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Abstract

Aromadendrin, a flavonol, has been reported to possess a variety of pharmacological activities such as anti-inflammatory, anti-
oxidant, and anti-diabetic properties. However, the underlying mechanism by which aromadendrin exerts its biological activity has
not been extensively demonstrated. The objective of this study is to elucidate the anti-inflammatory mechanism of aromadedrin in
lipopolysaccharide (LPS)-stimulated RAW 264.7 macrophage cells. Aromadendrin significantly suppressed LPS-induced exces-
sive production of pro-inflammatory mediators such as nitric oxide (NO) and PGE,. In accordance, aromadendrin attenuated LPS-
induced overexpression iINOS and COX-2. In addition, aromadendrin significantly suppressed LPS-induced degradation of 1B,
which sequesters NF-kB in cytoplasm, consequently inhibiting the nuclear translocation of pro-inflammatory transcription factor NF-
«B. To elucidate the underlying signaling mechanism of anti-inflammatory activity of aromadendrin, MAPK signaling pathway was
examined. Aromadendrin significantly attenuated LPS-induced activation of JNK, but not ERK and p38, in a concentration-depen-
dent manner. Taken together, the present study clearly demonstrates that aromadendrin exhibits anti-inflammatory activity through
the suppression of nuclear translocation of NF-kB and phosphorylation of JNK in LPS-stimulated RAW 264.7 macrophage cells.
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INTRODUCTION Flavonoids have been widely reported to exhibit various phar-

macological activities including anti-inflammatory, anti-oxidant,
Macrophages play essential roles in host defense against anti-tumor, and neuroprotective properties (Havsteen, 1983;

bacterial infection (Rehman et al., 2012). Macrophages or- Dixon and Steele, 1999). Aromadendrin has been reported to
chestrate the innate immunity response to infection by ex- possess a variety of biological properties such as anti-inflam-
pressing various inflammatory cytokines such as TNF-a, IL-1, matory activity (Zhang et al., 2006), radical scavenging activity
NO, and PGE, (Kim et al., 2012). The most common cause of (Lee et al., 2009), and anti-tumor activity (Kwak et al., 2009).
macrophage activation is an exposure to LPS, the principal Recently, it has been reported that aromadendrin possesses
component of the outer membrane Gram-negative bacteria anti-diabetic activity by stimulating glucose uptake and amelio-
(Rietschel and Brade, 1992). However, aberrantly over-acti- rating insulin resistance (Zhang et al., 2011). In addition, it has
vated macrophages have also been attributed to detrimental been also reported that aromadendrin derivatives exhibit vari-
responses in inflammatory diseases including sepsis, septic ous biological activities such as anti-proliferative (Duh et al.,
shock, or systemic inflammatory response syndrome (Rackow 2012) and osteogenic actions (Swarnkar et al., 2011). Howev-
and Astiz, 1991; Shapiro et al., 2010). Therefore, suppression er, the underlying mechanism by which aromadendrin exerts
of aberrant activation of macrophage may have valuable ther- its pharmacological activity, especially anti-inflammatory, has
apeutic potential for the treatment of inflammatory diseases not been clearly demonstrated. Aromadendrin has been re-
such as sepsis. ported to be present in various medicinal herbs including Chi-
Aromadendrin is a flavonol, which is a type of flavonoids. onanthus retusus (Kwak et al., 2009), Cudrania tricuspidata
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(Lee et al., 2009), Populus davidiana (Zhang et al., 2006), and
Gelditsia sinensis (Zhang et al., 2011). Aromadendrin, used in
the present study, was isolated from the heartwood of Hemip-
telea davidii (Chang et al., 2004).

In the present study, to provide a novel pharmacological
agent that could suppress aberrantly activated macrophages,
the anti-inflammatory activity of aromadendrin and its underly-
ing mechanism were elucidated in LPS-stimulated RAW 264.7
macrophage cells.

