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Abstract

Quercetin, a flavonol, has been reported to exhibit a wide range of biological properties including anti-oxidant and anti-inflamma-
tory activities. However, pharmacological properties of quercetin-3-O-B-D-glucuronide (QG), a glycoside derivative of quercetin,
have not been extensively examined. The objective of this study is to elucidate the anti-inflammatory property and underlying
mechanism of QG in lipopolysaccharide (LPS)-challenged RAW264.7 macrophage cells in comparison with quercetin. QG sig-
nificantly suppressed LPS-induced extracellular secretion of pro-inflammatory mediators such as nitric oxide (NO) and PGE_,
and pro-inflammatory protein expressions of INOS and COX-2. To elucidate the underlying mechanism of the anti-inflammatory
property of QG, involvement of MAPK signaling pathways was examined. QG significantly attenuated LPS-induced activation of
JNK and ERK in concentration-dependent manners with a negligible effect on p38. In conclusion, the present study demonstrates
QG exerts anti-inflammatory activity through the suppression of JNK and ERK signaling pathways in LPS-challenged RAW264.7
macrophage cells.
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INTRODUCTION has not been clearly demonstrated. QG has been reported to

be present in various medicinal herbs including Polygonum
Quercetin is a typical antioxidant dietary flavonoid that is perfoliatum (Fan et al., 2014) and Polygonum aviculare (Yang

ubiquitous in may plant foods such as buckwheat, onion, and etal., 2014). QG, used in the present study, was isolated from
tea, and medicinal plants (Hertog et al., 1993; Wang et al., the stem of Persicaria thunbergii (Kim et al., 2014).

2009). Although quercetin, the aglycone form of the flavonoid, Macrophages play essential roles in the mobilization of the
has been reported to exhibit a wide range of biological proper- host defense against bacterial infection (Rehman et al., 2012).
ties including anticancer, anti-oxidant, and anti-inflammatory However, aberrant activation of macrophages has been re-
activities (Jagtap et al., 2009; Pocernich et al., 2011), querce- ported to play detrimental roles in many inflammatory disor-
tin is mainly present in the form of a glycoside. Pharmacologi- ders including sepsis (Kim et al., 2012). In pathogenic condi-
cal properties of quercetin glycosides have not been exten- tions, abnormally activated macrophages produce excessive
sively examined. Recently, it has been reported that avicularin, amount of a variety of pro-inflammatory mediators and cyto-
quercetin-3-a-L-arabinofuranoside, exerts antioxidant and an- kines that eventually aggravates the inflammatory conditions
ti-inflammatory activity (Vo et al., 2012). Quercetin-3-O-p-D- (Itharat and Hiransai, 2012). Bacterial activation of macro-
glucuronide (QG) has been reported to anti-cancer (Yamazaki phages has been reported to cause a wide range of pro-in-
et al., 2014), anti-aging (Yang et al., 2014), and anti-oxidant flammatory responses including secretion of pro-inflammatory
properties (Messer et al., 2015). However, the underlying mediators, expression of adhesion molecules and coagulation

mechanism by which QG exerts its pharmacological activity factors, phagocytosis, and cytoskeletal rearrangement (Sweet
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Fig. 1. Chemical structure of quercetin-3-O-B-D-glucuronide.

and Hume, 1996). Therefore, the inhibition of aberrant macro-
phage activation might be a valuable therapeutic target for the
treatment of inflammatory disorders.

Mitogen-activated protein (MAP) kinase signaling pathway
have been reported to be implicated in a wide range of inflam-
matory responses (Guha and Mackman, 2001; Rushworth et
al., 2005). c-Jun N-terminal kinase (JNK) of MAP kinases has
been reported to be implicated in the pathogenesis of various
inflammatory disorders including sepsis (Ip and Davis, 1998;
Supinski et al., 2009). JNK activation contributes to the pro-
gression of inflammation-induced cell dysfunction and activa-
tion of caspases in several organs through the transcription
factor c-Jun (Cho and Choi, 2002; Wang et al., 2004). Recent-
ly, it has been reported that suppression of JNK activation with
aromadendrin and N-(p-coumaryol)-tryptamine significantly
attenuates lipopolysaccharide (LPS)-induced inflammatory re-
sponses in RAW264.7 cells (Lee et al., 2013; Vo et al., 2014).
It has been also demonstrated that avicularin significantly
suppressed LPS-induced ERK phosphorylation in RAW264.7
cells (Vo et al., 2012).

