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Abstract

Inflammation is a response of body tissues to injury and infection. Compounds that can inhibit
inflammation have been shown to have potential therapeutic clinical application. Gambogenic
acid (GEA) has potent antitumor and anti-inflammatory activities. Herein, the molecular mechanisms
of GEA's anti-inflammatory effect were investigated in lipopolysaccharide (LPS)-stimulated macro-
phage cells. The results showed that pretreatment with GEA could markedly inhibit interleukin
(IL)-1e, IL-1B, tumor necrosis factor-o, IFN-B, IL-12b, and IL-23a production in a dose-dependent man-
ner in LPS-induced model. Furthermore, this drug significantly reduced the release of nitric oxide
(NO), and impaired the protein level of inducible NO synthase and the cyclooxygenase 2. The finding
also showed that the effect of GEA may be related to the suppression of the nuclear factor-xB (NF-xB)
and mitogen-activated protein kinase (MAPK) signaling pathway. These results indicate that GEA
could suppress LPS-simulated inflammatory response partially by attenuating NO synthesis and
NF-xB and MAPK activation, suggesting that it may become a potent therapeutic agent for the
treatment of inflammatory diseases.
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Introduction

Inflammation is an innate immune response for elimination of harmful
particles, cell, and tissue injury. It acts as a key regulator in the patho-
genesis of many diseases, such as infection, arteriosclerosis, metabolic
disorders, and cancer [1]. The inflammation process is controlled by
several different immune cells such as macrophage, neutrophils, and
lymphocyte [2]. Macrophage plays a crucial role during inflammatory

response by producing a large quantity of inflammatory mediators
such as reactive oxygen species, nitric oxide (NO), and prostaglandin
E2 (PGE2), as well as proinflammatory cytokines such as tumor necro-
sis factor (TNF)-a, interleukin (IL)-6, IL-10, IL-1B, and monocyte
chemotactic protein-1 [3,4]. Previous studies have demonstrated that
these genes or factors might mediate the initiation and persistence of
inflammation, suggesting that proinflammatory is a promising target
for the treatment of inflammatory disorders [5,6].
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TLR4 is a member of the TLRs (Toll-like receptors) family, and
mainly interacts with and is activated by pathogen-associated molecu-
lar pattern [7]. Lipopolysaccharide (LPS), a major component of
gram-negative bacteria cell membrane, interacts with TLR4, leads to
the initiation of downstream signaling pathways such as phosphatidy-
linositol 3-kinase (PI3K)/AKT, nuclear factor-xB (NF-xB), mitogen-
activated protein kinases (MAPKs), and stimulates the secretion of
inflammation mediators [8]. Therefore, the inflammatory response
in LPS-induced macrophages is a useful model to screen the pharma-
cological effect of agents on inflammation.

Epidemiological studies have indicated that Chinese herbal trad-
itional medicines or their derivative products have anti-inflammatory
properties in disease prevention and treatment [9,10]. Parthenolide,
purified from the shoots of feverfew, attenuates the LPS-induced
production of cytokines such as NO, PGE2, IL-1B, and TNF-a, and
inhibits the activation of NF-xB and MAPKs in human and mouse
macrophages [11]. Epigallocatechin-3-gallate is the major polyphenol
component of green tea and has been shown to have anti-inflammatory
effect via inactivating the NF-kB and MAPKs pathways [12]. In add-
ition, antitumor agent curcumin significantly inhibits the release of
NO, PGE2, and proinflammatory cytokines in LPS-stimulated immune
cells [13]. It is urgent to develop new drugs from natural plants to
attenuate the production of inflammatory mediators and combat vari-
ous inflammatory diseases.