MATERIALS AND METHODS

Reagents and cell culture

Bacterial lipopolysaccharide (LPS) from Escherichia coli
serotype 055:B5 was purchased from Sigma-Aldrich (St. Lou-
is, MO, USA). Aromadendrin was isolated and identified from
Hemiptelea davidii (Fig. 1) (Chang et al., 2004). Aromaden-
drin was dissolved in dimethyl sulfoxide (DMSO) and added
to the cell culture at the desired concentrations. The mac-
rophage RAW 264.7 cell line was maintained in Dulbecco's
modified 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
indicated concentration of Aromadendrin 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. RAW 264.7
macrophage cells were seeded at 5x10° cells per well and in-
cubated with aromadendrin 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 aromadendrin-
pretreated RAW 264.7 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 ab-
sorbance was read at 540 nm. The results were expressed as
a percentage of released NO from LPS-stimulated RAW 264.7
cells. To prepare a standard curve, sodium nitrite was used to
prepare a standard curve.

Fig. 1. Chemical structure of aromadendrin.
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Isolation of nuclear extract

The isolation of the nuclear fraction was performed accord-
ing to the protocol of NF-kB activation assay kits (FIVE pho-
ton).

Western blot analysis

The RAW 264.7 macrophage cells were pretreated with
aromadendrin for 1 hr and stimulated with LPS. Cells were
washed with PBS and lysed in PRO-PREP lysis buffer (iN-
tRON Biotechnology, Seongnam, Korea). Equal amounts
of protein were separated on 10% SDS-polyacrylamide gel.
Proteins were transferred to Hypond PVDF membrane (Am-
ersham Biosciences, Piscataway, NJ, USA) and blocked in
5% skim milk in TBST for 1 hr at room temperature. Specific
antibodies against inducible NO synthase (iNOS), COX-2,
extracellular signal-regulated kinase (ERK), phosphorylated
(p)-ERK, p38, p-p38, c-Jun N-terminal kinase (1:1,000; Cell
signaling Technology), IkB-a (1:1,000; Santa Cruz Biotechnol-
ogy Inc), and B-actin (1:2,500; Sigma) were diluted in 5% skim
milk. After thoroughly washing with TBST, horseradish per-
oxidase-conjugated secondary antibodies were applied. The
blots were developed by the enhanced chemiluminescence
detection (Amersham Biosciences).

RNA isolation and reverse transcription-polymerase chain
reaction (RT-PCR)

The RAW 264.7 macrophage cells were treated with aro-
madendrin in the absence or presence of LPS (200 ng/ml)
for 6 hr. Total RNA was isolated using the Total RNA Extrac-
tion Kit (iINtRON Biotechnology, Inc, USA) according to the
manufacturer's instruction. The total RNA (2 pg) obtained
from cells was reverse-transcribed using oligo-(dT) 15 primers
(Promega, Madison, WI, USA). PCR amplification conditions
using primer sets specific for INOS, COX-2 and B-actin were
optimized for each pair of primers. PCR primers were as fol-
lows: mouse iINOS forward, 5-TCCTACACCACACCAAAC-3’;
iNOS reverse, 5-CTCCAATCTCTGCCTATCC-3’; COX-2 for-
ward, 5-CTTCACGCATCAGTTTTTCAAG-3’; COX-2 reverse,
5-TCACCGTAAATATGATTTAAGTCCAC-3’; GAPDH forward,
5'-ACCCAGAAGACTGTGGAT-3’; GAPDH reverse, 5-TCGTT-
GAGGGCAATGCCA-3'. Parallel PCR analysis was run for the
house keeping gene GAPDH to normalize data for differences
in MRNA quantity and integrity. PCR products were separated
on agarose gel.

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

Aromadendrin inhibits NO and PGE, production in LPS-
stimulated RAW 264.7 macrophage cells

Given the previous reports that pro-inflammatory mediators
such as NO and PGE, play key roles in the progression of in-
flammation (Ock et al., 2009; Lee et al., 2012), the inhibitory ef-
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fects of aromadendrin on NO and PGE, release in LPS-stimu-
lated RAW 264.7 macrophage cells. Cells were incubated with
aromadendrin (10, 50, 100, or 200 uM) for 1 hr prior to LPS
treatment (200 ng/ml) LPS. LPS markedly increased NO and
PGE, production in RAW 264.7 cells. However, aromadendrin
significantly inhibited NO and PGE, release in LPS-stimulated
RAW 264.7 cells in concentration dependent manners (Fig. 2
Aand B). Furthermore, to examine the anti-inflammatory mag-
nitude of aromadedrin, inhibitory potency of aromadendrin on
LPS-induced NO production was compared to prototype flavo-