The present study was aimed to examine the possibil-
ity that QG possesses the anti-inflammatory activity in LPS-
challenged RAW264.7 cells and to understand its underlying
mechanism by which QG exerts the anti-inflammatory prop-
erty in order to provide a valuable pharmacological agent that
suppresses aberrantly activated macrophages in inflamma-
tory conditions.

MATERIALS AND METHODS

Reagents and cell culture

Bacterial lipopolysaccharide (LPS) from Escherichia coli
serotype 055:B5 was purchased from Sigma-Aldrich (St.
Louis, MO, USA). Quercetin-3-O-p-D-glucuronide (QG) (Fig.
1) was isolated and identified from Persicaria thunbergii (Fig.
1) (Kim et al., 2014). QG was dissolved in ethanol and added
to the cell culture at the desired concentrations. The macro-
phage RAW264.7 cells were maintained in Dulbecco's modi-
fied Eagle's medium (DMEM; Gibco BRL, Grand Island, NY,
USA) containing 5% heat-inactivated fetal bovine serum and
penicillin-streptomycin (Gibco BRL) at 37°C, 5% CO.. In all
experiments, cells were incubated in the presence of the in-
dicated concentrations of QG before the addition of LPS (200
ng/ml).

Cell viability

Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. RAW264.7
macrophage cells were seeded at 5x10° cells per well and
incubated with CT at various concentrations for 24 hr at 37°C.

After incubation, MTT (0.5 mg/ml in PBS) was added to each
well, and the cells were incubated for 3 hr at 37°C and 5%
CO,. The resulting formazan crystals were dissolved in di-
methyl sulfoxide (DMSO). Absorbance was determined at 540
nm. The results were expressed as a percentage of surviving
cells over control cells.

Nitrite quantification assay

The production of NO was estimated by measuring the
amount of nitrite, a stable metabolite of NO, using the Griess
reagent as described (Lee et al., 2012). After QG-pretreated
RAW264.7 macrophage cells were stimulated with LPS in 12-
well plates for 24 hr, 100 uL of the cell supernatant was mixed
with an equal volume of Griess reagent. Light absorbance was
read at 540 nm. The results were expressed as a percentage
of released NO from LPS-stimulated RAW264.7 cells. To pre-
pare a standard curve, sodium nitrite was used to prepare a
standard curve.

ELISA assay for cytokines

The RAW264.7 macrophage cells were treated with QG
in the absence or presence of LPS. After 24 hr incubation,
TNF-a and IL-1B levels in culture media were quantified using
monoclonal anti-TNF-a or IL-1p antibodies according to the
manufacturer’s instruction (R&D Systems, Minneapolis, MN,
USA).

Western blot analysis

The RAW264.7 macrophage cells were incubated with QG
for 1 hr prior to LPS treatment. Cells were washed with PBS
and lysed in PRO-PREP lysis buffer (iNtRON Biotechnology,
Seongnam, Republic of Korea). Equal amounts of protein
were separated on 10% SDS-polyacrylamide gel. Proteins
were transferred to Hypond PVDF membrane (Amersham
Biosciences, Piscataway, NJ, USA) and blocked in 5% skim
milk in TBST for 1 hr at room temperature. Specific antibod-
ies against inducible NO synthase (iINOS), COX-2, extracel-
lular signal-regulated kinase (ERK), phosphorylated (p)-ERK,
p38, p-p38 (1:1,000; Cell signaling Technology, Danvers, MA,
USA), and B-actin (1:2,500; Sigma-Aldrich) were diluted in 5%
skim milk. After thoroughly washing with TBST, horseradish
peroxidase-conjugated secondary antibodies were applied.
The blots were developed by the enhanced chemilumines-
cence detection (Amersham Biosciences).

Statistical analysis

All values shown in the figures are expressed as the mean
+ SD obtained from at least three independent experiments.
Statistical significance was analyzed by two-tailed Student’s
t-test. Data with values of p<0.05 were considered as statisti-
cally significant. Single (* and #) and double (** and #) marks
represent statistical significance in p<0.05 and p<0.01, re-
spectively.