The genus Garcinia is known for its rich variety of oxygenated and
prenylated phenol derivatives. Gambogic acid is a major active com-
ponent of gamboge, which has been reported to have potent antican-
cer and anti-inflammatory activity [14,15]. It is authorized to be tested
in Phase I in 2004 and now in Phase II clinical trials [16]. Gambogenic
acid (GEA) is another important active ingredient isolated from
the resin of Garcinia hanburyi. The structure of GEA is shown in
Fig. 1A. It has potent anticancer activity via targeting various intracel-
lular signaling pathways associated with G1/S arrest, cell apoptosis,
and autophagy [17-21]. However, the anti-inflammatory activity
of GEA has not yet been clearly defined. In the present study, we
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Figure 1. Effect of GEA on the viability of J774A.1 cells (A) The chemical
structure of GEA. (B) J774A.1 cells were treated with GEA (0, 0.25, 0.5, 1.0,
and 1.5 uM) for 24 h. Cell viability was assessed by cell titer assay. Data are
from three independent experiments.

investigated the effects of GEA on LPS-induced inflammatory response
and further explored molecular mechanisms involved in its anti-
inflammatory activity in macrophages.

Materials and Methods

Chemicals and reagents

GEA was extracted from gamboges as previously described [18] and dis-
solved in dimethyl sulfoxide (Sigma, St Louis, USA) to make a stock so-
lution (20 mM) and stored at —20°C. LPS, Poly I:C, and anti-B-actin
antibody were purchased from Sigma. The primary antibodies including
anti-cyclooxygenase 2 (COX-2), anti-phosphor-IkBo (p-IkBa), anti-
IkBa, anti-phosphor-65 (p-p65), anti-p635, anti-extracellular signal
regulated kinase 1/2 (ERK1/2), anti-phosphor-ERK1/2 (p-ERK1/2),
anti-phosphor-JNK, anti-JNK, anti-phosphor-p38 (p-p38), anti-p38,
anti-phosphor-AKT (p-AKT), and anti-AKT antibodies were purchased
from Cell Signaling Technology (Beverly, USA). Rabbit monoclonal
antibody against inducible NO synthase (iNOS) was purchased from
Santa Cruz (Santa Cruz, USA).

Cell culture and treatment

J774A.1 cells were obtained from Shanghai Institutes for Biological
Sciences (Shanghai, China) and maintained in Dulbecco’s modified
Eagle’s medium (Gibco BRL, Gaithersburg, USA) supplemented
with 10% fetal bovine serum (FBS; Biological Industries, Beit Ahemeq,
Israel), 100 U/ml penicillin, 100 ug/ml streptomycin, and 2 mM
glutamine (Invitrogen, Carlsbad, USA). Human THP-1 cells were
grown in RPMI 1640 medium supplemented with 10% FBS and
50 uM 2-mercaptoethanol. THP-1 cells were differentiated for 3 h
with 100 nM phorbol-12-myristate-13-acetate (PMA). Murine primary
peritoneal macrophages were isolated from the mouse peritoneal cavity
[22]. The cells were then incubated for 6 h at 37°C and removed nonad-
herent cells. The remaining cells were used as the peritoneal macrophages
and cultured in RPMI 1640 medium supplemented with 10% FBS. All
cells were cultured in a humidified incubator at 37°C under 5% CO,.

Cell viability assay

J774A.1 cells were seeded at a density of 1 x 10° cells/well in 96-well
plates and treated with various concentrations of GEA (0, 0.25, 0.5,
1.0, and 1.5 pM) for 1 h, subsequently stimulated with LPS (2 pg/ml)
for another 16 h. After incubation for the indicated time, cell viability
assay was conducted by using a Cell Titer 96 AQueous One Solution
Cell Proliferation Assay (Promega, Madison, USA). Three duplicate
studies were performed for each experimental condition.

Enzyme-linked immunosorbent assay

Cells were seeded in 12-well plates and pretreated with GEA (0, 0.25,
0.5, 1.0, and 1.5 pM) for 1 h before treatment with LPS (2 pg/ml)
for 24 h. Supernatants were collected, and the concentration of
the proinflammatory cytokines was measured using enzyme-linked
immunosorbent assay (ELISA) kit according to the manufacturer’s in-
structions (eBioscience, San Diego, USA). Each sample was measured
and analyzed in triplicate.

