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Abstract

Background: In the rat model of high carbohydrate, high fat (HCHF) diet-induced metabolic syndrome (MS),
previous studies have found that asiatic acid has an antihypertensive effect. In this study, we investigated effects
of asiatic acid on vascular structure, vascular function and renin-angiotensin system (RAS) in HCHF diet-induced
MS rats.

Methods: Male Sprague-Dawley rats were divided into three treatment groups for the 15 week study: a control
group fed a normal diet, a MS group fed HCHF diet plus 15 % fructose in their drinking water for 15 weeks, and
an asiatic acid treated group that received a HCHF diet plus fructose for 15 weeks and also received orally administered
asiatic acid (20 mg/kg BW/day) for the final 3 weeks. Vascular structure and function were investigated. AT, receptor
expression in aortic tissues and eNOS protein expression in the mesenteric arteries were detected. The levels of serum
angiotensin (Ang) Il, angiotensin converting enzyme (ACE) and plasma norepinephrine (NE) were measured. The
differences among treatment groups were analyzed by one-way analysis of variance (ANOVA) followed by post-hoc
Bonferroni tests.

Results: At the end of the study, all rats fed a HCHF diet exhibited signs of MS including, hypertension, dyslipidemia
and insulin resistance. Vascular remodeling in large and small arteries, overexpression of AT, receptor, and high levels
of serum Ang Il and ACE were also observed in MS group (p < 0.05). Contractile responses to sympathetic nerve
stimulation were enhanced relating to high plasma NE level in MS rats (p < 0.05). The response to exogenous NE
was not changed in the mesenteric bed. Vasorelaxation responses to acetylcholine were blunted in thoracic aorta
and mesenteric beds, which is consistent with downregulation of eNOS expression in MS rats (p < 0.05). Restoration

of metabolic alterations, hemodynamic changes, RAS and sympathetic overactivity, increased plasma NE, endothelium
dysfunction, and downregulation of eNOS expression was observed in the asiatic acid treated group (p < 0.05).
However, asiatic acid failed to alleviate vascular remodeling in MS rats.

Conclusion: Our findings suggest that the observed antihypertensive effect of asiatic acid in MS rats might be related
to its ability to alleviate RAS overactivity and improve vascular function with restoration of sympathetic overactivity.
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Background

Metabolic syndrome (MS) is a group of metabolic ab-
normalities including abdominal obesity, dyslipidaemia,
hyperglycaemia, and hypertension that are risk factors
for cardiovascular disease (CVD) and diabetes mellitus
type 2 (DM2) in human [1]. There are many combina-
tions of diets, including high fructose, high carbohydrate
and high fat diets, used in rodents to mimic MS [2, 3].
High carbohydrate-high fat (HCHF) diets have been
shown to induce metabolic syndrome (MS) in rats. MS
affected rats regularly show insulin resistance, impair-
ment of glucose tolerance, dyslipidemia and high blood
pressure [4, 5]. The development of hypertension in
diet-induced MS in rats has been reported, along with
structural and functional vascular alterations [4, 6]. Thick-
ening of the media layer of mesenteric arteries, indicating
vascular remodeling, has been seen in fructose-induced
metabolic syndrome [7]. Panchal and coworkers (2011)
reported that HCHF diet-induced MS rats exhibited
hypertension and a reduction of the vasorelaxation re-
sponse to acetylcholine [8]. Microvascular dysfunction has
also been reported to be an important factor that contrib-
ute to the development of hypertension in MS rats [9].
Several mechanisms have been proposed in the pathogen-
esis of endothelial dysfunction, such as decrease in nitric
oxide (NO) bioavailability and increases in oxidative stress
and inflammation [10, 11].

Sympathetic nerve overactivity strongly associated with
hyperinsulinemia has been found in metabolic syndrome
human patients [12] and diet-induced MS rats [13, 14].
Numerous studies suggest that in mesenteric vascular
beds isolated from fructose-induced insulin resistance
rats, hyperinsulinemia causes hypertension by enhan-
cing contractile responses to sympathetic nerve activ-
ity [15]. In pithed rats without a central modulation,
chronic hyperinsulinemia can be induced by fructose-
drinking facilitated pressor response to sympathetic
nerve stimulation, a response that might contribute to
the development of hypertension [16].

