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Quercetin and its derivatives have anti-inflammatory and anti-oxidant effects. However, the effect of
quercetin-3-0-(2"-galloyl)-a-L.-rhamnopyranoside (QGR), a new quercetin derivative, on the tumor necrosis
factor (TNF)-a-stimulated production of inflammatory mediators in keratinocytes is unclear. In addition, the ef-
fect of QGR on the ERK and NF-xB-mediated inflammatory process has not been studied. In human keratinocyte
HaCat cells, we investigated the effect of QGR on the TNF-a-stimulated production of inflammatory mediators in
relation to the nuclear factor (NF)-kB, which regulates the transcription genes involved in immune and inflam-
matory responses. QGR inhibited the TNF-a-stimulated production of cytokines and chemokines in HaCaT cells.
QGR, dexamethasone, cyclosporine A, Bay 11-7085 (an inhibitor of NF-<B activation) and cell signaling ERK in-
hibitor attenuated the TNF-a-induced formation of inflammatory mediators and activation of the NF-<B and
ERK. Unlike other compounds, dexamethasone and cyclosporine A did not reduce formation of reactive oxygen
species. The results show that QGR may attenuate TNF-a-stimulated inflammatory mediator production in
HaCaT cells by suppressing the activation of the ERK-mediated NF-xB pathway that is mediated by reactive ox-
ygen species. Additionally, QGR may exhibit a preventive effect against the proinflammatory mediator-induced

skin diseases by inhibiting the activation of the ERK and NF-kB pathways.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Tumor necrosis factor (TNF)-a is involved in the inflammation
and immune response in the skin [1,2]. TNF-o induces the activation
of T cells, production of cutaneous T cell-attracting chemokines in
keratinocytes and prolongation of skin inflammation [3,4]. The effect
of TNF-a is mediated by the Ras/Raf/MEK/ERK signaling pathway [5].
The activation of ERK pathway induces nuclear factor (NF)-kB activa-
tion by phosphorylating and activating inhibitory kB kinase [5,6].
NF-+B regulates genes responsible for the innate and adaptive im-
mune responses as well as inflammation [7]. The activation of NF-xB
is triggered by a variety of agents, including cytokine TNF-a, oxida-
tive stress and DNA damage [8,9]. Reactive oxygen species play a crit-
ical role in the physiological regulation of cellular functions and are
involved in pathologic conditions, such as inflammation and cell
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death [10]. They have been shown to induce the activation of NF-xB
[8,11,12].

The flavonoid quercetin and its derivatives have anti-oxidant and
anti-inflammatory effects [13,14]. Quercetin and quercetin hydrate
reduce the oxidative stress-induced cell death in keratinocytes
through their anti-oxidant action [13]. Quercetin inhibits the UV
irradiation-induced inflammatory cytokine production in primary
human keratinocytes by suppressing the NF-xB pathway [14].
The derivative quercetin 3-O-a-L-arabinofuranoside inhibits the
lipopolysahharide-stimulated expression of nitric oxide synthase
and cyclooxygenase-2 and the production of PGE; in HaCaT cells
[15]. However, flavonoids are demonstrated to exhibit a different ef-
fect on the cytokine-induced productions of the proinflammatory
mediator IP-10 and IL-8 [16]. Flavonoid rutin and its aglycon querce-
tin significantly inhibit the TNF-a and [FN-y-induced release of
IP-10, whereas they do not affect cytokine-induced IL-8 release.
Quercetin attenuates the H,0,-induced mitochondrial and cell dam-
age and death in the human keratinocyte cell line NCTC 2544 cells
and HaCaT cells [13,17]. On the contrary, it has been shown that
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polyphenols, including quercetin does not prevent UVC-induced cell
death in human HaCaT cells [18].

