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Embelin inhibits abdominal aortic aneurysm through
decreasing IL-6-induced STAT3 and NF-kB inactivation
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Abstract. The aim of the present study was to investigate
the effect of embelin on abdominal aortic aneurysm (AAA).
AAA model mice were induced by chronic infusion of
1,000 ng/kg/min Angiotensin II. AAA model mice were
treated with 25, 50 or 100 mg/kg embelin for 28 days.
Embelin inhibited tumor necrosis factor-a, interleukin
(IL)-1pB, IL-6, IL-18 and malondialdehyde (MDA) level
activities, increased superoxide dismutase, glutathione
(GSH) and GSH peroxidase level activities and inhibited
MDA level activities in AAA mice Embelin suppressed the
secretion of matrix metalloproteinase-9 protein expression,
monocyte chemoattractant protein-2 activity and epithelial
neutrophil-activating peptide expression levels in AAA
mice. Embelin suppressed phosphorylated-signal transducer
and activator of transcription (STAT) 3, phosphorylated-p38
mitogen-activated protein kinase and nuclear factor (NF)-kB
protein expression in AAA mice. These findings indicate
that embelin inhibits AAA through decreasing IL-6-induced
STAT3, and NF-xB inactivation.

Introduction

Abdominal aortic aneurysm (AAA) is the most common
true aneurysm, with a high tendency of rupture following
occurrence, resulting in its being classified as a serious threat
to human health (1). Since the formation of this condition
is a typically long process, for the majority of AAA cases,
there are no obvious clinical symptoms at the early stage,
and abdominal aortic aneurysm is finally diagnosed at the
early stage of arterial expansion (2). From the perspective
of aneurysm accumulation range, almost all the AAA cases
are associated with infrarenal aorta, and only 5% involve the
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renal aorta (2,3). A total of 25% of the AAA cases may be
the invasion of the medullary artery, however isolated skeletal
aneurysm is relatively rare, and isolated suprarenal AAA cases
are rarer, unless the invasion of the thoracic aorta or renal
abdominal aorta results in chest AAA (4).

Interleukin (IL)-6 is a primary multifunctional pro-inflam-
matory cytokine, secreted by a variety of cell types, including
T lymphocytes, B lymphocytes, monocytes, epithelial cells
and certain tumor cells, involved in inflammation and the
immune response, which affect cell survival, proliferation and
apoptosis (5). It results in neutrophil infiltration by regulating
the expression of chemokines and adhesion molecules and
recruiting mononuclear macrophage accumulation to release a
large number of cytokines and growth factors to maintain the
continuity of inflammation and to promote the development
of multiple tumors, including the growth of neuroblastoma,
cervical cancer and angiogenesis (6).

It has previously been demonstrated that the effect of IL-6
is associated with various signaling pathways, particularly
the signal transducer and activator of transcription (STAT)
signaling pathway (6). This is the primary pathway that
results in IL-6 promoting various biological effects, including
local tumor inflammation, angiogenesis and expression of
genes that have an impact on cell cycle, and in the family of
STAT transcription factors, STAT3 is the most important (7).
STAT3 transcription factor is an oncogene, which exhibits
an important role in the regulation of inflammation and the
immune response, and it is highly expressed and aberrantly
activated in breast, colon and prostate cancers, AAA and
other tumors (8). The persistent activation of STAT3 is closely
associated with tumor formation, and promotion of tumor
cell proliferation, angiogenesis, invasion and metastasis,
therefore inhibiting the expression and activation of STAT3
may inhibit tumor growth significantly (9). Previous studies
have demonstrated that there is an interaction between STAT3
and nuclear factor (NF)-«xB signaling pathways, which jointly
promote tumor development (8,10). NF-«xB is a key molecule
in regulating inflammation and immune responses, is a hub
for the regulation of inflammatory gene expression, and also a
cancer gene expressed highly in multiple tumors and activated
abnormally to regulate cell growth, apoptosis, angiogenesis,
invasion and metastasis (11).