Furthermore, it is well known that the renin-angiotensin
system is important for blood pressure regulation. Angio-
tensin (Ang) II induces high blood pressure through its
receptor, the type 1 Ang II receptor (AT, receptor), which
mediates vasoconstriction [17]. It has been reported that
renin-angiotensin system is activated in MS [18]. The
association between high activity of the renin-angiotensin
system and impairment of insulin sensitivity is evident
in MS [19]. Several previous studies showed that the
renin-angiotensin system plays a crucial role in the de-
velopment of hypertension in high fructose fed rats,
since an increase in plasma Ang II [20-22] and AT, re-
ceptor mRNA levels were reported in fructose-induced
hypertensive rats [23]. Thus, we hypothesize that the
improvement of insulin resistance, sympathetic nerve
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and renin-angiotensin system overactivity along with
vascular remodeling and function could alleviate high
blood pressure and alleviate cardiovascular complica-
tions in diet-induced MS rats [5, 24, 25].

Asiatic acid is a triterpenoid compound derived from
Centella asiatica. Numerous studies demonstrate the
biological effects of asiatic acid. Asiatic acid has been
reported to have antioxidative and anti-inflammatory
activities in hydrogen peroxide (H,O,) induced injury
performed in human bronchial epithelial cells [26]. Anti-
hyperlipidemic and antidiabetic activities of asiatic acid in
streptozotocin-induced diabetic rats have also been pro-
posed [27]. Another recent study showed that asiatic acid
reduced blood pressure, improved vascular function via
restoring endothelial nitric oxide synthase (eNOS) and
p*7PhoX expression in L-NAME hypertensive rats [28]. In
rat models of HCHF diet-induced MS, previous studies
found antihypertensive, anti-inflammatory and antioxidant
effects of asiatic acid [5]. However, there is no information
about the effects of asiatic acid on vascular structure
and function in HCHF induced MS rats. In the present
study, we investigated whether asiatic acid supplemen-
tation could alleviate vascular alterations and the renin-
angiotensin system in HCHF diet-induced MS rats.

Methods

Drugs

Asiatic acid, ethylenediaminetetraacetic acid (EDTA), nor-
epinephrine, acetylcholine, phenylephrine, sodium nitro-
prusside and capsaicin were obtained from Sigma-Aldrich
(St. Louis, MO, USA) (purity >95 %). All other chemicals
used were analytical grade quality.

Animals

Male Sprague—Dawley rats (220-240 g) were purchased
from the National Laboratory Animal Center, Mahidol
University, Salaya, Nakornpathom. Rats were maintained
in an air-conditioned room (23 + 2 °C) with a 12 h dark—
light cycle at the Northeast Laboratory Animal Center.
All procedures complied with the standards for the care
and use of experimental animals and were approved by
the Animal Ethics Committee of Khon Kaen University,
Khon Kaen, Thailand (AEKKU 36/2555).

Experimental designs

We conducted two separate sets of experiments in order
to study vascular structure and vascular function. After
one week of acclimatization, the animals were ran-
domly divided into 3 study groups: group 1, the normal
control group (C; n=14) ate a standard chow diet
(ChareonPokapan Co. Ltd., Thailand) and drinking tap
water, group 2 (MS; n = 14) ate an HCHF diet together
with 15 % fructose in drinking water for 15 weeks, and
group 3 (MS + AA; n =14) received an HCHF diet with
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15 % fructose in their drinking water for the 15 weeks
and were treated with asiatic acid at dose 20 mg/kg BW
per day for the final 3 weeks of the 15 week study
period. The compositions of HCHF diet (Additional
file 1) followed the method of Senaphan and coworkers
[6] and the dose of asiatic acid was influenced by previ-
ous study [5, 28].