Quercetin and its derivatives have anti-inflammatory and anti-
oxidant effects. Nevertheless, they exhibit a variable effect on the cyto-
kine production and cell damage induced by toxic insults. Furthermore,
the effect of quercetin-3-0-(2"-galloyl)-a-L.-thamnopyranoside (QGR),
a new quercetin derivative, on the TNF-a-stimulated production of in-
flammatory mediators in relation to the NF-kB-mediated inflammatory
process has not been studied. In addition, it is also unclear whether the
effect of QGR on the TNF-a-induced activation of NF-B is mediated by
its effect on the ERK pathway. Therefore, using the human keratinocyte
HaCarT cells, we investigated the effect of QGR on the TNF-a-induced
inflammatory mediator production in relation to the ERK and NF-x<B
pathways. Then, we assessed the effect and action of QGR as a preventa-
tive compound to treat inflammatory skin diseases, including atopic
dermatitis.

2. Materials and methods
2.1. Materials

Human tumor necrosis factor (TNF)-a (recombinant E. coli),
Bay 11-7085 ((2E)-3-[[4-(1,1-Dimethylethyl)phenyl]sulfonyl]-2-
propenenitrile), ERK activation inhibitor peptide (type I, Ste-MEK1,3),
dexamethasone, cyclosporine A and horseradish peroxidase-conjugated
anti-mouse IgG were purchased from EMD-Calbiochem. Co. (La Jolla,
CA, USA). Enzyme-linked immunosorbent assay (ELISA) kits for human
CXCL1/IL13, human IL6, human thymus and activation-regulated
chemokine (CCL17), human CTACK/CCL27, and human/mouse/rat
phospho-ERK1/ERK2 were purchased from R&D systems, Inc. (Minne-
apolis, MN, USA). Antibodies for NF-xB p65 (F-6), NF-«B p50 (4D1),
phospho-IkB-a (B-9) and B-actin were purchased from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA, USA). TransAM™ NF-kB assay
kit was purchased from Active Motif® (Carlsbad, CA, USA).
2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide
(carboxy-PTIO), N-methyl-L-arginine acetate salt (L-NMMA) and
other chemicals were purchased from Sigma-Aldrich Inc. (St. Louis,
MO, USA).

2.2. Extraction, isolation and structural identification of
quercetin-3-0-(2"-galloyl)-a-1-rhamnopyranoside

Quercetin-3-0-(2"-galloyl)-a-L-thamnopyranoside (QGR) was isolat-
ed from the leaves of Acer ginnala Maxim collected from Korea National
Arboretum (Pocheon, Korea, Fig. 1). The leaves (1 kg) of A. ginnala
were extracted several times with 80% methanol at room temperature.
After the removal of methanol under vacuum, aqueous solution was

Fig. 1. Chemical structure of QGR.

filtered through filter paper (Tokyo Roshi Kaisha Ltd., Japan). The solution
filtered was concentrated (227.5 g), applied to the column filled with
Sephadex LH-20 (25-100 pm, 2 kg, 10 x 80 cm, GE Healthcare Bio-
Science AB, Uppsala, Sweden) and the solution then was eluted with
H,O contained methanol (30 to 100% gradient), which afforded 3
sub-fractions. The fraction 3 (43 g) was applied to the columns filled
with MCI-gel CHP20P (75-150 um, 600 g, 5 x 60, Mitsubishi Chemical,
Tokyo, Japan) with a gradient elution system of water-methanol. From
these procedures, quercetin-3-0-(2"-galloyl)-a-L-rhamnopyranoside
(QGR, 850 mg) was yielded. Purity of QGR was analyzed by high perfor-
mance liquid chromatography (Waters 600 system, Milford, MA, USA).
The yield had approximately 98% purity.

The structural identity of QGR was characterized by spectral anal-
yses. The 1D nuclear magnetic resonance (NMR) findings such as, 'H
(600 MHz) and '3C (150 MHz) NMR were recorded with Gemini
2000 (Varian, Palo Alto, CA, USA). Low-resolution fast atom bombard-
ment mass spectrum (LRFAB-MS) was recorded with JMS-600W
(JEOL, Tokyo, Japan).

