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Gambogic acid exerts cardioprotective effects in a rat model
of acute myocardial infarction through inhibition of
inflammation, iNOS and NF-kB/p38 pathway
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Abstract. Gamboge, the dried resin secreted by Garcinia
maingayii (gambogic tree), was previously demonstrated to
exert anti-inflammatory effects. The present study examined
the effects of gambogic acid, the major active constituent of
gamboge, on myocardial infarction (MI) and inflammation in
a rat model and explored the possible underlying mechanisms.
The results demonstrated that gambogic acid inhibited the ratio
of heart weight to body weight and myocardial damage (via
lactate dehydrogenase and cardiac troponin T) in rats with MI.
Gambogic acid suppressed the activation of interleukin (IL)-6
and tumor necrosis factor-a, and increased IL-10 levels in M1
rats. Furthermore, gambogic acid reduced inducible nitric
oxide synthase (iNOS), matrix metalloproteinase (MMP)-2,
MMP-9, intercellular adhesion molecule-1 (ICAM-1), nuclear
factor (NF)-xB/p65 and phosphorylated p38 protein in isch-
emic myocardial tissue of MI rats. In conclusion, gambogic
acid exerted anti-inflammatory effects in MI rats by targeting
the iNOS, MMPs, ICAM-1, NF-kB and p38 pathways.
Gambogic acid may protect against MI-induced inflammation
in rats, which may be associated with the activation of the
NF-«B/p38 pathway.

Introduction

Acute myocardial infarction (AMI) is a heart condition that
seriously threatens human health. With the change of people's
lifestyle and an the aging of the population, cardiovascular
diseases, particularly congestive heart failure and malignant
arrhythmia caused by AMI, have gained a higher morbidity
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and mortality on a global scale (1). Recently, with the extensive
development of heart interventional operations and the rapid
development of drug treatments for AMI treatment, myocar-
dium that is close to becoming necrotic is effectively saved (2).
The prognosis of AMI patients is greatly improved, but
numerous patients cannot be subjected to revascularization for
various reasons (3). Thus, myocardium undergoes irreversible
necrosis, causing ventricular remodeling (VR), resulting in the
deterioration of cardiac function and finally developing into
cardiac failure (4). The occurrence of ventricular remodeling is
closely linked to the prognosis of AMI. Therefore, effectively
delaying and reversing AMI-induced ventricular remodeling is
key in preventing cardiac failure (2,4).

AMI is myocardial necrosis caused by acute and durative
ischemia and anoxia. Ischemia and anoxia of cardiac muscle
tissues and the increase of wall strain may induce an inflam-
matory response (5). In the inflammatory process of AMI,
interleukin (IL)-6 and tumor necrosis factor (TNF)-a have
a major role. IL-6 regulates various biochemical processes,
including the synthesis of liver C-reactive protein (CRP) and
the acute response of the liver, and also stimulates myocardial
cells to express intercellular adhesion molecule (ICAM-1),
so as to increase adhesion of neutrophil granulocytes and
release of oxygen radicals (6). Furthermore, TNF-a increases
the chemotaxis of hemameba, damages endothelial cells
directly and induces CRP synthesis to exert a certain role.
The abovementioned inflammatory processes inevitably cause
damage of myocardial cells or even myocardial fibrosis (7).
The inflammatory response is has been reported to exert an
important role in the occurrence and development of myocar-
dial fibrosis (8). Products released by inflammatory cells,
including arachidonic acid, may be catalyzed or catabolized
by epoxidase and lipoxidase to generate bioactive substances
such as epoxyarachidonic acid, leukotrienes and prostaglandin,
several of which may also promote fibrosis (9).

At present, the specific pathogenesis of ventricular remod-
eling has remained to be fully elucidated. Nitric oxide (NO)
has become a hotspot in cardiovascular research (10). In vivo,
NO is mainly produced by NO synthase (NOS) acting on its
substrate L-arginine. Inducible i) NOS expression was found
to be increased during myocardial failure. Furthermore,
iNOS expression was reported to be increased in rats with
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MI (11). Under these circumstances, NO synthesis is markedly
increased, reducing cardiac function and increasing mortality.