Indirect measurement of blood pressure in conscious rats
Systolic blood pressure (SP) and heart rate (HR) of rats
were measured weekly using non-invasive tail cuff pleth-
ysmography (IITC/Life Science Instrument model 229
and model 179 amplifier; Woodland Hills, CA, USA) to
assess blood pressure changes throughout the 15 weeks
of the study.

Assessment of metabolic parameters

Rat body weight was assessed once a week. Blood samples
were taken to analyze lipid profiles, which were measured
by Clinical Chemistry Laboratory Unit of Faculty of Asso-
ciated Medical Sciences, Khon Kaen University, Thailand.
Fasting blood glucose (FBG) was measured using a gluc-
ometer (Roche Diagnostics Australia Pty. Ltd., Sydney,
Australia). Insulin level was measured using a Rat Insulin
ELISA Kit (Millipore Corporation, Billerica, MA, USA).
Homeostasis Model Assessment of Insulin Resistance
(HOMAR-IR) score was used as an index of insulin resist-
ance [29] and was calculated using Equation 1:

HOMA-IR = (fasting glucose (mmol/L) X fasting insulin (uIU/mL))/22.5

(1)

Hemodynamic assessment

Hemodynamic parameters were determined at the end of
study. Briefly, rats were anesthetized by intra-peritoneal
administration of pentobarbital-sodium (60 mg/kg) and
placed on a heating pad. A polyethylene tube was inserted
in to the femoral artery for direct blood pressure measure-
ment. SP, diastolic blood pressure (DP), mean arterial
pressure (MAP) and HR were continuously monitored by
a way of pressure transducers and recorded using the
Acknowledge Data Acquisition and Analysis Software
(BIOPAC Systems Inc., California, USA). Subsequently,
the abdominal aorta was carefully separated from the
abdominal vein, cleaned of connective tissue and fitted
with a flow probe to detect hindlimb blood flow (HBE, ml/
min/100 g tissue) with an electromagnetic flowmeter
(Carolina Medical Electronics, Inc., North Carolina, USA).
Hindlimb vascular resistance (HVR, mmHg/ml/min/100 g
tissue) was calculated by MAP divided by HBE. Thereafter,
blood samples were collected from the abdominal aorta
for biochemical assays.
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Morphometric measurement

The rats were euthanized, and mesenteric arteries (2"¢
branches) and thoracic aorta (3"-6" vertebral level)
were excised and cleaned of surrounding adipose and
connective tissues. The samples were then perfused with
4 % paraformaldehyde and fixed in Bouin’s solution.
They were then embedded in paraffin, and serial 5-um-
thick sections were cut and then stained with hematoxylin
and eosin. Sections were captured with Digital sight DS-
2MV light microscope (Nikon, Tokyo, Japan). Morphomet-
ric evaluations; wall thickness, cross-sectional area (CSA)
and luminal diameters were performed on Image ] soft-
ware (National Institutes of Health, Bethesda, MD, USA).

Biochemical measurements

Serum Ang II and angiotensin converting enzyme (ACE)
concentrations were measured using Ang II EIA kit (St.
Louis, MO, USA) and mouse ACE ELISA kit (St. Louis,
MO, USA) respectively. Concentration of plasma nor-
epinephrine (NE) was determined by HPLC with electro-
chemical detector (DECADE II, Waters, Milford, MA)
using a commercials kit (RECIPE, Dessauerstrafie 3, D-
80992 Munich, Germany).

Vascular function study

Experimental protocols in isolated mesenteric vascular beds
After hemodynamic assessment, the animals were sacri-
ficed by exsanguination. Mesenteric vascular beds were
carefully isolated and then placed on a stainless steel
grid (7x5 c¢cm) in a humid chamber. The preparations
were perfused with physiological Kreb’s solution at a
constant flow rate of 5 ml/min, using a peristaltic pump
(07534—04, Cole-Palmer Instrument, Illinois, USA). Kreb’s
solution is composed of the following (all numbers are in
mM): NaCl 118, NaHCO; 25, KCI 4.8, KH,PO, 1.2,
MgS0O,.7H,0 1.2, CaCl, 1.25 and glucose 11.1 [30]. The
solution was maintained at 37 °C and continuously gassed
with a 95 % O, and 5 % CO, gas mixture.