Il Aromadendrin
30 - 1 Wogonin
4 1 Quercetin
25

20 1
154
104
5
0-

- - 10 25 50 100200 25 25 (uM)
LPS (200 ng/ml)

Nitrite (uM)

Il Aromadendrin
|:| Wogonin
i Quercetin

PGE2 (pg/m

- - 10 50 100200 25 25 (uM)
LPS (200 ng/ml)

120

100
80
60
40 1
20 1

100 200
Aromadendrin (uM)

Cell viability (% of control)

o
1

Fig. 2. Effects of aromadendrin on LPS-induced overproduction of
NO (A) and PGE, (B) in RAW 264.7 macrophage cells. RAW 264.7
cells were pretreated with various concentrations of aromaden-
drin for 1 hr before incubation with LPS (200 ng/ml) for 24 hr. The
level of nitrite and PGE, were measured using Griess reagent and
ELISA assay, respectively. Aromadendrin significantly suppressed
LPS-induced NO and PGE, production in concentration-dependent
manners. (C) Effect of aromadendrin on the viability of RAW 264.7
cells. No noticeable cell death was observed with aromadendrin
concentrations used in the present study. The data are expressed
as mean = S.D. (n=3), and representative of three independent
experiments. *p<0.05 and **p<0.01 indicate statistically significant
differences from treatment with LPS alone. #p<0.01 indicates sta-
tistically significant differences between indicated groups.

http://dx.doi.org/10.4062/biomolther.2013.023

noids, such as wogonin and quercetin (Fig. 2A). Although aro-
madendrin significantly attenuated LPS-induced NO produc-
tion in a concentration-dependent manner, the inhibitory effect
of aromadendrin was less potent than those of wogonin and
quercetin. In addition, aromadendrin showed no significant cy-
totoxicity in concentration ranges used in the study (Fig. 2C).

Aromadendrin inhibits LPS-induced mRNA and protein
expressions of iNOS and COX-2

As aromadendrin inhibited LPS-induced NO and PGE,
production in RAW 264.7 cells (Fig. 2), whether the suppres-
sion of NO and PGE, were attributable to downregulation of
iINOS and COX-2 expression was examined in the presence
or absence of aromadendrin. LPS stimulation of the RAW
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Fig. 3. Effects of aromadendrin on LPS-induced iNOS and COX-2
protein (A) and mRNA (B) expressions in RAW 264.7 cells. (A) The
cell lysates were subjected to SDS-PAGE, and then protein levels
of INOS and COX-2 were determined by Western blot analysis.
Aromadendrin significantly attenuated LPS-induced overexpres-
sion of INOS and COX-2. (B) After LPS treatment for 6 hr, total
mRNA levels of INOS and COX-2 were examined by RT-PCR.
GAPDH was used as an internal control. Aromadendrin signifi-
cantly suppressed LPS-induced iNOS and COX-2 expression in
concentration-dependent manners. Images are representative of
three independent experiments that shows reproducible results.
ARD stands for aromadendrin.



264.7 cells strongly upregulated iINOS and COX-2 protein
levels. Pretreatment of aromadendrin resulted in a significant
decrease in LPS-induced iNOS and COX-2 overexpression
levels in a concentration-dependent manner (Fig. 3A). Consis-
tent with the decrease of protein levels, LPS-induced up-regu-
lation of INOS and COX-2 mRNA expression was significantly
attenuated with aromadendrin (Fig. 3B), indicating that attenu-
ated release of NO and PGE, is due to decreased expression
of their responsible genes by aromadendrin.