Embelin is the primary component of white acid vine
fruit (12). This plant is traditionally used as the first-line
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anti-inflammatory drug to relieve rheumatism and fever.
Relevant research revealed that embelin also has antioxidant,
hepato-protective, antibacterial, anti-diabetic, and
anti-inflammatory effects in other organs (12,13). Embelin
additionally blocks the NF-KB signaling pathway that is
the key protein associated with the ischemia-reperfusion
injury-induced inflammatory response (14). The aim of the
present study was to elucidate how embelin inhibits AAA and
its underlying molecular mechanism.

Materials and methods

Animals, animal groups and Angiotensin Il-induced AAA
in mice. All animal experiment operations were conducted
according to nursing and use guidance for animal experiment
operations of National Institutes of Health in Heilongjiang
Provincial Hospital (15). Male, C57BL/6 mice (20-22 g;
6 weeks old, n=38) were purchased from Animal laboratory
of Harbin Medical University (Harbin, Heilongjiang, China)
and were raised in a laboratory animal room with a 12 h
light/dark cycle at 24+2°C, 50-60% humidity, and free access
to food and water. All mice were randomly distributed into
sham group (n=6), AAA model group (n=8) and low embelin
(25 mg/kg, n=8), medium embelin (50 mg/kg, n=8) and high
embelin (100 mg/kg, n=8) treatment groups. AAA model
mice were induced by chronic infusion of 1,000 ng/kg/min
Angiotensin II using mini-osmotic pumps (cat. no. 1004,
Alzet; Durect Corporation, Cupertino, CA, USA). AAA model
mice were gavaged with normal saline, and embelin treatment
groups were gavaged with 25, 50 and 100 mg/kg of Embelin.
Following 28 days, mice were sacrificed. The experiments
were approved by the Animal Ethical and Welfare Committee
of the First Hospital of Qigiha'er (Qiqgiha'er, China).

Toluidine blue staining. Mice were anesthetized using
50 mg/kg of sodium pentobarbital (intraperitoneally) and the
aortas were immediately separated and washed with PBS.
Samples were perfused with 4% paraformaldehyde for 30 min
at room temperature. Samples were embedded using paraffin
and cut into 5-6 ym sections. Sections were deparaffinized and
rehydrated in a descending ethanol series and Tissue-Clear®
(Sakura Finetek UK Ltd, Thatcham, England). Then, sections
were stained in toluidine blue working solution for 15 min at
room temperature and dehydrated using several degradations
of ethanol. Samples were normalized to aortic vessel wall
area (mm?) and total numbers per aorta since they were few
in number.

ELISA analysis. Aortic tissues from mice treated with or without
embelin were acquired, and expression levels tumor necrosis
factor (TNF)-a, interleukin (IL)-1p, IL-6, IL-18, in addition
to superoxide dismutase (SOD), malondialdehyde (MDA)
activities, and monocyte chemoattractant protein (MCP)-2 and
epithelial neutrophil-activating peptide (CXCLS5) secretions
were measured. Aortic tissues (10 mg) were homogenized
with radioimmunoprecipitation assay (RIPA) lysis buffer
(Beyotime Institute of Biotechnology, Haimen, China) and
centrifuged at 14,000 x g at 4°C for 10 min to collect protein
extract. TNF-a (E-EL-M0049c¢), IL-1p (E-EL-M0037c),
IL-6 (E-EL-MO0044c), 1L-18 (E-EL-M0730c), SOD
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(E-EL-M2398c), MDA (E-EL-0060c), GSH (E-EL-0026¢),
GSH-PX (E-EL-M0950c¢), MCP-2 (E-EL-H1158¢) and CXCL5
(E-EL-M0471c) activities were evaluated using ELISA kits
(all from Elabscience Biotechnology Co., Ltd. Wuhan, China).

