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Reactive oxygen species (ROS) and reactive nitrogen spe-
cies (RNS) produced by the oxidative burst in activated 
macrophages and neutrophils cause oxidative stress-
implicated diseases. Quercetin is flavonoid that occurs 
naturally in plants and is widely used as a nutritional sup-
plement due to its antioxidant and anti-inflammatory prop-
erties. In this study, we investigated antioxidant activities 
and mechanisms of action in zymosan-induced macro- 
phages of quercetin and quercetin-related flavonoids such 
as quercitrin, isoquercitrin, quercetin 3-O-β-(2′′-galloyl)-
rhamnopyranoside (QGR) and quercetin 3-O-β-(2′′-galloyl)-
glucopyranoside (QGG) as well as gallic acid, a building 
moiety of QGR and QGG. QGR and QGG exhibited stronger 
antioxidant activities compared with quercetin, whereas 
quercitrin, isoquercitrin and gallic acid exhibited weak-to-
no antioxidant activities, assessed by 2,2-diphenyl-1-picryl-
hydrazyl (DPPH) radical scavenging, superoxide produc-
tion, superoxide scavenging, nitric oxide (NO) production, 
peroxynitrite (ONOO-) scavenging and myeloperoxidase 
(MPO) activity. Regarding mechanisms, the quercetin-
containing flavonoids QGR and QGG differentially targeted 
compared with quercetin in the NF-κB signaling pathway 
that inhibited the DNA binding activity of the NF-κB com-
plex without affecting the degradation and phosphoryla-
tion of IκBα and NF-κB phosphorylation. In addition, QGR 
and QGG inhibited CRE and activator protein (AP-1) tran-
scriptional activity and JNK phosphorylation by inhibiting 
the cAMP/protein kinase A (PKA) and protein kinase C 
(PKC) signaling in a different manner than quercetin. Our 
results showed that although QGR and QGG exhibited 
stronger antioxidant activities than querce-tin in macro-
phages, their mechanisms of action in terms of the NF-κB, 
PKA and PKC signaling pathways were different. 
 

INTRODUCTION 
 
Reactive oxygen species (ROS) and reactive nitrogen species 
(RNS) can be produced continually as a natural byproduct of 
the cellular metabolism when oxygen and nitrogen interact with 
certain molecules. These molecules play important roles in cell-
ular signaling and homeostasis, which protect the human body 
against bacteria and viruses. Immune cells, including macro-
phages and neutrophils activated by either internal stimuli or 
environmental stressors, release excess amounts of ROS and 
RNS such as the superoxide radical anion (O2

•-), hydrogen 
peroxide (H2O2), hydroxyl radical (OH•), nitric oxide (NO), nitro-
gen dioxide (NO2) and peroxynitrite (ONOO-) due to activation 
of NADH/NADPH oxidase, 5-lipoxygenase, and inducible nitric 
oxide synthase (iNOS) in the mitochondria (Trachootham et al., 
2008). This may result in noxious effects on cells by direct in-
teraction with cellular macromolecules such as DNA, RNA, 
lipids and proteins; the damage caused by the free radicals is 
reported in the etiology of several diseases (Lee and Kang, 
2013; Rahman et al., 2012; Valko et al., 2007).  

A number of antioxidants are used to neutralize and eliminate 
harmful activities of ROS and RNS through different ways to 
protect the human body. Naturally occurring polyphenols are 
present in fruits, vegetables, and other nutrient-rich plant foods 
and are widely used for prevention of oxidative stress-related 
diseases due to their antioxidant and anti-inflammatory activi-
ties (Pandey and Rizvi, 2009; Park et al., 2012). Quercetin is a 
prominent plant-derived flavonoid compound found in fruits, 
vegetables, leaves and grains and is widely used as an ingre-
dient in supplements, beverages and foods for the potential 
health benefits due to its antioxidant (Boots et al., 2008a; Zhang 
et al., 2011a), anti-inflammatory (Boots et al., 2008b; Rogerio et 
al., 2007), neuropharmacological actions (Lee et al., 2005; 
2010), anti-viral (Chen et al., 2006; Davis et al., 2008) and anti- 
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cancer (Hirpara et al., 2009; Puoci et al., 2012) properties. 
Zymosan is an insoluble substance derived from the cell 

walls of yeasts such as Saccharomyces cerevisiae, which is 
composed mainly of β-glucan and mannan residues (Di Carlo 
and Fiore, 1958). Zymosan is recognized and phagocytosed by 
macrophages, monocytes, leukotriens (LTs) and complements 
in the absence of immunoglobulins and leads to cellular activa-
tion, which stimulates secretion of many inflammatory products 
such as prostaglandins (PGs), LTs, cytokines, chemokines, 
and oxygen radicals (Volman et al., 2005). In addition, zymosan 
induces inflammatory signals by binding with Toll-like receptors 
(TLRs) after phagocytosis by macrophages, and the signals are 
prolonged because they are not degraded and can be en-
hanced by the use of mineral oil as a carrier (Sato et al., 2003). 

