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Gambogic acid prevents angiotensin II-induced abdominal aortic
aneurysm through inflammatory and oxidative stress dependent
targeting the PI3K/Akt/mTOR and NF-kB signaling pathways
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Abstract. Gamboge is the dry resin secreted by
Garcinia hanbaryi Hook f, with the function of promoting
blood circulation and anti-cancer effects, detoxification,
hemostasis and killing insects. It is also used for the treatment
of cancer, brain edema and other diseases. Gambogic acid
is the main effective constituent of Gamboge. The present
study tested the hypothesis that the effect of Gambogic acid
prevents angiotensin II-induced abdominal aortic aneurysm
(AAA), and explored its underlying mechanism. It was
demonstrated that gambogic acid significantly inhibited AAA
incidence rate, and reduced edge leading aortic diameter and
aortic wall thickness in AAA mice. Gambogic acid treatment
markedly decreased the levels of proinflammatory cytokines
and oxidative stress factors, and transforming growth factor-§
(TGF-) and matrix metalloproteinase (MMP)-2 and MMP-9
protein expression in AAA mice. Furthermore, Gambogic acid
decreased expression of phosphatidylinositol 3-kinase (PI3K),
and phosphorylation of protein kinase B (Akt), mechanistic
target of rapamycin (mTOR) and p70-S6 kinase 1. It also
suppressed nuclear factor (NF)-kB protein expression in
AAA mice. The findings of the present study indicated that
Gambogic acid prevents angiotensin II-induced AAA through
inflammatory and oxidative stress-dependent targeting of the
PI3K/Akt/mTOR and NF-kB signaling pathways.

Introduction

Aneurysm is caused by injured normal structure of the aortic
wall due to congenital or acquired disorders, especially by
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an injured elastic fiber layer of arterial walls, which leads
to the gradual dilation or enlargement of the aorta in local
or multiple places (1). In general, aneurysm refers to an
artery with a diameter exceeding 50% of the normal size.
Abdominal aortic aneurysm (AAA) refers to a high-risk
disease caused by the rupture of blood vessel walls under
the impact of blood flow, due to abnormal dilation or limited
expansion of abdominal aorta (1). The incidence rate of AAA
in China has reached 2%, and increases year by year (2).
Due to the lack of understanding towards the incidence and
underlying molecular mechanisms of AAA, in addition to
surgery, there is no drug which can effectively treat or slow
down the development of AAA (3).

According to previous studies, AAA may be associated
with smoking, sex, oxidative stress, matrix protein, blood lipid
levels and other factors (4). The activities of reactive oxygen
species, O,, nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase, and the expression of NADPH oxidase
p47phox ligand, were demonstrated to be increased in human
AAA tissue samples (5). In addition, matrix metalloproteinase
(MMP) was also detected in human AAA tissue samples;
increased activity of MMPs promotes the degradation of
elastin and collagen in artery walls, leading to the expansion
of arterial walls (6). Moreover, AAA destroys the extracellular
matrix, all of which results in AAA (7). Studies also demon-
strated that triglycerides and cholesterol are also associated
with the incidence of AAA (6.7).

Phosphatidylinositol 3-kinase (PI3K), a member of
the kinase family, is widely distributed in the human body.
In the 1980s, the PI3K family attracted the attention of the
medical field (8). PI3K, an important catalytic enzyme system
regulating metabolic pathways of phospholipids, is produced
by phospholipid messenger molecules. It specifically binds
to the phosphatidylinositol base and transfers the phosphate
group of ATP to phosphorylate PI into inositol lipids (8).
Lymphokine-activated killer T-cell-originated protein kinase
(PBK) forms an important signaling pathway, termed the
PI3K-protein kinase B (Akt) signaling pathway, which together
with Akt, located in its downstream, serves an important role
in the survival, differentiation, proliferation and apoptosis of
cells (9).
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Nuclear factor (NF)-«kB, a transcription factor, has been
confirmed to be widely distributed in eukaryotic cells, and
can quickly transfer into the nucleus and specifically bind to
special sites of cell gene promoters or enhancer sequences,
to promote transcription and expression (10). Studies have
confirmed that NF-kB is closely associated with many major
pathophysiological processes, such as the immune response
and inflammation as well as the proliferation, differentiation,
metastasis and apoptosis of tissue cells, serving an important
role in the incidence and development of many diseases (11,12).