Western blot analysis. Aortic tissues (50 mg) was homogenized
with RIPA lysis buffer (Beyotime Institute of Biotechnology)
and centrifuged at 14,000 x g at 4°C for 10 min to collect
protein extract. Protein was quantitated with BCA assay
(Beyotime Institute of Biotechnology) and 50 ug protein
was separated on 10% SDS-PAGE gels and blotted onto a
nitrocellulose membrane. Membranes were blocked using
5% skimmed milk powder in Tris buffered Tween-20 and
incubated with primary antibodies against matrix metallopep-
tidase (MMP)-9 (13667; 1:2,000; Cell Signaling Technology,
Inc., Danvers, MA, USA), phosphorylated (p)-STAT3 (9145;
1:1,000; Cell Signaling Technology, Inc., Danvers, MA, USA),
p-p38 (4511; 1:1,000; Cell Signaling Technology, Inc.), NF-xB
(8242; 1:2,000; Cell Signaling Technology, Inc.) and GAPDH
(AF1186; 1:5,000; Beyotime Institute of Biotechnology)
at 4°C for 12-16 h. Anti-rabbit IgG conjugated to horseradish
peroxidase secondary antibody (7074; 1:5,000; Cell Signaling
Technology, Inc.) was incubated with the membranes at 37°C for
1 h. Membranes were visualized using enhanced chemilumi-
nescence Prime Western blotting reagent (GE Healthcare Life
Sciences) and ImageLab version 3.0 (Bio-Rad Laboratories,
Inc., Hercules, CA, USA) was used for densitometry.

Statistical analysis. Data are expressed as the mean + standard
deviation using SPSS version 17.0 (SPSS, Inc., Chicago, IL,
USA). Multigroup comparisons were assessed using one-way
analysis of variance and Tukey's post hoc test. P<0.05 was
considered to indicate a statistically significant difference.

Results

Embelin inhibits AAA incidence rate in Angiotensin Il infused
mice. The present study first examined the effect of embelin
(Fig. 1) on AAA incidence rate in mice. It was demonstrated that
that AAA incidence rate was markedly increased in the AAA
model group, compared with sham group (Fig. 2). Treatment
with embelin significantly inhibited the AAA incidence rate in
mice compared with the AAA model group (Fig. 2).

Embelin inhibits vascular remodeling in Angiotensin I
infused mice. Next, the effect of embelin was examined on
AAA-induce vascular remodeling. As presented in Fig. 3,
the thickness of edge leading aortic diameter and aortic
wall thickness in the AAA model group were significantly
promoted, compared with sham group. Treatment with
embelin significantly inhibited edge leading aortic diameter
and aortic wall thickness in AAA mice, compared with AAA
model group (Fig. 3).

Embelin inhibits inflammatory reaction in Angiotensin Il
infused mice. The present study analyzed the anti-inflam-
matory effect of embelin in Angiotensin II infused mice. In
Angiontensin II-induced AAA mice, TNF-a, IL-1f, IL-6 and
IL-18 expression levels were significantly increased compared
with control group (Fig. 4). Notably, treatment with embelin
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Figure 1. Chemical structure of embelin.
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Figure 2. Embelin inhibits AAA incidence rate in Angiotensin II infused
mice. AAA model mice were induced by chronic infusion of 1,000 ng/kg/min
Angiotensin IT and gavaged with differing concentrations of embelin or
normal saline. “P<0.01 vs. sham group; *P<0.01 vs. AAA model group.
Sham, sham group; AAA, abdominal aortic aneurysm model group;
Embelin-L, low embelin treatment group (25 mg/kg); Embelin-M, medium
embelin treatment group (50 mg/kg); Embelin-H, high embelin treatment
group (100 mg/kg).

suppressed TNF-a, IL-10, IL-6 and IL-18 levels in AAA mice
compared with AAA model group (Fig. 4).

Embelin inhibits oxidative stress in Angiotensin Il infused
mice. The present study next investigated the effects of embelin
on oxidative stress injury in Angiotensin II infused mice. It
was observed that SOD, GSH and GSH-Px level activities
were markedly decreased and MDA level activities in model
group were markedly increased compared with sham group
(Fig. 5). Embelin treatment significantly increased SOD, GSH
and GSH-PX level activities and inhibited MDA level activi-
ties in AAA mice compared with AAA model group (Fig. 5).

Embelin inhibits MMP-9 and p-STAT3 protein expression in
Angiotensin Il infused mice. It has previously been demon-
strated that MMP-9 regulates inflammatory factors in AAA
model mice, therefore the present study investigated the effect
of embelin on MMP-9 and p-STAT3 protein expression. As
presented in Fig. 6, there was a significant increase of MMP-9
protein expression in the AAA model group, compared with
the sham group. In AAA mice, embelin treatment significantly
suppressed the MMP-9 and p-STAT3 protein expression
levels, compared with the AAA model group (Fig. 6).
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Embelin inhibits MCP-2 activity and CXCLS levels in
Angiotensin Il infused mice. In order to identify MCP-2
activity and CXCLS5 levels in Angiotensin II infused mice,
the present analyzed the effect of embelin these factors in the
AAA model group. MCP-2 activity and CXCLS5 levels were
significantly increased in AAA model mice, compared with
sham group (Fig. 7). Treatment with embelin significantly
inhibited MCP-2 activity and CXCLS5 levels in AAA model
mice, compared with AAA model group (Fig. 7).