Many of the bioflavonoids derived from plants contain the 
quercetin moiety as their core structure, which forms the gly-
cosides with glucose or rhamnose. Among the quercetin-
related bioflavonoids, quercitrin (quercetin 3-O-α-L-rhamno-
pyranoside) and isoquercitrin (quercetin 3-O-β-D-glucopyra-
noside) have quercetin and either rhamnose or glucose as the 
glycoside moieties, respectively. Quercetin 3-O-β-(2′′-galloyl)-
rhamnopyranoside (QGR) and quercetin 3-O-β-(2′′-galloyl)-
glucopyranoside (QGG) were first isolated from the aerial parts 
of Polygonum salicifolium and Persicaria lapathifolia (Calis et al., 
1999; Park et al., 1999), and contain gallic acid as their building 
block with either a quercitrin or isoquercitrin moiety, respectively 
(Kim et al., 2000). In this study, we found that QGR and QGG 
exhibited significant stronger antioxidant activity compared with 
their aglycone core structure (quercetin) and their building 
blocks (quercitrin, isoquercitrin and gallic acid) in zymosan-
stimulated macrophages. In addition, both compounds exhib-
ited anti-inflammatory activity through inhibition of the nuclear 
factor-kappaB (NF-κB), protein kinase A (PKA) and C (PKC) 
signaling pathways in zymosan-stimulated macrophages. How-
ever, the inhibitory action of QGR and QGG on their signaling 
was mediated by mechanisms distinct from those of quercetin. 
 
MATERIALS AND METHODS 

 
Compounds and reagents 
Quercetin, quercitrin, isoquercitrin and gallic acid were obtained 
from Sigma-Aldrich (USA). QGR and QGG were isolated from 
the aerial parts of Persicaria lapathifolia (Polygonaceae) as 
previously described (Kim et al., 2000). These compounds 
were dissolved in dimethyl sulfoxide (DMSO) and kept at -20°C 
after aliquots. Antibodies specific for phospho-IκBα, phospho-
NF-κB p65, phospho-JNK, JNK, phospho-ERK, ERK, iNOS 
and GAPDH were purchased from Cell Signaling Technology 
(USA). Phospho-p47phox and p47phox antibodies were obtained 
from Sigma-Aldrich and IκBα antibody was obtained from Santa 
Cruz Biotechnology (USA), respectively. Horseradish peroxi-
dase (HRP)-conjugated goat anti-rabbit antibody was obtained 
from Life Technologies (USA). All other chemicals were pur-
chased from Sigma-Aldrich (USA), unless otherwise noted. 
 
Cell culture 
Mouse macrophage RAW264.7 cells (ATCC# TIB-71) were 
purchased from American Type Culture Collection (ATCC, 
USA) and maintained in Dulbecco’s Modified Eagle’s Medium 
(DMEM) supplemented with 10% heat-inactivated fetal bovine 
serum (FBS), 2 mM L-glutamine and antibiotics (100 U/ml 
penicillin and 100 μg/ml streptomycin, Invitrogen, USA). The 
cells were incubated at 37°C with 5% CO2 atmosphere in a 
humidified incubator. The RAW264.7 cells harboring pNF-κB-

SEAP-NPT reporter construct (a gift from Dr. Kim YS, Seoul 
National University, Korea) were incubated in the same condi-
tions with RAW264.7 cells except supplemented with 500 μg/ml 
of geneticin to the media. 
 
Measurement of DPPH radical scavenging activity 
Reaction mixture was prepared by mixing with 2,2-diphenyl-1-
picrylhydrazyl (DPPH, 200 μM, 100 μl) solution and various 
concentrations of each compound (100 μl). The mixtures were 
incubated at 25°C for 30 min, and the absorbance was meas-
ured at 517 nm using a microplate reader. 
 
Measurement of superoxide production 
RAW264.7 cells were seeded in a white 96-well plate at a den-
sity of 3 × 105 cells per well. After incubation for 30 min, the 
cells were pretreated with various concentrations of each com-
pound for 5 min in the presence of lucigenin (25 μM) and sub-
sequently stimulated with either unopsonized zymosan (0.3 
mg/ml) or PMA (0.1 μg/ml). Superoxide production was imme-
diately measured by lucigenin-dependent chemiluminescence 
as relative light units (RLU) at 37°C in the dark for 2 h with 5 
min intervals for zymosan challenge or 30 min with 90 sec in-
tervals for PMA challenge, respectively. 
 
Measurement of superoxide scavenging activity 
Superoxide was produced in NADH/PMS/NBT system. Solu-
tions containing nitroblue tetrazolium (NBT, 100 μM) and 
phenazine methosulfate (PMS, 30 μM) dissolved in 50 mM 
phosphate buffer (pH 7.4) were mixed with various concentra-
tions of each compound. Reaction was started by adding nico-
tinamide adenine dinucleotide (NADH, 150 mM). After incuba-
tion at 25°C for 5 min, the absorbance was measured at 560 
nm against control samples as without NADH. 
 
Measurement of NO production 
RAW264.7 cells were seeded in a 12-well plate at a density of 
5 × 105 cells per well. After overnight, cells were treated with 
various concentrations of each compound in the presence or 
absence of zymosan (0.3 mg/ml) for 24 h. Amounts of nitric 
oxide in the cultured supernatants were reacted with Griess 
reagents, and the absorbance was measured at 540 nm using 
a microplate reader. 
 
Measurement of peroxynitrite production 
RAW264.7 cells were seeded in a 24-well plate at a density of 
2.5 × 105 cells per well. After overnight, cells were treated with 
various concentrations of each compound in the presence or 
absence of zymosan for 24 h. The cells were further incubated 
with dihydrorhodamine 123 (DHR 123, 15 μM) and diethyl-
enetriaminepentaacetic acid (0.1 mM) for 1 h. Amounts of per-
oxynitrite were measured as relative fluorescence units (RFU) 
with emission at 530 nm and excitation at 485 nm. 
 