NO assay

J774A.1 and murine primary peritoneal macrophage cells were seeded
in 12-well plates and pretreated with GEA (0, 0.25, 0.5, 1.0, and
1.5 pM) for 1 h before treatment with LPS (2 ug/ml) for 24 h. The
levels of nitrite, as an indicator of NO production, were measured in
the supernatants with Griess reaction (Beyotime Institute of Bio-
technology, Shanghai, China). The concentrations of NO, ™~ were de-
termined by a standard curve using NaNO, as standard.
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Real-time reverse transcription polymerase chain
reaction

Total RNA was isolated from cells by using the TRIzol reagent (Invi-
trogen) according to the manufacturer’s protocol. The first-strand
complementary DNA was synthesized using PrimeScript™ RT reagent
kit with gDNA Eraser (TaKaRa, Dalian, China). And real-time poly-
merase chain reaction (QRT-PCR) was performed using the SYBR Pre-
mix Ex Taq (TaKaRa). The primers are listed in Table 1. L32 was used
as the internal control. The amplifications were performed as follows:
94°C for 10 min and then 40 cycles of 94°C for 15's, 60°C for 30s,
and 72°C for 30 s.

Western blot analysis

Cells were seeded in 6-well plates and pretreated with GEA (0, 0.25,
0.5, 1.0, and 1.5 pM) for 1 h and then treated with LPS (2 pg/ml) for
1 h. After LPS stimulation, the cells were collected and washed twice
with PBS. The cell pellets were resuspended in lysis buffer containing
50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1%
sodium deoxycholate, 0.1% sodium dodecyl sulphate (SDS), 1 mM
Na3;VO,, 1 mM NaF, a cocktail of 1 mM phenylmethanesulfonyl
fluoride, and 1 mM protease inhibitors. The lysates were centrifuged

Table 1. Sequences of primers used in the study

Gene Sequence

IL12b Forward: 5-TGGTTTGCCATCGTTTTGCTG-3’
Reverse: 5'-ACAGGTGAGGTTCACTGTTTCT-3’

IL23a Forward: 5'-ATGCTGGATTGCAGAGCAGTA-3’
Reverse: 5'-ACGGGGCACATTATTTTTAGTCT-3’

IL10 Forward: 5'-GCTCTTACTGACTGGCATGAG-3’
Reverse: 5'-CGCAGCTCTAGGAGCATGTG-3’

IFN-B Forward: 5'-CAGCTCCAAGAAAGGACGAAC-3/,

Reverse: 5'-GGCAGTGTAACTCTTCTGCAT-3’
L32 Forward: 5'- TTAAGCGAAACTGGCGGAAAC-3’
Reverse: 5'-TTGTTGCTCCCATAACCGATG-3’

J774A1

0
GEA (M) 0 0 0.250.5 1.0 1.5
LPS (2 pg/ml)

C
LPS (2pg/ml) - + + + + +
GEA(uM) - - 0.2505 1.015
iNOS —— e -
COX-2 B —
B-actin —

at 12,000 g for 10 min at 4°C. Total protein concentrations were de-
termined by bicinchoninic acid (Thermo Fisher Scientific, USA). Sam-
ples were boiled at 100°C for 10 min and chilled on ice for 10s.
Proteins (20 pg) were separated on 10% SDS-polyacrylamide gel elec-
trophoresis gel and transferred onto the polyvinylidene fluoride mem-
brane. The membranes were incubated overnight with specific primary
antibodies at 4°C after being blocked with 5% nonfat milk. After being
washed three times with PBS containing 0.05% Tween 20 (PBST), the
membrane was incubated with horseradish peroxidase-conjugated sec-
ondary antibodies (Cell Signaling Technology) for 1 h at room tem-
perature, followed by three times wash with 0.05% Tween-20/PBST
and then detected by using a chemiluminescent substrate (Thermo
Scientific, Rockford, USA).