Embelin inhibits p-p38 and NF-kB protein expression in
Angiotensin Il infused mice. The anti-inflammation mecha-
nism of embelin was investigated in AAA model mice, via
p-p38 and NF-kB protein expression quantification with
western blot analysis. As presented in Fig. 8 it was observed
that p-p38 and NF-kB protein expression in AAA model group
was notably increased compared with sham group. Compared
with AAA model group, p-p38 and NF-«kB protein expression
levels were significantly suppressed in AAA mice treated with
embelin (Fig. 8).

Discussion

Thereis anextensive differencein AA A prevalenceindifferent
regions, with increased European and American populations
presenting with the condition compared with in Africa and
Asia (16). In 2010, Danish research results revealed that the
AAA prevalence rate was ~4.0%; a large-scale conducted
among 310 million people in the United States in the same
year revealed that the AAA prevalence rate was ~1.4%; two
large screening studies in Australia with the interval of
9 years indicated that the rates were 4.0 and 7.2%, respec-
tively (16). In Asian countries, a hospital-based study that
started in South Korea demonstrated that AAA prevalence
rate was 0.43% in 2009, significantly lower compared with
the European population, which was similar to the results
obtained from the screening program carried out in Japan in
2000 (17,18). In the present study, it was demonstrated that
embelin significantly inhibited the AAA incidence rate, and
decreased edge leading aortic diameter and aortic wall thick-
ness in AAA mice.

Lymphocytes and mononuclear cell infiltration indicated
that the autoimmune reaction is important in the formation of
AAA (19). Infection is one of the factors for AAA formation,
and it has been reported that 55% of AAA patients suffer from
mycoplasma pneumonia (20). In the formation of AAA, the
active oxygen species and antioxidants also exhibit an important
role (21). The superoxide level in AAA tissues exhibits a 2.5-fold
increase compared with the neighboring non-aneurysmal tissue,
and a 10-fold increase compared with in normal tissue (22). A
total of two days following the injection of aggressive porcine
pancreatic elastase in the arterial wall, inducible nitric oxide
synthase exhibits a 50-fold increase. Compared with the control
saline group, 10 days following the injection of elastase in arterial
wall, the expression of the antioxidant SOD exhibits a 20-fold
decrease (22). In vitro studies demonstrate that the active oxygen
species may activate MMP. Therefore, the imbalance of promo-
tion of the oxidation gene expression is important in human
AAA and experimental aneurysm. Reactive oxygen species
also affect apoptosis and promote the formation of AAA (23).
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Figure 3. Embelin inhibits vascular remodeling in Angiotensin II infused mice. Embelin inhibited (A) edge leading aortic diameter and (B) aortic wall thick-
ness in Angiotensin IT infused mice. "P<0.01 vs. sham group; “P<0.01 vs. AAA model group. Sham, sham group; AAA, abdominal aortic aneurysm model
group; Embelin-L, low embelin treatment group (25 mg/kg); Embelin-M, medium embelin treatment group (50 mg/kg); Embelin-H, high embelin treatment
group (100 mg/kg).
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Figure 4. Embelin inhibits inflammatory reactions in Angiotensin II infused mice. Embelin inhibited (A) TNF-a, (B) IL-1, (C) IL-6 and (D) IL-18 in
Angiotensin II infused mice. “P<0.01 vs. sham group; “P<0.01 vs. AAA model group. Sham, sham group; AAA, abdominal aortic aneurysm model group;
Embelin-L, low embelin treatment group (25 mg/kg); Embelin-M, medium embelin treatment group (50 mg/kg); Embelin-H, high embelin treatment group
(100 mg/kg); TNF-a, tumor necrosis factor-a; IL, interleukin.
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Figure 5. Embelin inhibits oxidative stress in Angiotensin II infused mice. Embelin inhibited (A) MDA and increased (B) SOD, (C) GSH and (D) GSH-PX in
Angiotensin II infused mice. “P<0.01 vs. sham group; *P<0.01 vs. AAA model group. Sham, sham group; AAA, abdominal aortic aneurysm model group;
Embelin-L, low embelin treatment group (25 mg/kg); Embelin-M, medium embelin treatment group (50 mg/kg); Embelin-H, high embelin treatment group
(100 mg/kg); MDA, malondialdehyde; SOD, superoxide dismutase; GSH, glutathione; GSH-PX, glutathione peroxidase.