Measurement of myeloperoxidase activity 
Peritoneal neutrophils were isolated from rat peritoneal lavage 
after intraperitoneal injection with 1% casein in Krebs-Ringer 
bicarbonate buffer for 15 h. The cell lysates (20 μl) were mixed 
with substrate buffer (100 μl) containing citrate-phosphate 
buffer (pH 5.0, 50 ml, 30% H2O2 20 μl and O-phenylenediamine 
20 mg) and incubated with various concentrations of each 
compound for 10 min. The reaction was stopped by addition with 
H2SO4 and the absorbance was measured with a microplate 
reader at 485 nm against control samples as without H2O2. 
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SDS-PAGE and Western blot analysis 
Cell pellets were lyzed for 30 min at 4°C in a Triton lysis buffer 
containing 50 mM Tris-HCl (pH 7.4), 350 mM NaCl, 1% Triton 
X-100, 0.5% Nonidet P-40, 10% glycerol, 0.1% SDS, 1 mM 
EDTA, 1 mM EGTA, 1 mM Na3VO4, 1 mM phenylmethylsul-
phonyl fluoride and phosphatase inhibitor cocktails, and insolu-
ble proteins were removed by centrifugation at 13,000 rpm for 
10 min. Whole-cell extracts were separated on SDS-polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred onto 
polyvinylidene difluoride (PVDF) membranes (EMD Millipore 
Corporation, USA). The membranes were blocked for 1 h in a 
blocking buffer containing 5% skim-milk and then incubated 
with specific primary antibodies for target molecules at 4°C for 
overnight. After washing with Tris-buffered saline containing 
0.1% Tween 20 (TBS-T), the signals were detected using an 
ECL detection kit (Amersham Biosciences, USA) followed by 
incubation with HRP-conjugated secondary antibodies. 
 
Electrophoretic mobility shift assay 
NF-κB binding site containing oligonucleotide (5′-AGTTGAGG-
GGACTTTCCCAGGC-3′) was 32P-end labeled using [γ-32P] 
ATP and T4 polynucleotide kinase (Promega, USA) at 37°C for 
10 min. Nuclear extracts (10 μg) were incubated with binding 
buffer containing 10 mM Tris-HCl (pH 7.5), 50 mM NaCl, 1 mM 
MgCl2, 0.5 mM EDTA, 0.5 mM DTT, 50 μg/ml poly(dI-dC), 4% 
glycerol, and [γ-32P]-labeled NF-κB oligonucleotide on ice for 20 
min. The protein-DNA complexes were separated on a 6% 
native polyacrylamide gel, and dried gels were exposed to X-
ray films at -80°C. 
 
Measurement of secreted alkaline phosphatase activity 
RAW264.7 cells harboring pNF-κB-SEAP-NPT reporter con-
struct encoding four copies of κB sequence and secreted alka-
line phosphatase (SEAP) gene as a reporter were pretreated 
with each compound for 1 h and stimulated with zymosan for 
24 h. The cultured supernatants were heated at 65°C for 5 min 
and reacted with assay buffer (2 M diethanolamine, 1 mM 
MgCl2) and substrate (0.5 mM 4-methylumbelliferyl phosphate) 
in the dark at 37°C for 1 h. SEAP activity was measured as 
relative fluorescence units (RFUs) with emission 449 nm and 
excitation 360 nm. Cis-acting response element vectors con-
taining either pCRE-SEAP, pAP-1-SEAP, pSRE-SEAP or pNFAT- 
SEAP plasmid (Clontech Laboratories, USA) were transiently 
transfected in RAW264.7 cells. After 24 h, the cells were pre-

treated with each compound for 1 h and stimulated with zymo-
san for 24 h. SEAP activity was measured using cultured su-
pernatants. 
 
Cell-free kinase assay 
Cell-free cAMP-dependent PKA and PKC activities were 
measured using a PepTag® Non-Radioactive Protein Kinase 
Assay kits (Promega, USA) according to the manufacturer’s 
protocols. Briefly, purified PKA or PKC (10 ng) was activated by 
addition with either cAMP (500 nM) or phosphatidylserine (100 
μg/ml) and incubated with either PKA-specific peptide substrate 
L-R-R-A-S-L-G or PKC-specific peptide substrate P-L-S-R-T-L-
S-V-A-A-K, respectively, in the presence or absence of each 
compound at 30°C for 30 min. The reaction mixtures were 
separated on agarose gel and then visualized under UV irradia-
tion followed by heating at 95°C for 10 min. 
 
Cell viability assay 
RAW264.7 cells were seeded in 96-well plate at a density of 
20,000 cells per well. After overnight, the cells were incubated 
with either DMSO as a vehicle or various concentrations of 
compounds for 24 h. The cell viability was measured by EZ-
CyTox Enhanced Cell Viability Assay Kit (Daeil Lab Service, 
Korea) according to the manufacturer’s protocols using a mi-
croplate reader (BioTek, USA) at wavelength of 450 nm after 
reaction for 2 to 4 h at 37°C incubator followed by addition with 
10 μl assay reagent in a well. 
 
Statistical analysis 
Data obtained from independent experiments were expressed 
as mean ± standard error of means (SEM). Statistical analysis 
of differences among groups was determined by a two-tailed 
Student’s t-test. Differences were considered statistically sig-
nificant at a level of p < 0.001 or p < 0.05. 
 