Gamboge is the dry resin secreted by Garcinia hanbaryi
Hook.f. Gamboge mainly consists of 70-80% resin and
15-25% gum (13). The major constituents of gamboge include
gambogic acid, neogambogic acid, allogambogic acid, morellin,
isomorellin, morellic acid and isomorellic acid, among which
gambogic acid is the main effective constituent (14). In recent
years, many studies have further investigated the antineoplastic
mechanism of gambogic acid, proving that gambogic acid can
induce cell differentiation and tumor cell apoptosis, as well as
inhibiting angiogenesis and lowering the activity of telomerase
to block the cell cycle and reverse drug-resistance, so as to kill
tumor cells (15). The present study aimed to test the effect of
gambogic acid on the prevention of angiotensin (Ang) II-induced
AAA, and to explore its underlying mechanism.

Materials and methods

Animals. Animal experiments were performed according to
protocols approved by the institutional animal care and use
committee of The First Hospital of Qigihar City. The present
study was approved by the Animal Ethical and Welfare
Committee of The First Hospital of Qigihar City (Qiqihar,
China). Male C57BL/6 mice (ApoE” mice, 20-22 g, 6 weeks
old; n=46) were purchased from Animal Laboratory of Harbin
Medical Sciences University (Harbin, China) and were raised in
specific pathogen-free conditions with a 12-h light/dark cycle at
24+2°C and 50-60% humidity. An AAA model was induced by
chronic infusion of 1,000 ng/kg/min Ang II using mini-osmotic
pumps. All mice were randomly distributed into five groups:
Sham (n=6), AAA model (n=10), 5 mg/kg Gambogic acid (n=10),
10 mg/kg Gambogic acid (n=10) and 20 mg/kg Gambogic
acid (n=10). Sham and AAA model groups were gavaged with
normal saline. The 5, 10 and 20 mg/kg Gambogic acid groups
were gavaged with 5, 10 or 20 mg/kg every 3 days Gambogic
acid, respectively, for 4 weeks.

Staining of toluidine blue. All mice were anesthetized
with sodium pentobarbital (50 mg/kg; Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) and sacrificed. The
aortas of all mice were immediately separated, washed in
PBS, and perfused with 4% paraformaldehyde for 30 min.
Tissue samples were embedded into paraffin and cut into
5-6 uM sections. All tissue sections were deparaffinized and
hydrated in several changes of ethanol and Tissue-Clear®
(Sakura Finetek Europe B.V., Flemingweg, The Netherlands).
All tissue sections were stained with toluidine blue working
solution at room temperature for 30 min and dehydrated with
ethanol. Samples were normalized to aortic vessel wall area
(mm?) and total numbers per aorta since were calculated in
numbers.
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ELISA kits. All mice were anesthetized with sodium pentobar-
bital (50 mg/kg) and sacrificed. Aortic tissues samples (50 mg)
were homogenized with radioimmunoprecipitation assay
(RIPA) lysis buffer (Beyotime Institute of Biotechnology,
Haimen, China) on ice for 15 min and centrifuged at
14,000 x g at 4°C for 10 min. Protein content was measured
by Bicinchoninic Acid (BCA) assay (Beyotime Institute of
Biotechnology), and equal protein (10 pg) was incubated with
corresponding ELISA kits. Tumor necrosis factor-o (TNF-a;
cat. no. H052), interleukin (IL)-1p (cat. no. H052), IL-6 (cat.
no. H002), IL-18 (cat. no. HO15), glutathione peroxidase
(GSH-PX; cat. no. A005), GSH (cat. no. A006-2), malondialde-
hyde (MDA; cat. no. AO03-1) and superoxide dismutase (SOD;
cat. no. A0O1-1-1) levels were measured using ELISA kits
(Nanjing Jiancheng Biological Engineering Institute, Nanjing,
China). The absorbance was measured in a spectrophotometer
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) at 450 nm.