In the present study, it was demonstrated that embelin treatment The incidence of AAA is quite a complex process, which
significantly increased SOD, GSH and GSH-PH and inhibited  is associated with various factors. The AAA lesion structure
MDA activities in AAA mice. is characterized by the damage of elastin and collagen in the
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Figure 6. Embelin inhibits MMP-9 and p-STAT3 protein expression in Angiotensin II infused mice. (A and B) Quantitative analysis and (C) representative
image of MMP-9 and p-STAT3 protein expression levels, detected by western blotting assay, in Angiotensin II infused mice. “P<0.01 vs. sham group;
#P<0.01 vs. AAA model group. Sham, sham group; AAA, abdominal aortic aneurysm model group; Embelin-L, low embelin treatment group (25 mg/kg);
Embelin-M, medium embelin treatment group (50 mg/kg); Embelin-H, high embelin treatment group (100 mg/kg); MMP-9, matrix metallopeptidase-9;
p, phosphorylated; STAT3, signal transducer and activator of transcription 3.
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Figure 7. Embelin inhibits MCP-2 activity and CXCLS5 levels in Angiotensin II infused mice. Embelin inhibited (A) MCP-2 activity and (B) CXCLS5 levels in
Angiotensin II infused mice. “P<0.01 vs. sham group; “P<0.01 vs. AAA model group. Sham, sham group; AAA, abdominal aortic aneurysm model group;
Embelin-L, low embelin treatment group (25 mg/kg); Embelin-M, medium embelin treatment group (50 mg/kg); Embelin-H, high embelin treatment group
(100 mg/kg); MCP-2, monocyte chemoattractant protein; CXCLS, epithelial neutrophil-activating peptide.
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Figure 8. Embelin inhibits p-p38 and NF-«xB protein expression in Angiotensin II infused mice. (A and B) Quantitative analysis and (C) representative
image of p-p38 and NF-kB protein expression levels, detected by western blotting assay, in Angiotensin II infused mice. “P<0.01 vs. sham group;
"P<0.01 vs. AAA model group. Sham, sham group; AAA, abdominal aortic aneurysm model group; Embelin-L, low embelin treatment group (25 mg/kg);
Embelin-M, medium embelin treatment group (50 mg/kg); Embelin-H, high embelin treatment group (100 mg/kg); p, phosphorylated; NF-kB, nuclear
factor-xB.
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middle wall and outer membrane. Smooth muscle cell degra-
dation resulted in the thinning of the middle layer, and leads
to lymphocyte and macrophage infiltration (22). The signifi-
cant histological feature of AAA is the extensive infiltration
of lymphocytes and macrophages in the vessel wall, which
leads to generation of cytokines (including interleukins, TNF,
immunoreactive fibronectin) and immunoglobulin increase in
the aneurysm wall, and these cytokines may lead to the activa-
tion of various proteases (24). Although the initiating factors
of white blood cell infiltration and transfer are not entirely
clear, the denaturation product of elastic protein in the exposed
artery walls may be used as a chemokine for macrophage
infiltration (25).

Various factors, including IL-6, IL-8 and granulocyte
chemotactic protein 2, may collect and activate various
inflammatory cells, particularly neutrophils, thereby mediating
inflammation, so as to affect infections, autoimmune diseases
and pathological process of tumors (26). STAT3 is an
important nuclear transcription factor, the gene of which is
located in chromosome 12 (27). STAT3 is widely expressed
in various cells and tissues and is involved in the regulation
of cell growth and differentiation, proliferation, apoptosis
and other physiological functions (28). It was observed that
embelin suppressed TNF-a, IL-1f3, IL-6 and IL-18 expression
levels in AAA mice.