RESULTS 

 
Effect of quercetin and structurally related compounds on  
DPPH radical scavenging 
Quercetin and many flavonoids containing the quercetin moiety 
are known for their antioxidant properties. To investigate the 
antioxidant potential of quercetin and its structurally-related 
flavonoids such as quercitrin, isoquercitrin, QGR and QGG as 
well as gallic acid, a building moiety of QGR and QGG (Fig. 1), 

 
 
 
A                     B                   C 
 
 
 
 
 
 
 
 
 
D 
 
 
 
 
 
 

Fig. 1. Chemical structures of quer-

cetin and structurally related com-

pounds. Quercetin (A), quercitrin and

QGR (B), isoquercitrin and QGG (C),

and gallic acid (D). QGR and QGG

contain quercetin and gallic acid as

well as either rhamnose or glucose

as a glycoside in their structures,

respectively. 
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Table 1. Summary of the antioxidant activities of quercetin, quercetin-containing flavonoids and gallic acid (IC50 value) 

Antioxidant Quercitrin QGR Isoquercitrin QGG Quercetin Gallic acid 

DPPH scavenging 27.6 µM 13.6 µM 24.5 µM 15.1 µM 20.7 µM 19.8 µM 

Superoxide production       

Zymosan-induced 31.0 µM 4.9 µM 30.0 µM 7.6 µM 5.5 µM 25.2 µM 

PMA-induced 89.9 µM 5.6 µM 92.5 µM 13.5 µM 2.5 µM 81.6 µM 

Superoxide scavenging >100 µM 30.0 µM >100 µM 47.6 µM >100 µM >100 µM 

NO production >100 µM >100 µM 61.8 µM >100 µM 38.9 µM >100 µM 

Peroxynitrite production  8.6 µM 7.9 µM 40.1 µM 8.6 µM 6.4 µM >100 µM 

Myeloperoxidase >100 µM 34.6 µM >100 µM 49.0 µM >100 µM >100 µM 

 
 
 
 
 
 
 
 
 

Fig. 2. Effects of quercetin and struc-

turally related compounds on DPPH 

radical. Compounds were mixed with 

DPPH solution and the mixtures 

were incubated at 25°C for 30 min. 

DPPH radical scavenging activity 

was measured as absorbance at 517 

nm, and the results were represented 

as inhibition % at 30 µM (A) and con-

centration-dependent manner (B). 

BHA was used as a positive control. 

Results are shown as the mean ±

SEM of three independent experi-

ments. **p < 0.001 and *p < 0.05 

versus the vehicle group. 

 
 
 
we first evaluated the DPPH radical scavenging activity. QGR 
and QGG scavenged nearly 90% of the DPPH radical at a 
concentration of 30 µM, which was slightly greater than quer-
cetin and the DPPH radical scavenger BHA, respectively. How-
ever, quercitrin, isoquercitrin and gallic acid, a building moiety of 
QGR and QGG, exhibited weaker antioxidant activity than QGR 
and QGG (Fig. 2A). The DPPH radical scavenging activities of 
all compounds increased in a concentration-dependent manner 
(Fig. 2B), but did not affect cell proliferation at the concentra-
tions tested (Supplementary Fig. S1). 
 
Effect of quercetin and structurally related compounds on  
superoxide production 
We next investigated whether quercetin and its structurally 
related compounds could affect NADPH oxidase-dependent 
superoxide production in either zymosan- or PMA-stimulated 
macrophages. When macrophage RAW264.7 cells were stimu-
lated with zymosan, superoxide production was immediately 
increased to a peak at 15 min and gradually decreased to basal 
levels within 2 h (data not shown). QGR, QGG and quercetin 
inhibited superoxide production almost completely at a concen-
tration of 30 µM in zymosan-stimulated RAW264.7 cells, where- 
as treatment with quercitrin, isoquercitrin or gallic acid resulted 
in ~50% inhibition (Fig. 3A). In the concentration-dependent 
study, at a concentration of 10 µM, the inhibitory activities of 
QGR and quercetin were over 80% and that of QGG was 60%. 
Quercitrin, isoquercitrin and gallic acid showed weaker inhibi-
tory activities than QGR, QGG and quercetin in zymosan-
stimulated RAW264.7 cells (Fig. 3B). 

In PMA-induced RAW264.7 cells, superoxide production in-
creased immediately to a peak within 5 min and decreased 
gradually to basal levels within 30 min (data not shown). Com-
parable with zymosan-stimulated superoxide production, QGR, 
QGG or quercetin treatment inhibited superoxide production 
almost completely at a concentration of 30 µM, whereas quer-
citrin, isoquercitrin and gallic acid had no significant effects on 
the production (Fig. 3C). The inhibitory potentials of QGR, QGG 
and quercetin on superoxide production were similar to those of 
zymosan and PMA, and significantly stronger than PTIO, a 
stable ROS and NO scavenger. However, quercitrin, isoquer-
citrin and gallic acid exhibited weak inhibitory activities in PMA-
stimulated RAW264.7 cells (Fig. 3D). 
 
Effect of quercetin and structurally related compounds on  
superoxide scavenging 
To determine whether quercetin and its structurally related 
compounds have ROS scavenging activities, we performed a 
non-enzymatic assay of superoxide radicals and assessed their 
scavenging activities. Superoxide radicals were generated in 
the presence of PMS and NADH by reaction with oxygen in the 
air and immediately formed formazan by reduction of NBT. 
QGR and QGG exhibited a similar scavenging effect against 
superoxide radicals at high concentrations (100 µM). The posi-
tive control, PTIO, showed greater superoxide-scavenging 
activity than QGR and QGG. However, other compounds, in-
cluding quercetin, did not exhibit superoxide scavenging poten-
tial (Fig. 4). 
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Effect of quercetin and structurally related compounds on  
NO and ONOO- production 
To further investigate whether quercetin and its structurally 
related compounds affect RNS production, we performed the 
Griess reaction to assess their effect on NO production in zy-
mosan-induced macrophages. The levels of nitrite, a stable 
metabolite of NO, were basal (5.2 ± 0.2 µM) in resting cells, 
whereas it was increased by more than four-fold (23.1 ± 1.6 
µM) by stimulation with zymosan for 24 h. Among the examined 
compounds, quercetin and isoquercitrin exhibited an inhibitory 
effect against NO production at high concentrations (Figs. 5A 
and 5B). Conversely, PDTC, the positive control, effectively 
inhibited zymosan-induced nitrite production in a concentration-
dependent manner, and the activity was more potent than 
those of quer-cetin and isoquercitrin (Fig. 5B). 