Western blot analysis. All mice were anesthetized with
sodium pentobarbital (50 mg/kg) and sacrificed. Aortic tissues
samples (50 mg) were homogenized with RIPA lysis buffer on
ice for 15 min and centrifuged at 14,000 x g at 4°C for 10 min.
Protein content was measured using BCA assay. Equal protein
(50 ug) was separated on 10% SDS-PAGE gels and blotted onto
a nitrocellulose membrane (EMD Millipore, Billerica, MA,
USA). The membrane was blocked with 5% non-fat powdered
milk in TBS with Tween-20 for 1 h at 37°C, and incubated with
the following primary antibodies: transforming growth factor
(TGF)-f (cat. no. sc-7892; 1:500), MMP-2 (cat. no. sc-10736;
1:500), MMP-9 (cat. no. sc-10737; 1:500), PI3K (cat. no. sc-7174;
1:500), phosphorylated (p)-Akt (cat. no. sc-7985-R; 1:500),
p-mechanistic target of rapamycin (mTOR; cat. no. sc-101738;
1:500; all Santa Cruz Biotechnology, Inc., Dallas, TX, USA),
p-p70-S6 kinase 1 (cat. no. p-p70S6K1; 9204; 1:2,000; Cell
Signaling Technology, Inc.), NF-kB (cat. no. sc-109; 1:500)
and GAPDH (cat. no. sc-25778; 1:500; both Santa Cruz
Biotechnology, Inc.) overnight at 4°C, followed by incubation
with horseradish peroxidase-conjugated secondary antibodies
(cat. no. sc-2030; 1:5,000; Santa Cruz Biotechnology, Inc.)
at 37°C for 1 h. Membrane was developed using Enhanced
Chemiluminescence Prime Western Blotting reagent (GE
Healthcare Life Sciences, Little Chalfont, UK) and calculated
using GeneTools software using a Syngene gel documentation
system.

Statistical analysis. Data are expressed as the mean + standard
deviation using SPSS 19.0 (IBM, Corp. Armonk, NY, USA).
Data were analyzed using one-way analysis of variance
followed by Dunnett's post hoc test. P<0.05 was considered to
indicate a statistically significant difference.

Results

Effect of Gambogic acid on AAA incidence rate in AAA mice.
The chemical structure of Gambogic acid is presented in Fig. 1.
As demonstrated in Fig. 2, the AAA incidence rate of AAA
model group was significantly higher than that of sham group.
Treatment with 5 and 10 mg/kg Gambogic acid significantly
inhibited AAA incidence rate of AAA mice, compared with
the AAA model group (Fig. 2).
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Figure 1. Chemical structure of Gambogic acid.
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Figure 2. Effect of Gambogic acid on AAA incidence rate in AAA mice. Data
are expressed as the mean + standard deviation. “P<0.01 vs. sham group;
P<0.01 vs. AAA model group. Sham, sham group; AAA, AAA model
group; GA-5, Gambogic acid treatment group (5 mg/kg); GA-10, Gambogic
acid treatment group (10 mg/kg); GA-20, Gambogic acid treatment group
(20 mg/kg); AAA, abdominal aortic aneurysm.

Effect of Gambogic acid on vascular remodeling in AAA
mice. As presented in Fig. 3, there was a significant increase
of edge leading aortic diameter and aortic wall thickness in
AAA model mice, compared with the sham control group.
Furthermore, 5 and 10 mg/kg Gambogic acid significantly
reduced edge leading aortic diameter and aortic wall thickness
in AAA mice, compared with the AAA model group (Fig. 3).

Effect of Gambogic acid on inflammation reactions in AAA
mice. As demonstrated in Fig. 4, TNF-a., IL-1f, IL-6 and IL-18
contents of AAA model mice were markedly higher than those
of the sham control group. However, 5 and 10 mg/kg Gambogic
acid treatment significantly decreased TNF-a, IL-1f3, IL-6 and
IL-18 contents in AAA mice, compared with the AAA model

group (Fig. 4).

Effect of Gambogic acid on oxidative stress in AAA mice.
As presented in Fig. 5, GSH-PX, GSH and SOD levels were
significantly inhibited, and MDA levels were significantly
promoted, in the AAA model group, compared with the sham
control group. Gambogic acid (5 and 10 mg/kg) significantly
increased GSH-PX, GSH and SOD levels, and reduced
MDA levels in AAA mice, compared with the AAA model

group (Fig. 5).