RESULTS

Quercetin-3-0-p-D-glucuronide (QG) inhibits NO and PGE,
release in LPS-stimulated RAW264.7 macrophage cells
Pro-inflammatory mediators such as NO and PGE; have
been known to play key roles in the progression of inflamma-
tion (Ock et al., 2009; Lee et al., 2012), the effects of QG on
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Fig. 2. Effects of QG on LPS-induced extracellular release of NO (A)
and PGE,. (B) in RAW264.7 macrophage cells. RAW264.7 cells were
pretreated with indicated concentrations of QG for 1 hr before incu-
bation with LPS (200 ng/ml) for 24 hrs. The level of nitrite and PGE,
were measured using Griess reagent and ELISA assay, respectively.
QG significantly suppressed LPS-induced extracellular secretion of
NO and PGE,. (C) Effect of QG on the viability of RAW264.7 cells. No
significant cell death was observed with QG concentrations used in
the present study. The data were obtained from three independent ex-
periments and expressed as mean + SD (n=3). *p<0.05 and **p<0.01
indicate statistically significant differences from treatment with LPS
alone. QC and Q stand for quercetin-3-O-3-D-glucuronide and quer-
cetin, respectively. Quercetin was used as a reference. Examination
of quercetin at 100 uM concentration was not done due to the de-
creased cell viability.

the extracellular secretion of NO and PGE, were examined
in LPS-challenged RAW264.7 macrophages. Cells were incu-
bated with QG or with a reference compound, quercetin, for 1
hr prior to LPS treatment (200 ng/ml). LPS treatment exhibited
significant extracellular release of NO and PGE; in RAW264.7
cells. However, QG significantly attenuated extracellular re-
lease of NO and PGE; in LPS-stimulated RAW264.7 cells in
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Fig. 3. Effects of QG on LPS-induced expression of iNOS and COX-
2 in RAW264.7 cells. (A) The cell lysates were subjected to SDS-
PAGE, and then protein levels of iINOS and COX-2 were determined
by Western blot analysis. QG significantly attenuated LPS-induced
overexpression of INOS and COX-2. Images are representative of
three independent experiments that shows reproducible results. (B,
C) Quantitative analyses of immunoblots of INOS and COX-2. QG
significantly suppressed LPS-induced iINOS and COX-2 expression.
The data were obtained from three independent experiments and ex-
pressed as mean + SD (n=3). *p<0.05 and **p<0.01 indicate statisti-
cally significant differences from treatment with LPS alone. QC and Q
stand for quercetin-3-O-B-D-glucuronide and quercetin, respectively.
Quercetin was used as a reference. Examination of quercetin at 100
uM concentration was not done due to the decreased cell viability.

concentration-dependent manners, although geurcetin, the
aglycone compound of QG, exhibited potentiated effects com-
pared to QG (Fig. 2A, 2B). In addition, noticeable cytotoxicity
was not observed with QG in concentration ranges used in the
study (Fig. 2C).

QG suppresses LPS-induced expressions of iNOS and COX-2

As QG inhibited LPS-induced extracellular release of NO
and PGE: in RAW264.7 cells (Fig. 2), whether the decreased
production of NO and PGE; was due to the attenuated expres-
sion of INOS and COX-2 proteins was examine. LPS treat-
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Fig. 4. Effect of QG on LPS-induced extracellular secretion of TNFal-
pha in RAW264.7 macrophage cells. RAW264.7 cells were pretreated
with indicated concentrations of QG for 1 hr, then incubated with LPS
(200 ng/ml) for 24 hrs. The concentration of TNFalpha in collected
cell culture media was measured by ELISA assay as described in the
methods. Although quercetin significantly suppressed LPS-induced
TNFalpha cytokine in a concentration-dependent manner, QG showed
a negligible effect in LPS-stimulated TNFalpha production. The values
are expressed as mean = SD for three independent experiments.
**p<0.01 indicate statistically significant differences from treatments
with LPS alone. QC and Q stand for quercetin-3-O-B-D-glucuronide
and quercetin, respectively. Quercetin was used as a reference. Ex-
amination of quercetin at 100 uM concentration was not done due to
the decreased cell viability.

ment showed the significantly increased expression of INOS
and COX-2 proteins in RAW264.7 cells. Pretreatment of QG
resulted in the significant suppression in LPS-induced iNOS
and COX-2 expressions in concentration-dependent manners
(Fig. 3), indicating that decreased release of NO and PGE; is
due to the suppressed expression of their responsible genes
by QG.