We next investigated whether quercetin and its structurally 
related compounds affected ONOO- production in zymosan-
stimulated macrophages because this metabolite is produced 
from superoxide and NO. Protein-bound 3-nitrotyrosine, a sta-
ble ONOO- metabolite, was produced at basal levels (18.4 ± 
5.6 pg/mg protein) in resting macrophages, whereas these 

amounts were dramatically increased (226.3 ± 24.8 pg/mg 
protein) by stimulation with zymosan for 24 h. By contrast, QGR, 
QGG and quercetin exhibited strong inhibitory activity on 
ONOO- production at 30 µM, which was similar to PDTC, the 
positive control. Conversely, quercitrin and isoquercitrin exhib-
ited ~50% inhibition of ONOO- production, but gallic acid did not 
(Fig. 5C). In the concentration-dependent study, QGR, QGG, 
quercetin and PDTC exhibited similar inhibitory potentials, with 
IC50 values of 6.4-8.6 µM (Fig. 5D). These results suggest that 
the inhibitory activities of QGR, QGG and quercetin against 
ONOO- production are involved in the inhibition of superoxide 
production and superoxide scavenging, although the effect on 
NO production is either weak or absent. 
 
Effect of quercetin and structurally related compounds on  
myeloperoxidase activity 
To further investigate whether quercetin and its structurally 
related compounds inhibit the production of hypohalides, we 
isolated neutrophils from the peritoneal lavage of rats and as-
sessed the inhibitory activities against myeloperoxidase (MPO). 
Hypohalides, such as hypochlorous acid (HOCl), are produced 

Fig. 3. Effects of quercetin and its

structurally related compounds on

superoxide production in macro-

phages. RAW264.7 cells were pre-

treated with compounds for 30 min

and stimulated with zymosan (A, B)

or PMA (C, D). Amounts of superox-

ide production were measured as

relative light units, and the results

were represented as inhibition % at

30 µM (A, C) and concentration-de-

pendent manner (B, D). PTIO was

used as a positive control. Results

are shown as the mean ± SEM of

three independent experiments. **p <

0.001 and *p. < 0.05 versus either

the zymosan or PMA-stimulated group.

Fig. 4. Effects of quercetin and its

structurally related compounds on

superoxide production. Superoxide

was produced by NADH/PMS/NBT

system and the scavenging activity

was measured as absorbance at 567

nm followed by incubation at 25°C

for 5 min, and the results were repre-

sented as inhibition % at 100 µM (A)

and concentration-dependent man-

ner (B). PTIO was used as a positive

control. Results are shown as the

mean ± SEM of three independent

experiments. **p < 0.001 and *p <

0.05 versus the vehicle group. 
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by MPO from H2O2 and either a chloride anion (Cl-) or non-
chlorine halide, during the respiratory burst in neutrophils. QGR 
and QGG effectively inhibited MPO activity at high concentra-
tions (100 μM), whereas quercetin, quercitrin, isoquercitrin and 
gallic acid exhibited weak-to-no MPO inhibitory activity (Fig. 6). 
 
Effect of quercetin and structurally related compounds on  
NF-κB signaling 
NF-κB activation and oxidative stress are associated with vari-
ous diseases (Bai et al., 2005;  Chen et al., 2011; Mariappan 
et al., 2010). We therefore investigated whether quercetin and 
its structurally related compounds could affect NF-κB signaling. 
We assayed SEAP expression as a measurement of NF-κB 
transcriptional activity in RAW264.7 cells harboring the pNF-κB-
SEAP-NPT reporter construct, followed by incubation with vari-
ous concentrations of each compound for 24 h in the presence 
or absence of zymosan. SEAP expression was increased by 
~2.5-fold by stimulation with zymosan, indicating that cellular 

NF-κB is transcriptionally activated and functional. QGR, QGG 
and quercetin inhibited NF-κB-SEAP expression in a concen-
tration-dependent manner, to as low as basal levels at high 
concentrations (100 μM). However, quercitrin, isoquercitrin and 
gallic acid had no effect on NF-κB-SEAP expression compared 
with zymosan-stimulated cells (Fig. 7A). The inhibition of zymo-
san-induced NF-κB-SEAP expression was significantly stronger 
by PDTC treatment than with QGR, QGG or quercetin. 

To activate NF-κB signaling, DNA binding of the NF-κB com-
plex is essential, followed by phosphorylation and proteolytic 
degradation of the inhibitory protein IκBα. We therefore next 
assessed the effects of quercetin and its structurally related 
compounds on IκBα. Upon exposure to zymosan alone, IκBα 
was dramatically phosphorylated and degraded within 10 to 30 
min, respectively. Quercetin effectively inhibited the phosphory-
lation and degradation of IκBα, as well as the phosphorylation 
of NF-κB p65 in zymosan-stimulated RAW264.7 cells, which is 
consistent with previous reports (Chen et al., 2005; Cho et al., 

Fig. 5. Effects of quercetin and its

structurally related compounds on

NO and ONOO
-

 production in macro-

phages. RAW264.7 cells were incu-

bated with compounds in the presen-

ce or absence of zymosan for 24 h.

Amounts of NO or peroxynitrite were

measured using Griess reaction (A,

B) or as relative fluorescence units

using 123-DHR oxidation (C, D), res-

pectively. Results were represented

as inhibition % at 100 or 30 µM (A, C)

and concentration-dependent manner

(B, D). PDTC was used as a positive

control. **p < 0.001 and *p < 0.05

versus either the zymosan-stimula-

ted or vehicle group. 