Effect of Gambogic acid on TGF-§, MMP-2, MMP-9 and
NF-kB protein expression in AAA mice. Western blotting
demonstrated that TGF-, MMP-2, MMP-9 and NF-«xB
protein expression in AAA model mice was significantly
increased, compared with the sham control group (Fig. 6).
However, compared with the AAA model groups, 5 and
10 mg/kg Gambogic acid treatment significantly suppressed
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TGF-p, MMP-2, MMP-9 and NF-«kB protein expression in
AAA mice (Fig. 6).

Effect of Gambogic acid on PI3K, p-Akt, p-mTOR and
p-p70S6K1 protein expression in AAA mice. Western blotting
was performed to elucidate the potential role of PI3K, p-Akt,
p-mTOR and p-p70S6K1 in AAA mice treated by Gambogic
acid. As presented in Fig. 7, PI3K, p-Akt, p-mTOR and
p-p70S6K1 protein expression were significantly increased in
AAA mice compared with the sham control group. Gambogic
acid treatment significantly induced PI3K, p-Akt, p-mTOR
and p-p70S6K1 protein expression in AAA mice, compared
with the AAA model group (Fig. 7).

Discussion

AAA is one of the most dangerous vascular degenerative
diseases in vascular surgery. In the most serious cases, as the
weak artery walls cannot withstand the impact of blood flow,
AAA will lead to the rupture of walls of aneurysm, causing
sudden mortality (16). With the aging population of China,
the incidence of AAA is increasing year by year, and has
become one of the diseases that threatens the life and health
of many people (17). With the deepening of the understanding
towards AAA and the development of imaging examination
approaches, the diagnosis rate of the disease has been greatly
improved, but its specific pathogenesis remains unknown (18).
At present, people have demonstrated that the incidence of
AAA is associated smoking, sex, oxidative stress, matrix
proteins and blood lipids (19). The latest research has revealed
that the inflammatory reaction serves an important role in
the incidence and development of AAA (20). In this study, it
was demonstrated that gambogic acid significantly inhibited
the rate of AAA incidence, and reduced edge leading aortic
diameter and aortic wall thickness in AAA mice. The results
demonstrated that gambogic acid had an obvious improving
effect on AAA.

In addition to the above factors, the incidence of AAA is
also closely associated with the inflammatory reaction (21).
According to current research, AAA is a chronic inflamma-
tory disease, which is characterized by continuous arterial
dilatation mainly caused by the invasion of inflammatory cells
and the destruction of intermediate elastic protein matrix (22).
Numerous inflammation-associated factors are closely associ-
ated with the pathogenesis of AAA (22). In the present study, it
was demonstrated that Gambogic acid treatment significantly
decreased TNF-a, IL-1f, IL-6 and IL-18 contents, increased
GSH-PX, GSH and SOD levels, and reduced MDA levels
in AAA mice. Wen et al (23) suggested that Gambogic acid
exhibits anti-psoriatic efficacy through inhibition inflammation.

In the case of the TGF-[3 neutralizing antibody, the T lympho-
cyte deletion signal transducer as well as signal transducer
and activator of transcription 3 also significantly promote the
incidence of AAA induced by Angll (24). In a previous study,
when Angll was used to induce AAA in C57 or low density
lipoprotein receptor-deficient mice, the activity of TGF-f3 was
inhibited, leading to the necrosis of smooth muscular cells,
degradation of elastin, exacerbation of intravascular inflamma-
tion in mice, thus eventually worsening AAA (24). Similarly,
as a calcineurin immune-suppressing drug, cyclosporin-A can



LIU et al: GAMBOGIC ACID PREVENTS ABDOMINAL AORTIC ANEURYSM

T

>

60

40
30
20

1

Sham

Edge leading aortic
diameter (mm)