Statistical analysis

All experiments were performed three times. Data were presented as
mean = standard deviation (SD). Comparison between groups was
performed by analysis of variance, and P values of 0.05 or less were
considered statistically significant.

Results
Effect of GEA on J774A.1 cell viability

To assess the cytotoxic effect of GEA, cells were pretreated with vari-
ous concentrations of the drug (0, 0.25, 0.5, 1.0, and 1.5 uM) for 24 h
in the presence or absence of LPS (2 pg/ml), and the cell viability was
determined by cell titer assay. Data showed that GEA, at a concentra-
tion of <1.5 uM, did not affect the viability of J774A.1 cells (Fig. 1B).
Therefore, the concentrations under 1.5 uM (0, 0.25, 0.5, 1.0, and
1.5 uM) were selected for subsequent experiments.

Effect of GEA on LPS-induced NO production and the
expression of iINOS and COX-2 protein

To assess the effect of GEA on LPS-induced NO production in
J774A.1 cells, culture supernatant was harvested and nitrite levels
were measured. As shown in Fig. 2A, the concentration of nitrite in
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Figure 2. Effect of GEA on NO production and LPS-induced iNOS and COX-2 expression J774A.1 cells (A) and murine primary peritoneal macrophages (B) were
treated with indicated concentrations of GEA for 1 h before LPS (2 ug/ml) treatment. After 24 h of treatment, the amounts of NO in the culture supernatants were
measured. (C) The levels of iINOS and COX-2 protein were assessed by western blot analysis. B-Actin was used as an internal control. (D) The expression levels of
iNOS and COX-2 protein were normalized to B-actin. Data are representative of three independent experiments. *P<0.05, **P<0.01, and ***P<0.001 vs. LPS alone group.
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culture media of unstimulated cells was very low; however, the NO
production was markedly increased by 20 folds compared with
control after LPS stimulation for 24 h. Compared with the LPS
group, pretreatment of J774A.1 cells with GEA significantly inhibited
LPS-induced NO production in a dose-dependent manner (Fig. 2A).
The observed inhibitory effect of GEA on NO production was also
confirmed in murine primary peritoneal macrophages (Fig. 2B).

GEA has been shown to have inhibitory effect on NO production,
and NO was catalyzed by iNOS. Therefore, we speculated that
the anti-inflammatory effect of GEA might be related to the produc-
tion of NO. Western blot analysis showed that iNOS and COX-2
protein were hardly detectable in resting J774A.1 cells, but the level
of these proteins was markedly induced in response to LPS stimula-
tion, and GEA strongly suppressed the expression of these proteins
in a concentration-dependent manner (Fig. 2C,D).
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Figure 3. Effect of GEA on LPS-induced proinflammatory cytokines (A-D)
The J774A.1 cells were pretreated with GEA (0, 0.25, 0.5, 1.0, and 1.5 uM) for
1 h, followed by treatment with or without LPS (2 ug/ml) for 24 h. The levels
of IL-1¢, IL-18, TNF-0, and IL-6 were determined by ELISA. (E,F) The J774A.1
cells were treated with 2 ug/ml LPS in the absence or presence of GEA for
12 h. The levels of IFN-B, IL-12b, IL-23a, and IL-10 were measured by
qRT-PCR. (G) PMA-differentiated THP-1 cells were treated with GEA and then
stimulated with LPS for 24 h. The levels of released human IL-1B were analyzed
by ELISA. (H) The J774A.1 cells were pretreated with different doses of GEA for
1 h followed by treatment with or without 100 pg/ml of Poly (I:C) for 24 h. The
levels of IL-18 were determined by ELISA. Data are from three independent
experiments. *P<0.05, **P<0.01, and ***P<0.001 vs. LPS alone group or
Poly (I:C) alone group.