Gamboge, the dried resin secreted by Garcinia maingayii
(gambogic tree) has effects of breaking blood and removing
stasis according to principles of Traditional Chinese Medicine,
as well as detoxification, stopping bleeding and killing insects,
and is used for treating multiple diseases, including cancer and
encephaledema. Gamboge is composed of 70-80% resin and
15-25% gum and its major constituents include gambogic acid,
neogambogic acid, allogambogic acid, morellin, isomorellin,
morellic acid and isomorellic acid. Gambogic acid is the major
active component (12). The anti-tumor effects of gambogic
acid are extensive and include the induction of tumor cell
apoptosis, inhibition of the cell cycle, and an influence on the
expression of certain oncogenes, cancer suppressor genes and
associated proteins (13). As an anti-tumor drug, gambogic
acid has an obvious inhibitory effect on the growth of tumors
grown in animal models, but anti-tumor drugs often generate
untoward effects and easily cause irreversible damage to the
hemopoietic and immune system (14). In the present study, a
rat model of AMI was used to investigate the protective effects
of gambogic acid and their possible association with inhibition
of inflammation via the iNOS and nuclear factor (NF)-xB/p38
pathways.

Materials and methods

Animals and drug. Six week-old male Sprague Dawley rats
were obtained from the Animal Experimental Center of
Dalian Medical University (Dalian, China). Rats were housed
under standard conditions (22-24°C, 55-60% humidity) and
supplied with drinking water and food ad libitum. The animal
protocol of this study was approved by the Institutional Animal
Care and Use Committee of Guangzhou Medical University
(Guangzhou, China). Gambogic acid (powder, =95% pure
according to high-performance liquid chromatography;
Fig. 1) was from Sigma-Aldrich (Merck KGaA, Darmstadt,
Germany).

Induction of AMI and group design. All experimental rats
were randomly divided into 3 groups as follows: Sham group
(n=6), vehicle-treated group (n=8) and gambogic acid-treated
group (n=8). In the gambogic acid-treated group, 24 h after
the induction of the AMI model, gambogic acid (1 mg/kg)
was intraperitoneally injected into AMI rats for 5 days. After
being intraperitoneally anesthetized using sodium pentobar-
bitone (40 mg/kg; Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany), the rats were operated to ligate the left anterior
descending coronary artery. When regional cyanosis appeared
on the myocardial surface in AMI rats, the rat model of AMI
was confirmed to be successful established. The rats were then
weighed and sacrificed using excess sodium pentobarbitone
after treatment with gambogic acid for 5 days. The heart of
every rat was weighed and the heart weight (mg) to body
weight (g) ratio (HW/BW) was calculated.

Measurement of lactate dehydrogenase (LDH), cardiac
troponin (cInT), TNF-a, IL-6 and IL-10 levels. Blood was
extracted after treatment with gambogic acid for 5 days from
the vena cava of every rat and then centrifuged at 2,000 x g

1743

Figure 1. Chemical structure of gambogic acid.
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Figure 2. Effects of gambogic acid on the HW/BW in a rats model of myocar-
dial infarction. “P<0.01 compared with control group; #P<0.01 compared
with vehicle group. HW/BW, heart weight to body weight ratio.

for 10 min to obtain serum. LDH (A020-2) and ¢cTnT (H149-2)
levels were determined using commercial kits (Nanjing
Institute of Biological Engineering, Shanghai, China) according
to the manufacturer's instructions. TNF-a (E-EL-R0019c¢),
IL-6 (E-EL-R0896¢) and IL-10 (E-EL-R0016¢) levels were
analyzed using ELISA kit (Elabscience Biotechnology Co.,
Ltd., Wuhan, China) according to the manufacturer's instruc-
tions.

Western blot analysis. Total protein was extracted from
heart tissues of every rat and homogenized using radioim-
munoprecipitation assay lysis buffer (Beyotime Institute of
Biotechnology, Haimen, China) at 4°C for 30 min and the lysate
was centrifuged at 2,000 x g for 10 min. The quantity of protein
in the supernatant was measured using the bicinchoninic acid
method (Beyotime Institute of Biotechnology). Protein (50 ug
per lane) was resolved by 12% SDS-PAGE and then trans-
ferred onto polyvinylidene difluoride membranes (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). The membranes
were probed with anti-iNOS (sc-649, 1:500), anti-MMP-2
(sc-10736, 1:500), anti-MMP-9 (sc-10737, 1:500), anti-ICAM-1
(sc-7891, 1:500), anti-NF-kB/p65 (sc-109, 1:500), anti-total p38
(sc-535, 1:500), anti-phosphorylated (p)-p38 (sc-101759, 1:500)
and anti-GAPDH (sc-25778, 1:500; all from Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) antibodies overnight
at 4°C, followed by incubation with the goat anti-rabbit
IgG-horseradish peroxidase secondary antibodies (sc-2004,
1:5,000; Santa Cruz Biotechnology, Inc.) at room temperature
for 1 h. Membranes was visualized with enhanced chemilumi-
nescence (ECL)-Plus reagent ECL Western Blotting Substrate
(Pierce; Thermo Fisher Scientific, Inc., Waltham, MA, USA).