A-5 GA-10 GA-20

1399

Bz12¢

=

E oy

£ 08}

=

= 06

=

.E 0.4

il

S 0

-

Sham GA-S GA-10 GA-20

Figure 3. Effect of Gambogic acid on vascular remodeling in AAA mice. The effect of Gambogic acid on (A) edge leading aortic diameter and (B) aortic wall

thickness in AAA mice. Data are expressed as the mean + standard deviation. ™
AAA, AAA model group; GA-5, Gambogic acid treatment group (5 mg/kg);

treatment group (20 mg/kg); AAA, abdominal aortic aneurysm.
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Figure 4. Effect of Gambogic acid on inflammation reactions in AAA mice. The effect of Gambogic acid on (A) TNF-a, (B) IL-1f, (C) IL-6 and (D) IL-18
levels in AAA mice. Data are expressed as the mean + standard deviation. “P<0.01 vs. sham group; #P<0.01 vs. AAA model group. Sham, sham group; AAA,
AAA model group; GA-5, Gambogic acid treatment group (5 mg/kg); GA-10, Gambogic acid treatment group (10 mg/kg); GA-20, Gambogic acid treatment
group (20 mg/kg); AAA, abdominal aortic aneurysm; TNF-o., tumor necrosis factor-a; IL, interleukin.

promote the transcription of TGF-f31 and activate latent TGF-fl1,
thereby alleviating AAA induced by elastase or calcium chlo-
ride infusion; on the contrary, the TGF-f3 antibody offsets the
effect of cyclosporin-A in the treatment of AAA, suggesting that
TGF-f serves an important role in the incidence and develop-
ment of AAA (25). In the present study, the results suggested
that Gambogic acid treatment significantly suppressed TGF-3
protein expression in AAA mice. Qu er al (26) observed that
Gambogic acid prevented pulmonary fibrosis by suppressing the
TGF-p1/Smad3 signaling pathway.

MMP is the major protease that causes the degradation of
extracellular matrix of arterial walls. Matrix metalloprotein-
ases are a series of homologous zinc- and calcium-dependent
proteases, which exist in the form of inactive zymogen (27).
The extracellular matrix, including elastic fibers, collagen,
laminin and fibronectin, can be degraded through the cutting
and activation of N2 end by enzyme, and has been recog-
nized to serve a very important role in the incidence and
development of aortic aneurysm (28). Most members of the
MMP family serve important role in this process, in which
MMP-2 and MMP-9 are especially important (29). Studies
on arterial medial smooth muscle cells have demonstrated
that normal arterial smooth muscle cells are the main compo-
nents of artery intima media, which are not only associated

with the diastolic and systolic function of arterial walls,
but also regulate the synthesis and repair of extracellular
matrix components, such as elastins and collagens (27,29).
They also demonstrated that Gambogic acid significantly
inhibits MMP-2 and MMP-9 protein expression in AAA
mice. Qi et al (30) indicated that Gambogic acid induced
suppression of MDA-MB-435 human breast carcinoma cell
lung metastasis through mediation of MMP-2/9 expression
inhibition.

Regarding the association between PI3K and tumors,
disorder of the PI3K-Akt signaling pathway has been
demonstrated to lead to a variety of human cancers,
including lung cancer, nasopharyngeal cancer, liver cancer,
gastrointestinal cancer, breast cancer, ovarian cancer, renal
cancer, prostate cancer, lymphoma, malignant glioma and
medulloblastoma (31). The association between PI3K and
non-tumor diseases, such as liver fibrosis, Alzheimer's
disease, diabetes and cardiovascular disease has also attracted
significant attention. It was demonstrated that selectively
inhibiting the PI3K-Akt signaling pathway can promote the
autophagy of macrophages, reduce the infiltration of plaque
macrophages, and significantly alleviate the inflammatory
response, thus improving atherosclerotic plaque (32).
PI3K also contributes to the progression of atherosclerosis



1400 MOLECULAR MEDICINE REPORTS 19: 1396-1402, 2019
A B 10
'=‘ -
==
% % 150 = E 80 ##
= £ = 2 #i
=2 = 2 60
£ g 100 #H g E
25 58 40 -
G s ¢z
- "B " o
0 0 . . .
Sham GA-5 GA-10 GA-20 Sham 5 GA-10 GA-20
300
C D 4«
250 35
2 E 200 E530
& = e E25
t E 150 S :ZU 4
g & 100 ZEs ##
£ 5
0 0 .
Sham AS  GAD  GA20 GAS CAI0 GA2D