Quercetin but not QG attenuates LPS-induced release of
a pro-inflammatory cytokine TNF-a.

To examine the effects of QG on the extracellular release
of pro-inflammatory cytokines such as IL-1p and TNF-a, se-
cretion of these cytokines was measured using ELISA assay
in LPS-stimulated RAW264.7 cells. LPS treatment resulted in
excessive extracellular release of TNF-a in RWA 264.7 cells.
Quercetin significantly attenuated LPS-induced extracellu-
lar release of TNF-a in a concentration-dependent manner.
However, QG exhibited negligible effect in LPS-induced ex-
tracellular release of TNF-a (Fig. 4). In addition, QG did not
suppress the LPS-induced extracellular release of IL-1p (data
not shown).

QG inhibits the phosphorylation of JNK and ERK in
LPS-stimulated RAW264.7 cells

Signaling pathways of MAP kinases have been reported
to be involved in the LPS-induced inflammatory responses
(Guha and Mackman, 2001; Rushworth et al., 2005). In the
present study, to understand the underlying signaling mecha-
nism by which QG exhibits its anti-inflammatory action, the
effect of QG on LPS-stimulated phosphorylation of JNK, ERK,
and p38 kinase in RAW264.7 cells was examined. Cells were
pretreated with QG or quercetin at indicated concentrations
and then were treated with LPS (200 ng/ml) for 30 min. LPS
treatment resulted in the activation of all three MAP kinases
and quercetin attenuated LPS-induced phosphorylation of all
three MAP kinases (Fig. 5). However, QG significantly attenu-

ated only JNK and ERK phosphorylation in concentration-de-
pendent manners in LPS-challenged RAW264.7 cells with no
significant effect on p38 phosphorylation (Fig. 5), suggesting
that QG exerts its anti-inflammatory activity through the sup-
pression of JNK and ERK signaling pathways in RAW264.7
cells.

DISCUSSION

The present study demonstrated that Quercetin-3-O-$-D-
glucuronide (QG) suppresses LPS-induced inflammatory re-
sponses through the suppression of JNK and ERK signaling
pathways in LPS-challenged RAW264.7 macrophage cells.
QG significantly attenuated the LPS-induced extracellular
release of pro-inflammatory mediators, and the LPS-induced
expressions of INOS and COX-2 proteins. Previously, anti-in-
flammatory activity of QG was reported in LPS-stimulated BV2
microglia cells (Yoon et al., 2014). However, anti-inflammatory
properties and its underlying mechanism of QG were not ex-
amined in RAW264.7 cells.

Given the previous studies that quercetin and its glycoside
derivatives have pharmacological properties such as anti-
cancer, anti-inflammatory, and anti-oxidant actions (Jagtap et
al., 2009; Pocernich et al., 2011; Vo et al., 2012; Yang et al.,
2014), the present study demonstrated that QG, a glucuronic
acid glycoside of quercetin, possesses anti-inflammatory
properties in LPS-induced RAW264.7 macrophage cells. In
addition, the underlying mechanism by which QG exert the
anti-inflammatory activity has not been clearly demonstrated.
Therefore, the present study elucidated that QG exerts the
anti-inflammatory action through the suppression of LPS-in-
duced activation JNK and ERK signaling pathways.

Although macrophages play essential roles in innate immu-
nity for the host defense against bacterial infection (Rehman
et al., 2012), aberrant activation of macrophages also plays
pathogenic roles in inflammation-related conditions by produc-
ing a wide range of pro-inflammatory mediators and cytokines
(Rietschel and Brade, 1992). Activated macrophages initiate
bacterial-mediated pro-inflammatory gene transcription, which
leads to the phosphorylation of multiple kinases, which subse-
quently activates various pro-inflammatory transcription fac-
tors including NF-xB and AP-1 (O'Connell et al., 1998; Guha
and Mackman, 2001). We previously demonstrated that bac-
terial LPS results in the expression of pro-inflammatory media-
tors and the increased degradation IkB (Vo et al., 2012). In the
present study, quercetin but not QG significantly attenuated
LPS-induced extracellular release of pro-inflammatory cyto-
kines such as TNF-a. However, QG-induced suppression of
extracellular release of TNF-a was reported in BV2 microglia
cells (Yoon et al., 2014), suggesting that although BV2 microg-
lia are also immune cells and have anti-bacterial characteris-
tics in common with RAW264.7 cells, different immune cells
could show altered anti-bacterial responses. Although TNF-a
has been reported to play key roles in the progression of in-
flammatory responses, it has been known that other cytokines
and transcription factors also play essential roles. Therefore,
further studies are necessary to definitely determine the ef-
fect of QG on other cytokines and transcription factors in LPS-
mediated inflammatory conditions.