Statistical analyses. Values are expressed as the
mean + standard deviation and were analyzed using SPSS 17.0
software (SPSS, Inc., Chicago, IL, USA). Data were analyzed
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Figure 3. Effects of gambogic acid on myocardial damage in M1 rats. (A) LDH and (B) ¢TnT levels in MI rats. “P<0.01 compared with control group; #/P<0.01
compared with vehicle group. MI, myocardial infarction; LDH, lactate dehydrogenase; ¢TnT, cardiac troponin.
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Figure 4. Effects of gambogic acid on inflammation in MI rats. (A) TNF-a, (B) IL-6 and (C) IL-10 in MI rats. “P<0.01 compared with control group; *P<0.01
compared with vehicle group. MI, myocardial infarction; IL, interleukin; TNF, tumor necrosis factor.

by analysis of variance followed by the Student-Newman-Keuls
test for multiple comparisons. P<0.05 was considered to
indicate a statistically significant difference.

Results

Gambogic acid inhibits AMI-induced increases in the HW/BW
ratio in rats. To investigate the effects of gambogic acid on the
HW/BW ratio under AMI conditions, AMI rats were injected
with 1 mg/kg gambogic acid for 5 days at day 1 following
surgery. As presented in Fig. 2, there was a significant increase
in the HW/BW of AMI model rats compared with that in the
control rats. Furthermore, gambogic acid significantly inhib-
ited the AMI-associated increase in the HW/BW ratio of the
rats (Fig. 2).

Gambogic acid reduces myocardial damage in MI rats.
To investigate the inhibitory effects of gambogic acid on
myocardial damage in MI rats, LDH and cTnT levels were
measured with commercial kits. As presented in Fig. 3, these
LDH and cTInT levels in the AMI model rats were markedly
elevated compared with those in the control rat group. Of note,
gambogic acid significantly inhibited the increase of LDH and
cTInT levels in AMI rats as compared with that in the AMI
model group (Fig. 2).

Gambogic acid reduces inflammation in MI rats. Inhibition
of inflammation by gambogic acid was determined by
assessing serum TNF-a, IL-6 and IL-10 with ELISA Kkits in
the experimental groups. As displayed in Fig. 4A and B, the
serum TNF-a and IL-6 levels were obviously increased in the
AMI model rats compared with those in the control group.
Furthermore, a significant reduction of IL-10 levels in AMI
model rats compared with those in the control group was
observed (Fig. 4C). Of note, treatment with gambogic acid
significantly inhibited AMI-associated increases in TNF-a
and IL-6 levels as well as decreases in IL-10 levels (Fig. 4A-C).

Gambogic acid reduces iNOS protein expression in cardiac
tissues of MI rats. To investigate the underlying mechanism
of the protective effects of gambogic acid against AMI, iNOS
protein expression in cardiac tissues of MI rats was assessed
using western blot analysis. Compared with that in the control
group, iNOS protein expression was significantly induced in
AMI rats (Fig. 5). However, treatment with gambogic acid
significantly suppressed the activation of the protein expres-
sion of iNOS in AMI rats as compared with that in the AMI
model group (Fig. 5).

Gambogic acid reduces MMP-2 and MMP-9 protein
expression in cardiac tissues of MI rats. To further
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Figure 5. Effects of gambogic acid on iNOS protein expression in rats with myocardial infarction. (A) Representative western blot images of iNOS protein
and (B) quantified expression levels. “P<0.01 compared with control group; *P<0.01 compared with vehicle group. iNOS, inducible nitric oxide synthase.
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Figure 6. Effects of gambogic acid on MMP-2 and MMP-9 protein expression in rats with myocardial infarction. (A) Representative western blot images
of MMP-2 and MMP-9 protein and (B and C) quantified expression levels. “P<0.01 compared with control group; #P<0.01 compared with vehicle group.

MMP, matrix metalloproteinase.

investigate the involvement of MMP-2 and MMP-9 in the
protective effect of gambogic acid on MI, MMP-2 and
MMP-9 protein expression cardiac tissues of rats from each
group was detected using western blot analysis. As presented
in Fig. 6, MMP-2 and MMP-9 protein expression was signifi-
cantly increased in AMI model rats compared with that in
the control group. Of note, treatment with gambogic acid
significantly inhibited MMP-2 and MMP-9 protein expres-
sion in AMI rats as compared with that in the AMI model

group (Fig. 6).