Yellow amorphous powder, negative FAB-MS: m/z 599 [M-H] . 'H
NMR (600 MHz, CD;0D): 6 1.03 (3H, d, ] = 5.4 Hz, H-6"), 3.46-3.48
(2H, m, H-4",5"), 4.02 (1H, dd, J = 3.6, 9.0 Hz, H-3"), 5.49 (1H, d,
J = 1.5Hz, H-1"), 5.62 (1H, dd, ] = 1.5, 3.6 Hz, H-2"), 6.19 (1H, d,
J = 1.8 Hz, H-6), 6.37 (1H, d, J = 1.8 Hz, H-8), 6.94 (1H, d, ] =
8.4 Hz, H-5"), 7.07 (2H, s, H-2", 6”), 7.34 (1H, dd, ] = 2.4, 8.4 Hz,
H-6'), 7.37 (1H, d, ] = 2.4 Hz, H-2’). 3C NMR (125 MHz, CD;0D): &
16.4 (C-6"), 69.3 (C-3"), 70.8 (C-5"), 72.1 (C-2"), 72.4 (C-4"), 93.3
(C-8), 98.5 (C-6), 99.1 (C-1"), 104.4 (C-10), 108.9 (C-2", 6"), 115.1
(C-5"), 115.5 (C-2’), 119.8 (C-1"), 121.4 (C-6"), 121.5 (C-1"), 134.2
(C-3), 138.5 (C-4"), 145.0 (C-3", 5"), 1484 (C-4’), 157.1 (C-9),
157.9 (C-2), 161.7 (C-5), 164.4 (C-7), 166.1 (C-7"), 178.0 (C-4).

2.3. Keratinocyte culture

HaCaT cells, immortalized human keratinocyte cell lines, were pro-
vide from Dr. Seo (Chung-Ang University Hospital, Seoul, South Korea)
and cultured in keratinocyte-SFM supplemented with DMEM medium
(high glucose) supplemented with 2 mM L-glutamine and 10% fetal
bovine serum, 100 U/ml penicillin and 100 pg/ml streptomycin.

2.4. Immunoassays for cytokines and chemokines

HaCaT cells (1 x 10° cells/300 ul for the cytokine assay or
5 x 10° cells/400 pl for the chemokine assay) were grown in a
24-well plate and treated with 10 ng/ml TNF-« for 24 h. After cen-
trifugation at 412 xg for 10 min, the amounts of IL-1p3, IL-6, CCL17
and CCL27 in the culture supernatants were analyzed using the cor-
responding ELISA kits, according to the manufacturer's instructions.
Absorbance was measured at 450 nm using a microplate reader
(Magellan, TECAN, Salzburg, Austria).

2.5. Preparation of cytosolic and nuclear extracts

HaCaT cells (5 x 108 cells/ml) were treated with TNF-c for 15 min at
37 °C. Keratinocyte cytosolic and nuclear extracts were prepared
according to the previously reported method [19]. HaCaT cells were
harvested by centrifugation at 412 xg for 10 min and washed twice
with PBS. The cells were suspended in 400 pl lysis buffer (10 mM KCl,
1.5 mM MgCl,, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM dithiothreitol,
0.5 mM PMSF, 1 mM sodium orthovanadate, 2 pg/ml aprotinin, 2 pg/ml
leupeptin and 10 mM HEPES-KOH, pH 7.8) and were allowed to swell
on ice for 15 min. Next, 25 pl of a 10% Nonidet NP-40 solution (final con-
centration approximately 0.6%) was added, and the tubes were vigorously
vortexed for 10 s. The homogenates were centrifuged at 12,000 xg for
10 min at 4 °C. The supernatants were stored as cytoplasmic extracts
and kept at —70 °C. The nuclear pellets were resuspended in 50 pl of
an ice-cold hypertonic solution containing 5% glycerol and 0.4 M NaCl
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lysis buffer. The tubes were incubated on ice for 30 min and then
centrifuged at 12,000 xg for 15 min at 4 °C. The supernatants were col-
lected as the nuclear extracts and stored at —70 °C. Protein concentra-
tions were determined using the Bradford method according to the
manufacturer's instructions (Bio-Rad Laboratories, Hercules, CA, USA).