Fig. 6. Effects of quercetin and its

structurally related compounds on

MPO activity. Cell lysates of neutro-

phils were reacted with substrate

containing citrate-phosphate buffer

for 10 min in the presence or absen-

ce of compounds. Myeloperoxidase

activity was measured as absorb-

ance at 485 nm, and the results were

represented as inhibition % at 100

µM (A) and concentration-dependent

manner (B). Results are shown as

the mean ± SEM of three independ-

ent experiments. **p < 0.001 and *p

< 0.05 versus the vehicle group. 
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1 h. Nuclear extracts of the cells were reacted with NF-κB-specific 

32
P-labeled oligonucleotide and separated on nondenaturing 6% acrylamide 

gel by electrophoresis. NF-κB complex, p65/p50 and p50/p50, are indicated by an arrow. (D) RAW264.7 cells were pretreated with com-

pounds for 1 h and stimulated with zymosan for 24 h. Whole-cell lysates were prepared and Western blot analysis was performed with anti-

iNOS and GAPDH antibodies. PDTC was used as a positive control. 
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C                                D 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2003). However, treatment with QGR, QGG, quercitrin, iso-
quercitrin and gallic acid at up to 100 μM did not inhibit the 
phosphorylation and degradation of IκBα, and phosphorylation 

of NF-κB p65 (Fig. 7B). 
Next, the effect of quercetin and its structurally related com-

pounds on the DNA binding activity of the NF-κB complex was 

Fig. 7. Effects of quercetin and its

structurally related compounds on

zymosan-induced NF-κB signaling.

(A) RAW264.7 cells harboring pNF-

κB-SEAP-NPT reporter construct

were pretreated with compounds for

1 h and then incubated for 24 h in the

presence or absence of zymosan.

SEAP expression as a reporter of NF-

κB transcriptional activity was meas-

ured with cultured supernatants, and

the results are represented as inhibi-

tion % at 100 μM and shown as the

mean ± SEM of three independent

experiments. 
#
p < 0.001 versus the

vehicle group, and *p < 0.001 versus

the zymosan-stimulated group. (B)

RAW264.7 cells were pretreated with

compounds for 1 h and stimulated

with zymosan for 10-30 min. Whole-

cell lysates were prepared and

Western blot analysis was performed

with antibodies specific for the mole-

cules indicated. (C) RAW264.7 cells

were pretreated with compounds for

1 h and stimulated with zymosan for

Fig. 8. Effects of quercetin and its

structurally related compounds on

zymosan-induced CRE and AP-1

signaling. (A, B) RAW264.7 cells were

transiently transfected with pCRE-

SEAP or pAP-1-SEAP plasmid for 24

h, and SEAP expression was meas-

ured with cultured supernatants. Re-

sults are represented as inhibition %

and shown as the mean ± SEM of

three independent experiments. (C)

Purified PKA or PKC was incubated

with its specific peptide substrate in

the presence or absence of com-

pounds. The reaction mixtures were

separated on agarose gel by electro-

phoresis. One of similar results is

represented. (D) RAW264.7 cells

were pretreated with compounds for

1 h and stimulated with zymosan for

30 min. Whole-cell lysates were

prepared and Western blot analysis

was performed with anti-phospho-

JNK, JNK and GAPDH antibodies.

**p < 0.001 and *p < 0.05 versus the

vehicle group. 
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assessed. Upon zymosan-stimulation alone, the DNA binding 
activities of NF-κB p65/p50 and p50/p50 were markedly in-
creased. QGR, QGG and quercetin inhibited DNA binding of 
the NF-κB complex, whereas quercitrin, isoquercitrin and gallic 
acid did not (Fig. 7C). 

Upon exposure to stimuli, NO is produced primarily by the 
iNOS enzyme. To determine whether the inhibition of quercetin, 
QGR and QGG of zymosan-stimulated NO production was due 
to their effect on the iNOS protein, we examined iNOS protein 
expression by Western blot analysis. iNOS expression was 
barely detectable in resting RAW264.7 cells, whereas it was 
increased markedly by zymosan stimulation. Results showed 
that QGR, QGG and quercetin inhibited iNOS expression, indi-
cating that the inhibition of NO production was due to a reduc-
tion in iNOS expression (Fig. 7D). These results clearly indicate 
that although quercetin and the quercetin-containing flavonoids 
QGR and QGG inhibit NF-κB signaling, the molecular target of 
quercetin and QGR and QGG in NF-κB signaling is differs 
slightly. 
 
Effect of quercetin and structurally related compounds on  
CRE and AP-1 signaling 
We further examined the transcriptional activities of CRE, acti-
vator protein-1 (AP-1), SRE and NFAT by measuring SEAP 
expression in zymosan-stimulated macrophages followed by 
transient transfection with a pCRE-SEAP, pAP-1-SEAP, pSRE-
SEAP or pNFAT-SEAP plasmid. QGR and QGG inhibited the 
SEAP expression of CRE and AP-1 in a concentration-depen-
dent manner. The inhibitory activities of QGR and QGG on both 
CRE and AP-1 transcription were similar but slightly weaker 
than that of quercetin (Figs. 8A and 8B). However, quercetin, 
QGR and QGG had no effects on SEAP expression of the SRE 
and NFAT (Supplementary Fig. S2). The transcriptional activa-
tion of CRE and AP-1 is implicated in either the cAMP/PKA or 
JNK pathway. In addition, PKC activity is important during su-
peroxide generation in the membrane-associated NADPH oxi-
dase complex. Although QGR and QGG inhibited the transcrip-
tional activity of CRE, neither affected PKA or PKC activity. 
However, quercetin inhibited PKA, but not PKC, activity. Addi-
tionally, quercitrin, isoquercitrin and gallic acid did not affect 
PKA or PKC activity (Fig. 8C). Regarding JNK signaling, QGR, 
QGG and quercetin inhibited JNK phosphorylation, but quer-
citrin, isoquercitrin and gallic acid did not (Fig. 8D). Similar to 
NF-κB signaling, these results also indicate that quercetin and 
the quercetin-containing flavonoids QGR and QGG inhibited 
the cAMP/PKA and JNK pathways through different molecular 
mechanisms. 
 