Effect of GEA on LPS-induced release of
proinflammatory cytokines

The release of proinflammatory cytokines, such as IL-1a, IL-1B, IL-6,
and TNF-o, plays an important role in human inflammatory responses
and inflammatory diseases. To evaluate the anti-inflammatory effect
of GEA in LPS-stimulated J774A.1 cells, the levels of IL-1a, IL-1B,
TNF-a, and IL-6 were determined by ELISA. The results showed
that LPS markedly increased the expressions of these cytokines com-
pared with nonstimulation group. However, treatment with GEA sig-
nificantly impaired the LPS-induced production of proinflammatory
cytokines in a dose-dependent manner, but no effect was found on
IL-6 secretion (Fig. 3A-D). The effect of GEA on the expression of
other pro- and anti-inflammatory mediators including IFN-B,
IL-12b, IL-23a, and IL-10 was also examined using qRT-PCR
(Fig. 3E,F). The data showed that LPS treatment led to an increase
of IEN-B, IL-12b, and IL-23a at mRNA levels; however, GEA
impaired the upregulations in a dose-dependent manner (Fig. 3E).
Results also showed that GEA enhanced the expression of anti-
inflammatory cytokine IL-10 in LPS-stimulated macrophage at
mRNA level (Fig. 3F).

To investigate whether GEA exerts the same anti-inflammatory
effect in human cell as in mouse macrophage cells, PMA-differentiated
human THP-1 cells were primed and simulated with GEA and LPS.
The data showed that GEA effectively diminished IL-1p secretion in
the THP-1 cells (Fig. 3G). Poly (I:C) is a synthetic dsRNA that can in-
duce a series of proinflammatory cytokines through binding to Toll-
like receptor-3. When Poly (I:C) was used to simulate the macro-
phages, the secretion of IL-1B was significantly reduced after cells
were treated with GEA (Fig. 3H).

Effect of GEA on the NF-xB signaling pathway in J774A.1
cells

It is well known that NF-xB plays an important role in inflammation and
innate immunity. Therefore, the expressions of p-IxBa, IxBo, p-p65, and
p65 were detected to confirm whether GEA exerted anti-inflammatory
response via the NF-xB pathway. As shown in Fig. 4, compared with the
control group, LPS treatment significantly increased the expressions of
p-IkBo and p-p65; however, GEA pretreatment significantly suppressed
the levels of p-IkBo. and p-p65 in a dose-dependent manner.

Effect of GEA on the MAPK signaling pathway

in J774A.1 cells

MAPKSs play a critical role in the initiation of proinflammatory gene
expression. To confirm whether the suppression of inflammatory re-
sponse by GEA is mediated through the MAPK pathway, activation
of JNK, ERK, and P38 MAPKs was examined by western blot
analysis. As shown in Fig. 5A,B, stimulation with LPS dramatically
triggered the activation of MAPK kinases, including p38, ERK, and
JNK. Compared with group treated with LPS alone, GEA pretreat-
ment significantly inhibited the level of p-ERK1/2, but had a minor
decreasing effect on p-p38 and p-JNK.

To assess the role of AKT in LPS-stimulated J774A.1 cells, the
phosphorylation of AKT was examined by western blot analysis. As
shown in Fig. 6A,B, pretreatment of GEA reduced the expression of
p-AKT compared with the group treated with LPS alone, but did
not influence the total protein of AKT.

Discussion

Recently, the interests in using Chinese herbal products to treat inflam-
matory diseases by blocking inflammatory mediators and critical
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Figure 4. Effect of GEA on LPS-induced NF-xB signaling in J774A.1 cells (A) Cells were pretreated with various concentrations of GEA for 1 h and then treated with
2 ug/ml LPS for another 1 h. The phosphorylation of p65 and IkBa was determined by western blot analysis using specific primary antibodies. (B) The band was
quantified and expressed as the ratio of total p65 and IkBo. intensities. Data are from three independent experiments. **P<0.01 and ***P<0.001 vs. LPS alone

group.

signaling pathway are increasing [23]. GEA is an active ingredient
isolated from G. hanburyi. The antitumor activities of GEA have
been demonstrated in our and other studies [17-19,21]. Herein, we
showed that this compound exhibits remarkable inhibitory activity
against inflammation. Furthermore, the mechanisms underlying
this anti-inflammatory effect were explored in LPS-stimulated experi-
mental models.