2.6. Western blot for phospho-IkB and NF-KB levels

The cytosolic and nuclear extracts were mixed with sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sam-
ple buffer and boiled for 5 min. Samples (30 pg protein/well) were
loaded onto each lane of 12% SDS-polyacrylamide gel and transferred
onto polyvinylidene difluoride membranes (GE Healthcare Chalfont
St. Giles, Buckinghamshire, UK). Membranes were blocked for 2 h in
TBS (50 mM Tris-HCl, pH 7.5 and 150 mM NaCl) containing 0.1%
Tween 20 and 5% non-fat dried milk. Each membrane was labeled
with the appropriate antibody (NF-<B p65, NF-«B p50, phospho-
IkB-a, ERK 1/2 or B-actin) overnight at 4 °C with gentle agitation.
After 4 washes in TBS containing 0.1% Tween 20, the membranes
were incubated with horseradish peroxidase-conjugated anti-mouse
IgG for 2 h at room temperature. Membranes were treated with
SuperSignal® West Pico chemiluminescence substrate and protein
bands were visualized by detecting the enhanced chemiluminescence
in an appropriate image analyzer (Lite for Las-1000 plus version 1.1;
Fuji Photo Film Co., Tokyo, Japan).

2.7. Assay for DNA binding activity of NF-<B

The biding of NF-xB p65 to DNA was determined according to
the wuser's manual for the transAM™ NF-kB kit. HaCaT cells
(2 x 106 cells/ml) were treated with 10 ng/ml TNF-« for 15 min. Nucle-
ar extracts were prepared according to the procedure described in the
Active Motif® protocol and added to a 96-well plate to which oligonucle-
otides containing an NF-«B consensus binding site (5'-GGGACTTTCC-3")
are immobilized. The active NF-kB p65 bound to DNA was exposed to a
primary antibody specific for NF-kB p65, which was reacted with
anti-rabbit horseradish peroxidase-conjugated IgG. Next, the color
developer and stop solutions were added to the plate. The absor-
bance of samples was measured at 450 nm with a reference wave-
length of 655 nm in a microplate reader.

2.8. Enzyme-linked immunosorbent assays for ERK

HaCarT cells (1 x 106 cells/ml) were treated with TNF-o for 4 h.
Cells were harvested by centrifugation at 412 xg for 10 min, washed
twice with PBS and suspended in the lysis buffer provided by R&D
systems for whole cell lysates. The homogenates were centrifuged
at 2000 xg for 5 min and the supernatant was used for the ELISA.
The amounts of phosphorylated ERK1/2 were determined according
to the manufacturer's instructions for the immunoassays. The super-
natants were exposed first to the antibody for the phosphorylated
form of the kinase, next to the biotinylated detection antibodies,
and finally to streptavidin-horseradish-peroxidase. The absorbance
was measured at 405 nm.

2.9. Measurement of intracellular reactive oxygen species formation

The dye DCFH,-DA, which is oxidized to fluorescent dichlorofluorescin
(DCF) by hydroperoxides, was used to measure relative levels of cellular
peroxides [20]. HaCaT cells (1 x 10° cells/400 pl in 24-well plate) were
treated with TNF-a for 24 h at 37 °C. The cells were washed, suspended
in fetal bovine serum-free RPMI-1640, incubated with 50 uM dye for
30 min at 37 °C and washed with phosphate buffered saline. The cell
suspensions were centrifuged at 412 xg for 10 min and medium was
removed. The cells were dissolved with 1% Triton X-100 and fluorescence
was measured at an excitation wavelength of 485 nm and an emission

wavelength of 530 nm using a fluorescence microplate reader
(SPECTRAFLUOR, TECAN, Salzburg, Austria).

2.10. Statistical analysis

The data are expressed as the mean 4 SEM. Statistical analyses
were performed by one-way analysis of variance (ANOVA). When sig-
nificance was detected, the post hoc comparisons between the differ-
ent groups were made using Duncan's test for multiple comparisons.
A probability value of P < 0.05 was considered statistically significant.