Figure 5. Effect of Gambogic acid on oxidative stress in AAA mice. The effect of Gambogic acid on (A) GSH-PX, (B) GSH, (C) SOD and (D) MDA in
AAA mice. Data are expressed as the mean + standard deviation. “P<0.01 vs. sham group; “/P<0.01 vs. AAA model group. Sham, sham group; AAA, AAA
model group; GA-5, Gambogic acid treatment group (5 mg/kg); GA-10, Gambogic acid treatment group (10 mg/kg); GA-20, Gambogic acid treatment group
(20 mg/kg); AAA, abdominal aortic aneurysm; GSH, glutathione; GSH-PX, glutathione peroxidase; SOD, superoxide dismutase; MDA, malondialdehyde.
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tion.

“P<0.01 vs. sham group; “P<0.01 vs. AAA model group. (A) Representative western blot images. Quantification of (B) TGF-f, (C) MMP-9, (D) MMP-2

and (E) NF-«xB protein expression levels. Sham, sham group; AAA, AAA model group; GA-5, Gambogic acid treatment group (5 mg/kg); GA-10, Gambogic
acid treatment group (10 mg/kg); GA-20, Gambogic acid treatment group (20 mg/kg); AAA, abdominal aortic aneurysm; TGF-f3, transforming growth

factor-f3; MMP, matrix metalloproteinase; NF-kB, nuclear factor-xB.

through affecting vascular endothelial cells, using a variety
of signals can be transduced and regulated through the
PI3K-Akt signaling pathway. Regulation of this pathway can
directly or indirectly promote the pathological progression
of atherosclerosis (9). In the present study, it was observed

that Gambogic acid treatment significantly induced PI3K,
p-Akt, p-mTOR and p-p70S6K1 protein expression in AAA
mice. Wang et al identified that Gambogic acid suppresses
the activity of multiple myeloma cells through the PI3K-Akt
signaling pathway (33).
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Figure 7. Effect of Gambogic acid on PI3K, p-Akt, p-mTOR, and p-p70S6K1 protein expression in AAA mice. (A) Representative western blot images.

Quantification of (B) PI3K, (C) p-Akt, (D) p-mTOR and (E) p-p70S6K1 protein expression levels.

“P<0.01 vs. sham group; "P<0.01 vs. AAA model group.

Sham, sham group; AAA, AAA model group; GA-5, Gambogic acid treatment group (5 mg/kg); GA-10, Gambogic acid treatment group (10 mg/kg); GA-20,
Gambogic acid treatment group (20 mg/kg); AAA, abdominal aortic aneurysm; p-, phosphorylated; mTOR, mechanistic target of rapamycin; Akt, protein

kinase B, PI3K, phosphatidylinositol 3-kinase.

Normally, NF-«B exists in the cytoplasm and binds
to inhibitive protein IkB to stay in an inactive state (34).
When cells are stimulated, IkB kinase complex (IKK)
will be activated and phosphorylate IkB to dissociate IxB
with NF-kB, then free NF-xB will quickly transfer into
nucleus and bind to the target gene sequence specifically,
thus regulating gene expression associated with various
major pathophysiological reactions such as proliferation,
differentiation, metastasis and apoptosis of cells, including
the secretion of extracellular matrix degrading enzymes such
as MMP and urokinase (35). In our experiments, Gambogic
acid significantly suppressed NF-kB protein expression in
AAA mice. Liu et al (36) reported that GA induced apoptosis
via suppression of NF-kB pathway of esophageal squamous
cell carcinoma cells.

In conclusion, the results of the present study indicated
that Gambogic acid prevents Angll-induced AAA incidence
rate, edge leading aortic diameter and aortic wall thickness in
AAA mice. These data support that Gambogic acid decreased
the levels of proinflammatory cytokines, oxidative stress, and
TGF-B, MMP-2, MMP-9 protein expression in AAA mice
through the PI3K/Akt/mTOR and NF-«B signaling pathways.
Furthermore, Gambogic acid treatment may provide a prom-
ising approach for the prevention of AAA in the future.
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