The mesenteric vascular beds were pretreated with a de-
sensitizing agent, capsaicin (0.1 uM), for 20 min followed
by 30 min washout period to facilitate a desensitization of
vanilloid receptors and to cause a diminution of sensory
neurotransmitters [31]. After the washout period, elec-
trical field stimulation (EFS) (5—40 Hz, 90 V, 1 ms, for 30s
at 5-min intervals) was performed. Contractile responses
to EFS were detected as changes in mean perfusion pres-
sure (mmHg) using a pressure transducer and data were
recorded via the BIOPAC System (BIOPAC Systems
Inc., California, USA). The preparations were allowed
to equilibrate for 30 min before the next trial. After
the resting period, the mesenteric vascular beds were
injected with bolus doses of NE (0.15 nmol-15 nmol)
to evaluate the contractile responses to exogenous NE. To
determine vasoactive performance of resistance small
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arteries, methoxamine (5-7 pM) was added into Kreb’s
solution to raise tone (70-90 mmHg above baseline).
Subsequently, different doses of vasoactive agents, acetyl-
choline (ACh, 1 nM-0.01 pM) or sodium nitroprusside
(SNP, 1 nM-0.01 pM) were injected through neoprene
rubber tubing proximal to the tissue.

Experimental protocols in isolated aortic rings

To assess vasoactive performance of the large arteries,
the thoracic aorta was rapidly removed and cut into
2-3 mm long rings for tension measurement. Samples
were mounted in 15 ml baths containing Krebs’ solu-
tion at 37 °C and gassed with 95 % O, and 5 %
CO,gas mixture. Isometric contractions were recorded
with a resting tension of 1 g using a transducer con-
nected to a 4-channel bridge amplifier and a PowerLab
A/D converter and a PC running Chart v5 (PowerLab
System, ADInstruments, Australia). ACh (0.01 pM-
3 uM) induced endothelial mediated-relaxations and SNP
(0.01 uM-3 pM) were assessed by pre-contracting with
phenylephrine (10 pM) and relaxation expressed as
percent of phenylephrine-induced contraction.

Western blot analysis of eNOS and AT, receptor protein
expression

eNOS protein expression in the mesenteric artery and
AT, receptor protein expression in the thoracic aorta
were measured using a Western blot following a previ-
ous described method [28] with some modifications. The
vessels were homogenized and the proteins were electro-
phoresed on a sodium dodecylsulfate polyacrylamide gel
electrophoresis system. Thereafter, the proteins were elec-
trotransfered onto a polyvinylidenedifluoride membrane
and blocked with 5 % skimmed milk in Tris-buffered
saline (TBS) with 0.1 % Tween 20 for 2 h at room
temperature followed by incubation overnight at 4 °C with
mouse monoclonal antibodies to eNOS (BD Biosciences,
CA, USA) or rabbit polyclonal antibodies to AT; receptor
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(Santa Cruz Biotechnology, Inc., Santa Cruz, CA). After
the incubation period, the membranes were washed with
TBS and then incubated for 2 h at room temperature with
horseradish peroxidase-conjugated secondary antibody.
The blots were developed in AmershamTM ECLTM
Prime solution (Amersham Biosciences Corp., Piscataway,
NJ, USA), and densitometric analysis was performed using
an ImageQuant™ 400 (GE Healthcare Life Sciences, Piscat-
away, NJ, USA). The intensity of eNOS or AT, receptor
bands was normalized to that of B-actin, and data were
expressed as a percentage of the values determined in
control group from the same gel.

Statistical analysis

Data were expressed as mean + S.E.M. Time-course effect
of treatment on blood pressure was analyzed by two-way
measured analysis of variance (ANOVA) with post-hoc
Student Newman-Keul's test. The differences among
treatment groups were analyzed by one-way analysis of
variance (ANOVA) followed by post-hoc Bonferroni tests.
A p-value of less than 0.05 was considered statistically
significant.