3. Results
3.1. QGR inhibits production of inflammatory mediators

The effect of QGR on the production of cytokines and chemokines
in HaCaT cells exposed to TNF-a was investigated. Treatment with
1-25 pM QGR reduced the TNF-a-induced productions of IL-13 and
IL-6 in a concentration-dependent manner (Fig. 2). At 15 uM, QGR
inhibited the cytokine production by approximately 58-63%. Treatment
with QGR alone, up to 25, did not induce cytokine production in cells
not treated with TNF-o.. We examined the effect of corticosteroid dexa-
methasone and immunosuppressant cyclosporine A on the cytokine
production and compared the effect of two drugs with that of QGR.
Treatment with 5 tM dexamethasone and 0.5 nM cyclosporine A attenu-
ated the TNF-ai-induced productions of cytokines, which was somewhat
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Fig. 2. Effect of QGR on cytokine production. HaCaT cells were pre-treated with 1-25 uM
QGR for 20 min and exposed to 10 ng/ml TNF-c in combination with QGR for 24 h. Then
the amounts of IL-13 (A) and IL-6 (B) were measured by using ELISA. Data represent
mean 4+ SEM (n = 6). "P<0.05 compared to control and *P < 0.05 compared to
TNF-ot alone.
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less than the effect of 15 M QGR (Fig. 3). Next, we examined whether
the TNF-a-induced production of inflammatory mediators was mediated
by the ERK and NF-kB signaling pathways. Treatment with 2.5 pM Bay
11-7085 (an irreversible inhibitor of IkB-o¢ phosphorylation) or 0.5 uM
ERK inhibitor reduced the TNF-a-induced production of cytokines
(Fig. 3). Alone, the inhibitors did not induce cytokine production.

The effect of QGR on the TNF-a-induced production of chemokines
was examined. QGR attenuated the TNF-a-induced production of CCL17
and CCL27 in a concentration-dependent manner (Fig. 4). At 15 pM,
QGR inhibited the chemokine production by approximately 54-55%. As
observed in the cytokine production, treatment with 5 uM dexametha-
sone or 0.5 nM cyclosporine A attenuated the TNF-a-induced produc-
tions of chemokines, which was somewhat less than the effect of 15 pM
QGR (Fig. 5). Next, the involvement of the ERK and NF-kB signaling path-
ways in the TNF-a-induced production of chemokines was examined.
Treatment with Bay 11-7085 or ERK inhibitor reduced the TNF-a-
induced production of chemokines (Fig. 5). Alone, the inhibitors did not
induce chemokine production.

3.2. QGR inhibits activation of NF-xB

We measured whether the effect of QGR on the TNF-a-induced pro-
duction of inflammatory mediators in HaCaT cells resulted from altered
NF-KkB activation. Treatment with TNF-a produced an increase in NF-<B
p65, NF-kB p50 and phospho-IkB levels in HaCaT cells (Fig. 6A). Treat-
ment with QGR, dexamethasone, Bay 11-7085 or ERK inhibitor attenu-
ated TNF-a-induced IkB-o phosphorylation and NF-<B activation.
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Fig. 3. Effect of dexamethasone, Bay 11-7085 and ERK inhibitor on cytokine production.
HaCaT cells were pre-treated with compounds (15 puM QGR, 5 uM dexamethasone,
0.5 nM cyclosporine A, 2.5 uM Bay 11-7085 or 0.5 uM ERK inhibitor) for 20 min and ex-
posed to 10 ng/ml TNF-« in combination with compounds for 24 h. Then the amounts of
IL-1( (A) and IL-6 (B) were measured. Data represent mean + SEM (n = 6). *P < 0.05
compared to control and *P < 0.05 compared to TNF-« alone.
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Fig. 4. Effect of QGR on chemokine production. HaCaT cells were pre-treated with 1-25 pM
QGR for 20 min and exposed to 10 ng/ml TNF-« in combination with QGR for 24 h. Then
the amounts of CCL17 (A) and CCL27 (B) were measured by using ELISA. Data represent
mean + SEM (n = 6). TP < 0.05 compared to control; and *P< 0.05 compared to
TNF-o alone.

The inhibitory effect of QGR on TNF-a-induced NF-KB activation was
confirmed by monitoring the binding of NF-xB to DNA. Non-stimulated
cells exhibited a small increase in NF-xB-DNA binding activity. TNF-o
produced a marked increase in the NF-kB-DNA binding activity, which
was attenuated by the addition of QGR, dexamethasone, cyclosporine
A, Bay 11-7085 or ERK inhibitor (Fig. 6B).