Effect of quercetin and structurally related compounds on  
NOX complex  
To more address the effect of quercetin and its structurally re-
lated compounds on the NADPH oxidase complex, we exam-
ined the phosphorylation of p47phox, a key component of NOX 
assembly, due to no affected PKC activity by quercetin and its 
structurally related compounds. The NADPH oxidase complex 
is composed of the membrane-associated cytochrome B558 and 
the cytoplasmic complex p40phox, p47phox and p67phox (Babior, 
1999). In fact, quercetin and QGG reported the activities of 
phosphorylation and protein levels of p47phox in human neu-
trophils spontaneously hypertensive rats (Liu et al., 2005; 
Sánchez et al., 2008; Zhang et al., 2011b). 

Serine residue of the p47phox was phosphorylated by zymo- 
san stimulation in RAW264.7 cells, and this phosphorylation 
was inhibited by quercetin, QGR and QGG, but not quercitrin, 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Effects of quercetin and its structurally related compounds 

on zymosan-induced NADPH oxidase complex. RAW264.7 cells 

were stimulated with zymosan for 30 min, followed by pre-treatment 

with each compound for 1 h. Whole-cell lysates were prepared and 

Western blot analysis was performed with anti-phospho-p47
phox

 at 

serine 345, p47
phox

 and GAPDH antibodies. 
 
 
 
isoquercitrin and gallic acid. In addition, quercetin, QGR and 
QGG suppressed the levels of total p47phox in zymosan-sti-
mulated RAW264.7 cells, whereas these levels were not changed 
by quercitrin, isoquercitrin and gallic acid (Fig. 9). These results 
suggest that strong anti-oxidant activities of quercetin, QGG 
and QGG were involved in regulation of the NADPH oxidase 
complex. 
 
DISCUSSION 

 
Quercetin is a naturally occurring flavonoid compound that is 
distributed widely in nature and has a number of biological 
properties. Recently, quercetin has been used commercially to 
enhance blood vessel health and as an ingredient in numerous 
multivitamin preparations and herbal remedies in many coun-
tries. Quercitrin and isoquercitrin contain quercetin and either 
rhamnose or glucose as a glycoside, and QGR and QGG con-
tain quercitrin or isoquercitrin as well as galloyl moieties as their 
building blocks. Thus QGR, QGG, quercitrin and isoquercitrin 
contain the quercetin moiety as the core structure. Previous 
studies have reported antioxidant and anti-inflammatory activi-
ties of quercitrin and isoquercitrin (Babujanarthanam et al., 
2011; Camuesco et al., 2004; Jung et al., 2010; Rogerio et al., 
2007). QGR and QGG containing quercitrin or isoquercitrin and 
galloyl moieties have recently been isolated from Polygonum 
salicifolium and Persicaria lapathifolia (Calis et al., 1999; Park 
et al., 1999); however their properties have been investigated 
only minimally. In this study, we evaluated the antioxidant activi-
ties of QGR, QGG, quercetin, quercitrin, isoquercitrin, and gallic 
acid. QGR and QGG exhibited stronger protective effects 
against oxidative stress than quercetin and a significantly 
stronger effect than quercitrin, isoquercitrin and gallic acid in 
zymosan-stimulated macrophage RAW264.7 cells. 

Antioxidant scavenging of free radicals is one of the defense 
mechanisms of the body. To prevent ROS- and RNS-mediated 
damage, the human body has multiple enzymatic antioxidant 
systems, such as superoxide dismutase, catalase, glutathione 
peroxidase and glutathione reductase (Irshad and Chaudhuri, 
2002). Low levels of ROS and RNS generated by natural by-
products are considered beneficial for the cellular immune re-
sponse against invading microorganisms. However, excessive 
amounts of these molecules generated during oxidative stress 
have been implicated in various pathogenic conditions, and 
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activate various signaling pathways through oxidation of reac-
tive cysteine residues on specific target molecules. Therefore, 
regulation of the ROS- and RNS-generation systems and scav-
enging of the ROS and RNS generated is important for preven-
tion of oxidative stress-related disorders. We assayed DPPH 
radical scavenging activity, superoxide production, superoxide 
scavenging activity, MPO activity, and NO and ONOO

-
 produc-

tion in zymosan-stimulated macrophages to investigate the 
antioxidant activity of structurally quercetin-related flavonoids 
and gallic acid. QGR and QGG exhibited the greatest antioxi-
dant potential as indicated by scavenging activity and inhibition 
of ROS and RNS production. Although quercetin also showed 
effective antioxidant activity, no peroxynitrite scavenging and 
MPO activities were observed. Quercitrin, isoquercitrin and 
gallic acid showed similar antioxidant potentials, which was 
lower than those of QGR, QGG and quercetin. In flavonoids, 
the 3′4′-dihydroxy B-ring and hydroxyl group at position 3 of the 
C-ring are structurally important for antioxidant activity (Cao et 
al., 1997; Choi et al., 2002; Heijnen et al., 2001). QGR and 
QGG contain either quercitrin or isoquercitrin and galloyl moie-
ties in their structures, while quercitrin and isoquercitrin contain 
a quercetin moiety as well as a glycoside (rhamnose or glu-
cose). Despite the importance of the phenolic hydroxyl groups 
of quercetin for the antioxidant activities of QGR and QGG, the 
galloyl moiety appears to play a more pivotal role as indicated by 
the significant increase in activity, even though the activity of 
gallic acid was either very low or nonexistent. 