Aromadendrin inhibits IxB degradation and NF-«B trans-
location in in LPS-stimulated RAW 264.7 cells

Activation of the transcription factor NF-xB has been re-
ported to result in the increased transcription of pro-inflam-
matory mediators including iNOS and COX-2 (Baldwin, 1996;
Moynagh, 2005). IkB has been demonstrated to inhibit nuclear
translocation of NF-kB by retaining it in cytoplasm (Kim et al.,
2012; Rehman et al., 2012). It has been also reported that
LPS causes activation of kB kinases, which phosphorylate
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Fig. 4. Effect of aromadendrin on IkB-o degration (A) and p65
translocation (B) to the nucleus in LPS-stimulated RAW 264.7
macrophage cells. Total cell lysates obtained 15 and 60 min after
the LPS stimulation were subjected to Western blotting to measure
the levels of lkB-a degradation (A) and p65 translocation (B). Data
from triplicate determination are shown (mean + S.D.). *p<0.05 and
**p<0.01 indicate statistically significant differences from treatment
with LPS alone. ARD stands for aromadendrin.
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IxB and then lead to proteasomal degradation of IxB (Baeuerle
and Baichwal, 1997). Therefore, in the present study, whether
aromadendrin could suppress LPS-induced IkB degradation
was examined. LPS treatment resulted in obvious degrada-
tion of IkB. However, aromadendrin significantly attenuated
LPS-induced degradation of 1B in a concentration-dependent
manner (Fig. 4A). Furthermore, whether aromadendrin could
prevent nuclear translocation of the p65 subunit of NF-xkB was
examined. LPS treatment caused a significantly increased nu-
clear translocation of NF-kB. However, aromadendrin resulted
in a significant reduction of LPS-induced nuclear translocation
of NF-kB in a concentration-dependent manner (Fig. 4B).

Aromadendrin inhibits the phosphorylation of JNK in
LPS-stimulated RAW 264.7 cells

It has been previously reported that MAP kinase signaling
pathway is implicated in the LPS-induced inflammatory re-
sponses (Guha and Mackman, 2001; Rushworth et al., 2005).
In the present study, MAP kinase pathway was examined to
understand the underlying signaling mechanism by which aro-
madendrin exhibits its anti-inflammatory activity. The effect
of aromadendrin on LPS-stimulated phosphorylation of JNK,
ERK, and p38 kinase in RAW 264.7 macrophage cells was
determined. Cells were pretreated with aromadendrin at in-
dicated concentrations (10, 50, 100, and 200 uM), and then
were treated with LPS (200 ng/ml) for 30 min. Aromadendrin
significantly suppressed the LPS-induced phosphorylation of
JNK in a concentration-dependent manner in RAW 264.7 cells
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Fig. 5. Effect of aromadendrin on LPS-induced MAPK signal-
ing pathway in RAW 264.7 macrophage cells. RAW 264.7 cells
were stimulated with 200 ng/ml LPS in the absence or presence
of aromadendrin. Western blot analysis was then performed to
evaluate the activation of MAP kinase signaling pathway. LPS-
induced phosphorylation of JNK was significantly attenuated with
aromadendrin treatment, but phosphorylation of ERK and p38 was
not decreased with aromadendrin treatment, suggesting that JNK
signaling might play a key role in the LPS-induced overactivation of
RAW 264.7 cells. B-Actin was used as an internal control. Images
are representative of three independent experiments that shows
reproducible results. ARD stands for aromadendrin.
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(Fig. 5). However, no significant attenuation of ERK and p38
phosphorylation was observed with aromadendrin. The data
strongly suggest that JNK signaling plays a key role in LPS-
induced inflammatory response in RAW 264.7 cells.

DISCUSSION

The present study clearly demonstrated that aromadendrin
suppresses inflammatory responses through the suppression
of nuclear translocation of NF-kB and phosphorylation of JNK
in LPS-stimulated RAW 264.7 macrophage cells. Aromaden-
drin significantly inhibited LPS-stimulated excessive produc-
tion of NO and PGE, with the suppression of their respon-
sible proteins, INOS and COX-2, respectively. Aromadendrin
also attenuated LPS-induced |kB degradation, nuclear NF-xB
translocation, and JNK phosphorylation.