3.3. QGR inhibits ERK activation

Whether the TNF-a-induced production of inflammatory media-
tors was regulated by ERK pathway was examined. The TNF-a-
induced activation of ERK was confirmed by the preventive effect of
specific ERK inhibitor. Treatment with QGR, dexamethasone, cyclo-
sporine A or ERK inhibitor attenuated the TNF-a-induced increase in
the phospho-ERK1/2 levels and the phosphorylation of ERK (Fig. 7).
Compounds alone did not induce phosphorylation of ERK.

3.4. QGR inhibits formation of reactive oxygen species

The effect of QGR on the formation of reactive oxygen species as the
response of stimulated keratinocytes was examined. The formation of
reactive oxygen species within cells was determined by monitoring a
conversion of DCFH,-DA to DCF. HaCaT cells treated with TNF-a for
24 h showed a significant increase in DCF fluorescence, which was
inhibited by the addition of 1 mM thiol compound N-acetylcysteine or
30 uM trolox (a scavenger of hydroxyl radicals and peroxynitrite) or


image of Fig.�3
image of Fig.�4

CS. Lee et al. / International Immunopharmacology 16 (2013) 481-487 485

>

e [3,] ]
o (=] o
L L )

CCL17 (pg/ml)
&8

20 4
m*ﬂﬂﬂﬂﬂﬂ
'?‘+ P ol Q Popial®
oo el et
B
25
20 4
E 15
a
I~
N 10
Q
Q
S'HHHHHH

0
Q\‘ oo e «V\QOG?‘ %‘“@Qg““

Fig. 5. Effect of dexamethasone, Bay 11-7085 and ERK inhibitor on chemokine produc-
tion. HaCaT cells were pre-treated with compounds (15 uM QGR, 5 uM dexametha-
sone, 0.5 nM cyclosporine A, 2.5 pM Bay 11-7085 or 0.5 pM ERK inhibitor) for
20 min and exposed to 10 ng/ml TNF-o¢ in combination with compounds for 24 h.
Then the amounts of CCL17 (A) and CCL27 (B) were measured. Data represent
mean + SEM (n = 6). TP <0.05 compared to control; and *P < 0.05 compared to
TNF-«x alone.

100 pM ascorbic acid (Fig. 8A). We examined whether the TNF-o-
induced formation of reactive oxygen species was regulated by the
ERK and NF-kB pathways. Except cyclosporine A, treatment with
QGR, dexamethasone, Bay 11-7085 or ERK inhibitor attenuated the
TNF-a-induced increase in DCF fluorescence (Fig. 8B).

4. Discussion

Quercetin and its derivatives have been shown to have anti-
inflammatory and anti-oxidant effects. Nevertheless, they exhibit a var-
iable effect on the cytokine production and cell damage induced by
toxic insults [ 14,16-18]. In addition, the effect of a new quercetin deriv-
ative QGR on the TNF-a-stimulated production of inflammatory medi-
ators, which may be involved in the skin inflammation and immune
response, has not been studied. Therefore, in order to evaluate the effect
and action of QGR as a preventive compound in the disease process of
inflammatory skin diseases, we investigated the effect of QGR on stim-
ulated responses in keratinocytes. The cytokine TNF-a stimulates the
production of other cytokines, such as IL-1(3 and IL-6, and chemokines,
such as CCL2/MCP-1 and CCL27 in keratinocytes [1,3,21]. Consistent
with these reports, the HaCaT cells treated with TNF-a produced a sig-
nificant amount of IL-1f3, IL-6, CCL17 and CCL27. Proinflammatory cyto-
kines elicit the amplification and persistence of inflammatory and
immune responses in skin [1]. Chemokines are involved in the recruit-
ment of T cells into skin and in the induction of skin inflammation [1].
Therefore, we examined changes in the levels of CCL17 and CCL27 as
these chemokines are well expressed in keratinocytes exposed to
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Fig. 6. Effect of QGR on NF-kB activation. HaCaT cells were pre-treated with com-
pounds (15 pM QGR, 5uM dexamethasone, 0.5 nM cyclosporine A, 2.5 pM Bay
11-7085 or 0.5 pM ERK inhibitor) for 20 min and exposed to 10 ng/ml TNF-ot in com-
bination with compounds for 15 min. In A, The levels of NF-kB p65, NF-xB p50 and
phospho-IkB-a« were analyzed by western blotting with antibodies for NF-«B p65,
NF-kB p50, phospho-IkB-a and 3-actin. Data are representative of three different ex-
periments. In B, the NF-xB DNA binding activity was measured by assay kit. Data rep-
resent mean + SEM (n = 3). TP < 0.05 compared to control; and *P < 0.05 compared
TNF-ax alone.