It has been extensively reported that LPS activates all three
MAP kinases such as ERK, JNK, and p38 in macrophages

www.biomolther.org
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Fig. 5. Effect of QG on LPS-induced activation of MAPK signaling pathway in RAW264.7 macrophage cells. (A) Representative immunob-
lots; (B, C, D) quantitative analyses of immunoblots. Cells were challenged with 200 ng/ml LPS in the absence or presence of QG. LPS-in-
duced phosphorylation of JNK (B) and ERK (C) was significantly attenuated with QG treatment with a minor effect on p38 (D) phosphoryla-
tion. Images are representative of three independent experiments that shows reproducible results. The values are expressed as mean + SD
for three independent experiments. *p<0.05 and **p<0.01 indicate statistically significant differences from treatments with LPS alone. QC
and Q stand for quercetin-3-O-B-D-glucuronide and quercetin, respectively. Quercetin was used as a reference. Examination of quercetin at

100 uM concentration was not done due to the decreased cell viability.

(Sweet and Hume, 1996) and that many of the downstream
targets of MAPK pathways are transcription factors, which
regulate various genes encoding inflammatory mediators
(Zhang et al., 2006; Lee et al., 2009; Zhang et al., 2011). In
the present study, LPS treatment exhibited increased phos-
phorylation of all three MAPKs in RAW264.7 cells. However,
QG selectively attenuated LPS-induced JNK and ERK phos-
phorylation in concentration-dependent manners with concur-
rent significant attenuation of LPS-induced pro-inflammatory
responses. The JNK signaling pathway has been implicated
in the development of inflammatory responses in various con-
ditions leading to cellular dysfunction and organ failures (Ip
and Davis, 1998; Supinski et al., 2009). It has been also re-
ported that inhibition of JNK activation significantly attenuates
LPS-induced inflammatory responses in RAW264.7 cells (Lee
et al., 2013). In addition, we recently demonstrated that N-
(p-coumaryol)-tryptamine significantly inhibited LPS-induced
inflammatory responses through the suppression of JNK ac-
tivation in RAW264.7 cells (Vo et al., 2014). Furthermore, we
also observed that that ERK signaling pathway was activated
with LPS treatment and its activation and abnormal inflamma-
tory responses were significantly attenuated with avicularin in
LPS-challenged RAW264.7 cells (Vo et al., 2012). No notice-
able changes were observed in phosphorylation p38 with QG,

https://doi.org/10.4062/biomolther.2016.026

indicating that QG exerts its anti-inflammatory action through
the selective inhibition of JNK and ERK signaling pathways in
RAW264.7 cells.

It has been previously reported that aglycones of flavonoids
exhibited more potent activities such as free radical scaveng-
ing activity and suppression of nitric oxide production than
their glycosides (Hou et al., 2004; Kwon et al., 2004). How-
ever, the effects of glycosidation in terms of the position and
degree of sugar substitution were not clearly elucidated. In
the present study, QG exhibited attenuated anti-inflammatory
properties compared to quercetin. The attenuated biological
activities of QG might be attributed to the decreased intracel-
lular transport of QG due to the increased hydrophilicity by the
glucuronic acid residue. At the same time, aglycones exhib-
ited potentiated cytotoxicity compared to their glycosides. Re-
cently, it has been suggested that aglycones and glycosides
exhibit different pharmacokinetic profile resulting in altered
biological efficacy (Guo et al., 2015). Therefore, it is necessary
to compare the biological properties of glycosides compared
to their aglycones.

In conclusion, the present study clearly demonstrates
that QG exerts anti-inflammatory activity through the inhibi-
tion of JNK and ERK signaling pathways in LPS-challenged
RAW264.7 macrophage cells, suggesting that QG might be a
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valuable therapeutic agent for the treatment of inflammation-
related pathogenic conditions.
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