It has been found that the excessive production of pro- and anti-
inflammatory cytokines play pivotal roles in various inflammatory re-
sponse [24]. The releases of these cytokines were obviously increased
after LPS and Poly (I:C) treatment in macrophages; however, these
increases were significantly reversed in a dose-dependent manner by
pretreatment with GEA (Fig. 3). Accumulating evidence indicates
that NO and PGE, are important mediators of inflammation, such
as autoimmune diseases and neurodegenerative disease [25-30]. The
generation of excessive NO and PGE2 in response to various inflam-
matory stimuli contributes to the development of chronic inflamma-
tory diseases [31-34]. For these reasons, the suppression of NO
production may possibly be a promising strategy against inflammatory
diseases. In this study, we assessed the anti-inflammatory effect of
GEA via the decreasing of NO production in LPS-induced macrophage
cells (Fig. 2A,B). Moreover, the levels of iINOS and COX-2 proteins
were decreased by GEA compared with stimulation with LPS alone
(Fig. 2C,D). Therefore, GEA may inhibit inflammation through

reducing NO production and decreasing iNOS and COX-2
expression.

According to previous studies, NF-kB is a main transcription fac-
tor and plays a critical regulatory role in cellular response to numerous
stimuli [35-39]. NF-kB exists in the cytosol in an inactive form and
binds to its inhibitor protein IxB. Activated NF-xB is involved in
immune regulation, inflammatory response, cell growth, and anti-
apoptosis via phosphorylating IxB and shifting into the nucleus
[40-42]. Notably, previous studies have shown that the suppression
of NF-xB pathway is associated with anti-inflammatory responses
[43-46]. Therefore, we explored whether GEA could regulate
NF-«B signaling pathways. Our results confirmed that GEA inhibited
NF-xB activation via inhibiting the phosphorylation of p65 and IxBa
(Fig. 4). MAPK signaling pathway, including ERKs, JNKs, and p38
MAPKSs, is critical for the regulation of proinflammatory mediator
genes and inflammatory responses [47]. Thus, we investigated whether
GEA exerts its anti-inflammatory effect through the MAPKSs signaling.
Our data showed that the effect of GEA on anti-inflammatory
response may involve the inhibition of ERK signaling pathway in
LPS-stimulated J774A.1 cells (Fig. 5). Our previous work indicated
that GEA exerted its anticancer effect via inhibiting AKT/mTOR/
p70S6K pathway [18], but others studies had reported that PI3K/AKT
was involved in inflammatory response [48-50]. We also found that
the GEA reduced the phosphorylation of AKT upon LPS stimulation
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Figure 6. Effect of GEA on LPS-induced activation of AKT signaling in J774A.1
cells (A) The cells were preincubated with GEA at the indicated
concentrations for 1 h, then treated with 2 ug/ml LPS for another 1 h. Cells
were harvested and the protein levels of p-AKT and AKT were detected by
western blot analysis. (B) The relative level was quantified and expressed as
the ratio of p-AKT/AKT. Data are from three independent experiments.
*P<0.05, **P<0.01, and ***P<0.001 vs. LPS alone group.

in J774A.1 cells, which indicated that GEA partially suppressed
LPS-induced inflammatory response via AKT pathway (Fig. 6).

In conclusion, in the current study, we demonstrated that GEA
might significantly inhibit the production of NO and selectively inhibit
IL-1a, IL-1B, TNF-o, IFN-B, IL-12b, and IL-23a in LPS-stimulated
macrophages. Meanwhile, cell titer assay results exclude the possibil-
ity that the effect of GEA might be due to its cell cytotoxicity. Further-
more, data also showed that the inhibitory effect of GEA on
inflammatory mediators is related to the prevention of NF-kB,
MAPK, and PI3K/AKT pathways. Our findings provide a molecular
basis and evidence to understand the therapeutic effect of GEA on
various inflammatory diseases.
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