proinflammatory cytokines [1,21,22]. In this study, QGR significantly
inhibited the TNF-a-induced production of cytokines and chemokines
in HaCaT cells. These results suggest that QGR may reduce the infiltration
of T cells and neutrophils into skin through the inhibition of chemokine
production. QGR may prevent the cytokine- and chemokine-mediated
immune cell function and inflammatory reaction. The inhibitory effect
of QGR at the designated concentrations on the production of inflam-
matory mediators was similar to those of dexamethasone and cyclo-
sporine. This finding suggests that QGR may exhibit an inhibitory
effect on the production of inflammatory mediators compatible with
those of immune suppressants.

It is unclear whether the effect of QGR on the TNF-a-stimulated pro-
duction of inflammatory mediators is mediated by its effect on the
NF-kB activation. In this respect, we investigated alterations of the
NF-kB activation. TNF-a binds to the TNF receptor-1 and activates the
NF-«B, which regulates the transcription genes involved in immune
and inflammatory responses [23,24]. The aberrant activation of NF-xB
in both keratinocytes and lymphocytes may be involved in the develop-
ment of inflammatory skin diseases [25]. The basal NF-kB-DNA binding
activity in peripheral blood mononuclear cells was found to be signifi-
cantly higher in atopic eczema patients than healthy age-matched con-
trol patients [26]. TNF-a induces production of cytokines, chemokines
and reactive oxygen species in keratinocytes through the activation of
NF-kB [11,23,27]. The phosphorylation and proteolytic degradation of
IkB induce the release of NF-«kB dimers [28]. The translocation of active
NF-kB dimers to the nucleus elicits the activation of specific target
genes. In this study, TNF-a increased phospho-IkB and NF-«B p65/50
levels, and induced the binding of NF-xB to DNA in HaCaT cells. In agree-
ment with previous reports, TNF-a treatment increased the phospho-
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Fig. 7. Effect of QGR on activation of ERK. In A, HaCaT cells were treated with 10 ng/ml
TNF-at in the presence of compounds (15 pM QGR, 5 pM dexamethasone, 0.5 nM cy-
closporine A or 0.5 pM ERK inhibitor) for 4 h. The levels of phosphorylated-ERK and
total ERK were analyzed by western blotting (A) and ELISA (B). Data for A representa-
tive of three to four different experiments and data for B represent the mean + S.E.M,,
n = 5-6. TP < 0.05 compared to control; and *P < 0.05 compared to TNF-« alone.

IkB and NF-kB p65/50 levels, and the binding of NF-<B to DNA in
keratinocyes. These results and the inhibitory effect of Bay 11-7085 sug-
gest that the TNF-a-induced inflammatory mediator production may
be mediated by NF-xB pathway activation, i.e., the nuclear translocation
and specific DNA binding of activated NF-<B dimers. Then, we examined
whether the preventive effect of QGR on the TNF-a-induced production
of inflammatory mediators in HaCaT cells was due to an inhibitory effect
on NF-«B activation. The results suggest that QGR may inhibit the
TNF-a-induced production of inflammatory mediators by suppressing
the activation of the NF-kB. The transcription of the proinflammatory
genes leads to the production of mRNAs responsible for the synthesis
of cytokines and chemokines [7,29]. NF-kB regulates the transcription
genes involved in the inflammatory response [7]. Based on these re-
ports, QGR may inhibit the TNF-a-induced production of inflammatory
mediators by suppressing the production of mRNAs responsible for pro-
ducing chemokines and cytokines. The inhibitory effect of dexametha-
sone and cyclosporine suggests that they inhibit the production of
inflammatory mediators by suppressing the activation of the NF-kB.
The QGR may exhibit an inhibitory effect on the NF-kB activation com-
patible with immune suppressants.