Numerous studies have reported that quercetin exerts anti-
inflammatory activity by inhibiting NF-κB signaling. Quercetin 
targets IKKα phosphorylation, which is an upstream signal of 
NF-κB, thereby inhibiting phosphorylation and degradation of 
IκBα and NF-κB activation, resulting in inhibition of the expres-
sion and production of pro-inflammatory mediators (Chen et al., 
2005; García-Mediavilla et al., 2007; Wadsworth and Koop, 
1999). Quercitrin and QGR also inhibit NF-κB activation and 
iNOS expression, as well as NO production (Camuesco et al., 
2004; Kim et al., 2005). We found that quercetin inhibited iNOS 
expression by targeting the phosphorylation and degradation of 
IκBα in zymosan-stimulated RAW264.7 cells, indicating an 
upstream target of NF-κB; this is consistent with other reports. 
However, QGR and QGG exhibited different NF-κB-mediated 
mechanisms of inhibition of NO production and iNOS expres-
sion than quercetin. QGR and QGG inhibited DNA binding of 
the NF-κB complex in the nucleus without affecting phosphory-
lation and degradation of IκBα, whereas quercitrin, isoquercitrin 
and gallic acid did not inhibit NO production and iNOS expres-
sion. Therefore, gallic acid is essential for inhibition on the NF-
κB signaling by QGR and QGG, even though quercitrin and 
isoquercitrin do not affect this signaling. 

iNOS expression and NO production are regulated by vari-
ous transcription factors, including NF-κB, AP-1, cAMP-res-
ponsive element binding protein (CREB), CCAAT/enhancer-
binding protein (C/EBP), interferon-regulatory factor-1 (IRF-1), 
signal transducer and activator of transcription-1 (STAT1), 
STAT3, peroxisome proliferator-activated receptor (PPAR), and 
hypoxia inducible factor-1 (HIF-1) (Pautz et al., 2010). Of these, 
QGR, QGG and quercetin inhibited the transcriptional activities 
of CREB and AP-1. CREB is activated by cAMP/PKA signaling 
(Delghandi et al., 2005) and JNK activation is related to AP-1 
signaling (Papachristou et al., 2003). Quercetin inhibited cell-
free PKA enzymatic activity, whereas QGG and QGR did not 
exhibit significant inhibitory effects on PKA activity. However, 
JNK phosphorylation was inhibited by quercetin, QGR and 
QGG. Similar to quercetin in NF-κB signaling, the molecular 

targets of QGR and QGG in both the cAMP/PKA and JNK/AP-1 
signaling pathways differed. Moreover, gallic acid was essential 
for the QGR and QGG activity because their building blocks 
quercitrin, isoquercitrin and gallic acid did not inhibit these sig-
naling pathways. 

NADPH oxidase and iNOS produce superoxide, NO and 
ONOO-

 in activated immune cells (Bedard and Krause, 2007; 
Montezano and Touyz, 2012). The NADPH oxidase complex is 
composed of the membrane-associated cytochrome B558 and 
the cytoplasmic complex p40

phox
, p47

phox
 and p67

phox
 (Babior, 

1999). PKC, specifically PKCδ, is important for activation of the 
NADPH oxidase complex (Brown et al., 2003). In addition, zy-
mosan activates PKC via a receptor-mediated signaling path-
way, and PMA is a direct activator of PKC in phagocytes 
(Klebanoff and Headley, 1999; Liu and Heckman, 1998; Phillips 
et al., 1992). Although quercetin, QGR and QGG effectively 
inhibited superoxide production in zymosan- or PMA-stimulated 
RAW264.7 cells, these compounds showed no significant in-
hibitory effects on PKC activity, suggesting prevention of the 
membrane-associated assembly of the NADPH oxidase com-
plex, an event downstream of PKC-mediated phosphorylation 
of the cytoplasmic p47phox 

component that is similar to the 
NADPH oxidase-inhibitory mechanism of apocynin (Stolk et al., 
1994). Zymosan and PMA induce NADPH oxidase activation 
by phosphorylation of the p47

phox
 and activation of the Rac2 

through signaling pathways of the protein tyrosine kinases, 
phosphatidylinositol 3′-kinase (PI3K), PKC, ERK1/2 and p38 
MAP kinases (Karlsson et al., 2000; Makni-Maalej et al., 2013; 
Raad et al., 2009). Our results indicated that strong anti-oxidant 
and anti-inflammatory activities of qurecetin, QGR and QGG 
than quercitrin, isoquercitrin and gallic acid resulted in regula-
tion of the NADPH oxidase complex, specifically p47

phox
. 

In the present study, we showed that the quercetin-containing 
flavonoids, QGR and QGG, exhibited antioxidant activities that 
were significantly stronger than that of quercetin, a core struc-
ture of QGG and QGR. However, their building blocks, quer-
citrin, isoquercitrin and gallic acid showed weak-to-no antioxi-
dant activities. QGR and QGG exhibited a mechanism of action 
different from that of quercetin on the NF-κB, cAMP/PKA and 
JNK/AP-1 signaling pathways, suggesting glycosides with glu-
cose or rhamnose is essential roles to exhibit their anti-oxidant 
and anti-inflammatory potential. 
 

Note: Supplementary information is available on the Molecules 
and Cells website (www.molcells.org). 
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