Aromadendrin, [(2R,3R)-3,5,7-trihydroxy-2-(4-hydroxyphe-
nyl)-2,3-dihydrochromen-4-one], has been reported to pos-
sess pharmacological properties such as anti-inflammatory
(Zhang et al., 2006) and anti-oxidant (Lee et al., 2009) actions.
However, the underlying mechanism by which aromadendrin
exerts its anti-inflammatory activity has not been extensively
elucidated. The present study demonstrated that aromadenrin
exerts its anti-inflammatory properties in LPS-induced RAW
264.7 macrophage cells through the suppression of LPS-in-
duced IkB degradation, nuclear NF-«B translocation, and JNK
activation.

Although macrophages play essential roles in innate immu-
nity for the host defense against infections (Rehman et al.,
2012), macrophages also play a key role in sepsis by pro-
ducing pro-inflammatory mediators, expression of adhesion
molecules and coagulation factors, phagocytosis, and cyto-
skeletal rearrangement (Sweet and Hume, 1996). It has been
reported that aberrantly activated macrophages are implicat-
ed in the pathogenesis of many infection-associated disorders
including sepsis and septic shock (Rackow and Astiz, 1991;
Shapiro et al., 2010). Therefore, regulation of aberrant macro-
phage activation may have valuable therapeutic potential for
the treatment of inflammatory diseases such as sepsis. It has
been reported that LPS activates gene transcription by bind-
ing to its membrane receptor in macrophages, TLR4, which
induces signal transcription pathways leading to the phos-
phorylation of kinases such as IkB kinases, protein kinase
C, PI3K, and MAPKSs. Subsequently, these kinases activate
various transcription factors such as NF-kB and AP-1 families
(O'Connell et al., 1998; Guha and Mackman, 2001). In accor-
dance, the present study showed that aromadendrin resulted
in the significant attenuation of LPS-induced degradation of
IkB and nuclear NF-xB translocation. However, effects of
aromadendrin on other pro-inflammatory transcription factors
have not been studied. Therefore, further studies are neces-
sary to clearly understand the role of aromadendrin on various
inflammation-related transcription factors.

It has been reported that LPS is a potent activator of all
three MAPK pathways in human monocytic cells (Guha and
Mackman, 2001). Many studies have shown that LPS ac-
tivates ERK1/2, JNK, and p38 in macrophages (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
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study, LPS treatment exhibited increased phosphorylation of
all three MAPKs. However, aromadendrin selectively attenuat-
ed LPS-induced JNK activation in a concentration-dependent
manner. No noticeable changes were observed in phosphory-
lation of ERK and p38 with aromadendrin. Selective sup-
pression of JNK activation appeared to be sufficient to exert
anti-inflammatory effects of aromadendrin in RAW 264.7 cells,
suggesting that JNK pathway rather than ERK and p38 plays
a key role in pro-inflammatory responses in RAW 264.7 cells.

NF-«xB is a major transcription factor for the expression of
pro-inflammatory mediators such as iINOS, IL-1f, and TNF-a.
(Siebenlist et al., 1994; Kuprash et al., 1995) and aberrant
activation of NF-xB and its downstream genes have been
implicated in various pathological conditions including sepsis
and autoimmune diseases (Karin et al., 2001; Li and Verma,
2002). LPS has been reported to cause the nuclear translo-
cation of NF-kB through 1kB degradation (Moon et al., 2007,
Zheng et al., 2008). Accordingly, the present study showed
that aromadendrin significantly attenuated LPS-induced IxB
degradation and nuclear translocation of NF-kB in LPS-in-
duced RAW 264.7 macrophages.

In conclusion, the present data demonstrate that aromaden-
drin possesses anti-inflammatory activity such as suppression
of NO and PGE, production, and inhibition of nuclear transclo-
cation of NF-xB and phosphorylation of JNK in LPS-stimulat-
ed RAW 264.7 macrophage cells. The present study strongly
suggests that aromadendrin might be a valuable therapeutic
agent in the treatment of inflammation-related pathologies
including sepsis. However, further studies are necessary to
clearly elucidate the exact mechanism by which aromaden-
drin inhibits LPS-induced activation of JNK signaling pathway
and the possible crosstalk between NF-kB activation and JNK
signaling pathway.
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