Currently, a large number of basic and clinical studies
have verified that MMP-9 has an important role in the
development process of AAA (29). AAA may lead to
an increase of MMP-9 content in plasma and tumor wall
tissue, however MMP-9 is a reliable indicator for judging
AAA activity, which may be associated with the size of the
AAA (29). The role of MMP-9 is not a static, however a
dynamic process. Theresearch and study regarding regulatory
factors for the expression of MMP-9 activity and activation
process, and the exploration of specific mechanisms, will
lay the foundation for further understanding regarding AAA
mechanism, drug treatment and prevention (30,31). The
results of the present study suggested that embelin treatment
significantly suppressed the protein expression levels of
MMP-9 in AAA mice.

CXCLS5, additionally termed epithelial-derived neutrophil
activating peptide 78, is a member of the CXC chemokine
family (32). CXCLS5 has strong chemotaxis for inflammatory
cells (including granulocytes and myeloid-derived suppressor
cells) and a pro-angiogenesis effect, with an important role
in the formation of the tumor microenvironment of inflam-
mation, and is involved in tumor growth, invasion and
metastasis (33). It has previously been demonstrated that
CXCLS5 is expressed in non-tumor tissues, including stomach
disease, gastric mucosa, endometrial glands pulmonary
fibrosis, inflammatory bowel disease, liver fibrosis and
cirrhosis, which are associated with inflammatory damage;
whereas in tumor tissues, including non-small cell lung,
stomach, endometrial, prostate and pancreatic cancers,
CXCLS5 has a significantly increased expression compared
with non-cancerous tissue (34,35). CXCLS5 may promote the
development, angiogenesis and metastasis of non-small cell
lung, stomach and endometrial cancers, in addition to AAA.
CXCLS is positively correlated with pathological grade,
malignant degree and clinical stage of prostate cancer; high
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expression of CXCLS also indicates that the patient has a poor
prognosis (36). The results of the present study suggested that
embelin significantly inhibited MCP-2 activity and CXCLS5
levels in AAA model mice.

STAT3 gene is typically associated with the inflamma-
tory response, and is located in the human chromosome 17
(921) (37). Transcription factors NF-kB and STAT3 exhibit
a key role in the process of cancer development promoted
by inflammation. The stimulation and activation of NF-kB
and STAT3 via inflammation may regulate transcription and
expression of numerous genes, including those participating
in the immune response, inflammation, cell proliferation
and apoptosis (38). Under normal physiological conditions,
the activation of NF-«xB and STAT3 are strictly controlled,
however in a variety of tumors, this control is destroyed
with the appearance of abnormal activation, and regulation
of the expression levels of a large number of genes condu-
cive to tumor growth instead occurs (39). The present study
observed that embelin significantly suppressed p-STAT3
protein expression in AAA mice. Dai ef al (40). Demonstrated
that embelin suppresses colitis-associated cancer by limiting
IL-6/STATS3 activation and the T helper cell 17 immune
response (37).

NF-«B links inflammation with cancer via the activa-
tion of the upstream molecule IKKP, which promotes the
development of inflammation-associated tumors. Selectively
inhibiting NF-kB activation, will decrease rate of tumor
development (41). It has been demonstrated that STAT3 and
NF-«B have very important roles in the tumor development
process promoted by inflammation. Blocking the activation
of STAT3 and NF-kB signaling pathways via inflammatory
cytokines will inhibit the local inflammatory response, and
will result in the inhibition of the occurrence and develop-
ment of inflammation-associated cancers, and provide a novel
strategy with which to treat cancer (42,43). The results of the
present study demonstrated that embelin suppressed p-p38
and NF-«xB protein expression in AAA mice. Xu et al (14)
suggested that embelin induces apoptosis through inhibi-
tion of p38 MAPK and NF-«B signaling pathways in human
gastric carcinoma.

In conclusion, these data suggest that embelin inhibited the
AAA incidence rate and decreased edge leading aortic diameter
and aortic wall thickness in AAA mice via anti-inflammatory
and anti-oxidation effects. Targeting IL-6-induced STAT3 and
inactivation of NF-kB will provide greater therapeutic poten-
tial in the treatment of AAA.
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