hydrogen
peroxide (H2O2)-induced NF-kappaB DNA binding activity and DNA damage in
HepG2 cells. Carcinogenesis 19: 1583–1589.

45. Muraoka, K., Shimizu, K., Sun, X., Tani, T., Izumi, R., Miwa, K. &
Yamamoto, K. (2002) Flavonoids exert diverse inhibitory effects in the activa-
tion of NF-�B. Transplant. Proc. 34: 1335–1340.

46. Schreck, R., Meier, D. N., Mannel, W., Droge, W. & Bauerle, P. A. (1992)
Dithiocarbamates as potent inhibitors of nuclear factor �B activation in intact cell.
J. Exp. Med. 175: 1185–1194.

47. Brigelius-Flohe, R., Banning, A., Kny, M. & Bol, G. F. (2004) Redox
events in interleukin-1 signaling. Arch. Biochem. Biophys. 423: 66–73.

48. Choi, C., Cho, H., Park, J., Cho, C. & Song, Y. (2003) Suppressive
effects of genistein on oxidative stress and NFkappaB activation in RAW 264.7
macrophages. Biosci. Biotechnol. Biochem. 67: 1916–1922.

49. Vos, T. A., Van Goor, H., Tuyt, L., Jager-Krikken, A., Leuvenink, R.,
Kuipers, F., Jansen, P. L. & Moshage, H. (1999) Expression of inducible nitric
oxide synthase in endotoxemic rat hepatocytes is dependent on the cellular
glutathione status. Hepatology 29: 421–426.

50. Myhrstad, M.C.W., Carlsen, H., Nordstrom, O., Blomhoff, R., Moskaug,
J. O. (2002) Flavonoids increase the intracellular glutathione level by transac-
tivation of the �-glutamylcysteine synthetase catalytical subunit promoter. Free
Radic. Biol. Med. 32: 386–93.

51. Staal, F.J.T., Roederer, M., Herzenberg, L. A. & Herzeneberg, L. A.
(1990) Intracellular thiols regulate activation of nuclear factor �B and transcrip-
tion of human immunodeficiency virus. Proc. Natl. Acad. Sci. U.S.A. 87: 9943–
9947.

52. Romics, L., Kodys, K., Dolganiuc, A., Graham, L., Velayudham, A., Man-
drekar, P. & Szabo, G. (2004) Diverse regulation of NF-�B and peroxisome
proliferators-activated receptors in murine non-alcoholic fatty liver. Hepatology
40: 376–385.

53. Xie, Q. & Nathan, C. (1994) The high-output nitric oxide pathway: role
and regulation. J. Leukoc. Biol. 56: 576–682.

54. Peet, G. W. & Li, J. (1999) IKappaB kinases alpha and beta show a
random sequential kinetic mechanism and are inhibited by staurosporin and
quercetin. J. Biol. Chem. 274: 32655–32661.

55. Hubbard, G. P., Wolffram, S., Lovegrove, J. A. & Gibbins, J. M. (2004)
Ingestion of quercetin inhibits platelet aggregation and essential components of
the collagen-stimulated platelet activation pathway in humans. J. Thromb. Hae-
most. 2: 2138–2145.

QUERCETIN AND RAT HEPATOCYTES 1365

D
ow

nloaded from
 https://academ

ic.oup.com
/jn/article/135/6/1359/4663826 by guest on 16 August 2022