Gambogic acid reduces ICAM-1 protein expression in
cardiac tissues of MI rats. Furthermore, the present study
investigated ICAM-1 protein expression in cardiac tissues
of MI rats treated with gambogic acid using western blot
analysis. As displayed in Fig. 7, a significant induction of
ICAM-1 protein expression in AMI rats compared with
the control group was observed. However, gambogic acid
treatment significantly suppressed the protein expression of
ICAM-1 in AMI rats compared with that in the AMI model

group (Fig. 7).

Gambogic acid reduces NF-kB/p65 protein expression
in cardiac tissues of MI rats. The present study further
assessed the mechanism of the anti-inflammation effect
of gambogic acid in MI rats by determining the protein
expression of NF-kB/p65 in their cardiac tissues using western
blot analysis. As presented in Fig. 8, AMI significantly
activated NF-kB/p65 protein expression in AMI model rats
compared with the control group. Gambogic acid treatment
significantly suppressed the protein expression of NF-«kB/p65
in AMI rats compared with that in the AMI model group
(Fig. 8).

Gambogic acid reduces p38 activation in cardiac tissues of
MI rats. To assess the involvement of p38 in MI rats, western
blot analysis was used to assess the levels of p38 and its acti-
vated form, p-p38 in cardiac tissues. As illustrated in Fig. 9, the
p-p38/p38 ratio in AMI model rats was significantly increased
compared with that in the control group. However, gambogic
acid significantly suppressed the levels of p-p38, leading to a
reduced p-p38/p38 ratio in AMI model rats compared with
that in the AMI model group.
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Figure 7. Effects of gambogic acid on ICAM-1 protein expression in rats with myocardial infarction. (A) Representative western blot images of ICAM-1 protein
and (B) quantified expression levels. “P<0.01 compared with control group; “P<0.01 compared with vehicle group. ICAM-1, intercellular adhesion molecule-1.
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Figure 8. Effects of gambogic acid on NF-kB/p65 protein expression in rats with myocardial infarction. (A) Representative western blot images of NF-kB/p65
protein expression and (B) quantified expression levels. “P<0.01 compared with control group; “P<0.01 compared with vehicle group. NF, nuclear factor.
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Figure 9. Effects of gambogic acid on p-p38 protein expression in rats with myocardial infarction. (A) Representative western blot images of p-p38 and p38 protein
expression and (B) the quantified p-p38/p38 ratio. “P<0.01 compared with control group; “P<0.01 compared with vehicle group. p-p38, phosphorylated p38.

Discussion

AMLI is a serious coronary heart condition and AMI-associated
ventricular remodeling is an important factor reducing the
quality of life and survival rate of affected patients (15).
The broad concept of AMI-associated ventricular remod-
eling implies that AMI is impacted by haemodynamics and
non-haemodynamics, resulting in changes in heart size, shape
and ultrastructure as well as damage of heart function (16).
Ventricular remodeling is an important pathophysiological
process of heart failure developed through AMI, occurs
throughout the entire course of the disease and is one of the
major factors impacting the immediate and long-term prog-
nosis of patients after AMI (17). While ventricular remodeling
occurs via multiple mechanisms, it is widely recognized that

inflammation is an important cause of ventricular remodeling
after MI and constitutes the basic mechanism of chronic
cardiac failure development (5). In the present study, gambogic
acid significantly inhibited the activation of HW/BW as well
as increases in LDH and c¢InT levels in cardiac tissues of AMI
model rats.

After abrupt occlusion, the resulting MI and necrosis
inevitably cause multiple inflammatory cells and mononuclear
leucocytes to move to the infarct area. During the process,
certain signaling pathways are activated in myocardial cells,
so as to induce secretory cells of the heart to release multiple
proteases and cause local inflammation-induced responses (8).
Furthermore, during avascular necrosis, cardiac muscle tissues
release or expose multiple autoantigens. Mechanical distraction
and nervous activation finally result in increased secretion of
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cell factors, such as IL-6, IL-10 and TNF-a. (18). These inflam-
matory factors not only have important roles in the myocardial
damage process, but also participate in myocardial fibrosis and
the ventricular remodeling process after the infarct (19). In
the present study, it was observed that gambogic acid signifi-
cantly inhibited TNF-a and IL-6 levels and enhanced IL-10
levels in the serum of AMI rats. Geng et al (12) indicated that
gambogic acid protects from endotoxin shock and suppressed
pro-inflammatory factors, which was in accordance to the
findings of the present study.