Proinflammatory cytokines induce NF-kB activation by activating the
Ras/Raf/MEK/ERK pathway [5,6]. Therefore, we examined whether
TNF-a-induced NF-KB activation and subsequent production of inflam-
matory mediators in HaCaT cells was mediated by ERK activation. In
this study, HaCaT cells exposed to TNF-a had activated (phosphorylat-
ed) ERK. The result suggests that TNF-« induces activation of NF-kB by
activating the ERK pathway. The inhibitory effect of QGR on the phos-
phorylation of ERK suggests that QGR may inhibit the TNF-a-induced
production of inflammatory mediators by suppressing NF-B activation,
which is regulated by the ERK pathway. The inhibitory effect of dexa-
methasone and cyclosporine suggests that they inhibit the production
of inflammatory mediators by suppressing the activation of the ERK-
mediated NF-xB. The QGR may exhibit an inhibitory effect on the ERK
pathway compatible with immune suppressants.
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Fig. 8. Effect of QGR on formation of reactive oxygen species. HaCaT cells were treated with
treated with 10 ng/ml TNF-« in the presence of compounds (1 mM N-acetylcysteine,
30 uM trolox, 100 pM ascorbic acid, 15 uM QGR, 5 tM dexamethasone, 0.5 nM cyclospor-
ine A, 2.5 M Bay 11-7085 or 0.5 pM ERK inhibitor) for 24 h. Then, the changes in DCF fluo-
rescence, which indicates formation of reactive oxygen species formation, were measured
and data are expressed as arbitrary units (a.u.) of fluorescence. Data represent
mean + SEM (n = 6). TP <0.05 compared to control; and *P < 0.05 compared
TNF-a alone.

Reactive oxygen species are suggested to be involved in the
TNF-a-induced signaling pathways [9,27]. Reactive oxygen species
elicit the activation of NF-xB [8,11,12]. Therefore, we investigated
the formation of reactive oxygen species in the TNF-a-stimulated
keratinocytes, which may be involved in the NF-<B activation. Treat-
ment with TNF-« elicited the formation of reactive oxygen species in
HaCaT cells, which was inhibited by the addition of oxidant scavengers
N-acetylcysteine, trolox and ascorbic acid, and QGR. N-Acetylcysteine is
suggested to inhibit the TNF-a-induced cytokine production by sup-
pressing reactive oxygen species formation [27,30]. Therefore, the
TNF-a-induced activation of the ERK and NF-<B pathways may be
achieved by formation of reactive oxygen species. QGR may prevent
the TNF-a-induced production of proinflammatory mediators by sup-
pressing the ERK and NF-«B pathways that is regulated by reactive
oxygen species. In contrast to QGR, the cyclosporine A may attenuate
the ERK and NF-kB pathways-mediated production of inflammatory
mediators without the mediation of reactive oxygen species.

A previous report suggests there is a mutual cross-talk reaction be-
tween formation of reactive oxygen species and activation of NF-xB
[31]. It has been shown that inhibition of NF-<B may attenuate oxidative
stress and improve cardiac mitochondrial structural integrity [32]. In this
study, ERK inhibitor and Bay 11-7085 attenuated the TNF-a-induced for-
mation of reactive oxygen species. On the basis of the previous reports,
the results suggest that the TNF-a-induced production of reactive
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oxygen species may be mediated by activation of the ERK and NF-xB
pathways.

Overall, the results show that QGR may attenuate TNF-ot-stimulated
inflammatory mediator production in HaCaT cells by suppressing the
activation of the ERK-mediated NF-xB pathway that is mediated by
reactive oxygen species. Additionally, QGR may exhibit a preventive ef-
fect against the proinflammatory mediator-induced skin diseases by
inhibiting the activation of the ERK and NF-kB pathways.
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