In the scar formation process subsequent to an infarct,
even if the front and back loads are slightly increased, adverse
effects on future ventricular size and formation occur (20).
Therefore, reduction of cardiac function caused by NO over-
production induced by iNOS and an obvious increase of the left
ventricular end-diastolic pressure in ventricular remodeling
after the infarct have an important effect on its occurrence
and development. In the left ventricular remodeling process
of AMI, regulation of a series of neurohumor factors have
an important role (11). The renin-angiotensin system has the
biggest influence on remodeling. AMI angiotensin-11 and
a-receptor activity increases may promote iNOS expression
in myocardial cells, while increases of iNOS reduce cardiac
function and output, and activate the renin-angiotensin
system (10). If heart failure occurs, the activation of these
factors may have persisted for a long time and participated
in stimulating cardiac fibrosis, proliferation of blood vessels,
as well as hypertrophy and compensatory expansion of the
myocardium (11). The present study found that gambogic acid
significantly suppressed the activation of the protein expres-
sion of iNOS in cardiac tissues of AMI rats.

During ventricular remodeling, activation of neurohumoral
control and inflammation as well as changes of myocardial
cells and intercellular substance structure caused by cell factors
occur. AMI leads to remodeling of cardiac structure and func-
tional alterations in line with a certain pattern, and expansion
as well as changes in the shape of the ventriculus sinister
occur, including changes of ventricular volume, shape, wall
thickness and myocardial structure, resulting in an abnormal
cardiac shape and structure as well as haemodynamics; the left
ventricle is progressively expanded and contraction is gradu-
ally reduced, finally resulting in heart failure and death (21).
The degree of severity of AMI not only depends on the infarct
size, but is also closely associated with MMPs secreted by infil-
trated inflammatory cells, while remodeling of the infarcted
myocardium is also closely linked to infarct size, inflammatory
response after the infarct, and repair of infarcted and marginal
myocardium (22). The present study found that treatment with
gambogic acid significantly inhibited MMP-2 and MMP-9
protein expression in cardiac tissues of AMI rats. Park ez al (14)
suggested that gambogic acid decreased MMP-2, MMP-9 and
NF-«B expression in SK-HEPI cells.

Immune cells have an important role in the inflamma-
tory response and repair after MI. The activated Toll-like
receptor/IL-1 and complement cascade system promote
the transformation of endothelial cells and fibroblast into
pro-inflammatory phenotypes through the NF-«xB signaling
pathway (18,23). Activated endothelial cells secrete large
amounts of chemotactic factors to increase cell adherence,
making neutrophile granuloxytes and mononuclear leucocytes
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gather and infiltrate into the infarcted area (23). Neutrophile
granuloxytes move along the endothelial cell surface, activating
integrin and adhesion molecules, and combining with endo-
thelial cells through ICAM-1. After neutrophile granulocytes,
mononuclear leucocytes and lymphocytes start to infiltrate
into the infarcted tissue (24). In the present study, gambogic
acid treatment significantly suppressed the protein expression
of ICAM-1 and NF-xB/p65 in cardiac tissues of AMI rats.
This was in line with a study by Wen et al (25) suggesting that
gambogic acid exhibits anti-psoriatic efficacy via ICAM-1.

Activation of p38 mitogen-activated protein kinase
(MAPK) in AMI may result in increased expression of inflam-
matory factors (26). Numerous studies have demonstrated that
restraining p38 MAPK during long-term myocardial ischemia
obviously reduces the occurrence of MI and death (26-28).
The mechanism involves the reduction of ischemic damage of
the myocardium by restraining the generation of inflammatory
factors including TNF-a., IL-1 and IL-8 (29). The present study
demonstrated that gambogic acid significantly suppressed
p-p38 protein levels and the p-p38/p38 ratio in the cardiac
tissues of AMI model rats. In line with this, Lu et al (30)
suggested that gambogic acid inhibits angiogenesis via extra-
cellular signal-regulated kinase, AKT and p38.

In conclusion, the present study suggested that gambogic
acid significantly inhibited increases of the HW/BW ratio as
well as LDH and cTnT levels in the cardiac tissues of AMI
model rats. The anti-inflammation effect of gambogic acid
was possibly mediated via a block of the NF-«B/p65 signaling
pathway, resulting in the inhibition of MMP-2, MMP-9,
ICAM-1 and p38 MAPK signaling pathways. The results
confirmed the cardioprotective effect of gambogic acid and
suggested its potential application in the management of
AMI-associated diseases.
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