Results

Effects of asiatic acid on blood pressure and heart rate in
conscious rats

There were increases in SP (145.6+1.7 vs. 1195+
1.9 mmHg) and HR (412.2 + 4 vs. 361.6 + 8.3 beat/min)
in MS rats comparing to that levels in control rats
(p <0.01). However, MS rats treated with asiatic acid
for the last 3 weeks had a significant reduction of
SP (128.5+ 1.9 mmHg) and HR (382.2+7.9 beat/min)
when compared to those of untreated rats (p <0.05;
Fig. 1).

Effects of asiatic acid on hemodynamic parameters
After 15 weeks of MS induction, SP, DP, MAP and HR in
MS group were significantly increased when compared to
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Fig. 1 Effects of asiatic acid on blood pressure and heart rate in conscious rats. Systolic blood pressure (a) and heart rate (b) were measured
monthly during the induction periods and weekly during the last 3 weeks of the treatment period. Values are mean + SEM (n = 14 for each
group), p < 0.05. * vs. control group, *vs. MS group. Normal control = normal control rats, MS = metabolic syndrome rats, MS + AA = metabolic
syndrome rats treated with asiatic acid
J
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those of the normal control group (p < 0.05). Treatment
with asiatic acid lowered SP, DP, MAP and HR comparing
to MS rats (p < 0.05; Table 1). Moreover, a marked reduc-
tion of HBF was found in MS group, which was associated
with a significant increase in HVR compared to those of
control group (p <0.05; Table 1). Treatment with asiatic
acid improved both HBF and HVR in MS + AA rats com-
paring to MS rats.

Effects of asiatic acid on metabolic parameters

No significant difference in body weight was observed
between experimental groups (490+7, 475.2+9.2 and
462.3 +10.5 g in control, MS and MS + AA groups, re-
spectively). Rats fed the HCHF diet showed significant
increases in fasting blood glucose, insulin levels and
HOMAR-IR index comparing to those of the control
group (p <0.05; Table 1). Moreover, MS rats exhibited
abnormal lipid profiles including increases total choles-
terol and triglycerides levels and decreased HDL-C
level in serum compared to those of control rats (p <
0.05; Table 1). Interestingly, treatment with asiatic acid
20 mg/kg BW for 3 weeks significantly reduced fasting
blood glucose, insulin levels and HOMAR-IR index
and also improved total cholesterol, triglycerides and
HDL-C levels comparing to those of MS rats (p < 0.05;
Table 1).

Effects of asiatic acid on vascular remodeling and AT,
receptor protein expression

Vascular wall hypertrophy was observed in the aorta
(Fig. 2a) and the mesenteric artery of MS rats (Fig. 2b),
as evidenced by a significant increase in vascular wall
thickness, CSA and lumen diameters compared to those
of control rats (p <0.01; Table 2). Asiatic acid did not
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reverse the vascular abnormalities in either the aorta
or the mesenteric artery. Furthermore, there was up-
regulation of AT, receptor protein expression in the
thoracic aorta compared to that of the control group
(p <0.001). This overexpression of AT; receptor reverted
to normal in MS rats treated with asiatic acid (p <0.01;
Fig. 2¢).

Effects of asiatic acid on serum Ang Il, ACE and plasma
NE concentrations

The levels of serum Ang II and ACE were significantly
increased in MS rats compared to control rats (p < 0.05;
Table 3). Plasma NE concentration in MS rats was also
significantly higher than that of control rats. A reduction
of serum Ang II, ACE and plasma NE levels in MS rats
treated with asiatic acid (MS + AA group) was found
(p <0.05; Table 3).

Effects of asiatic acid on contractile responses to EFS and
exogenous NE in mesenteric vascular bed isolated from
MS rats

EFS at 5-40 Hz produced an increased in perfusion
pressure caused by vasoconstriction, and vasoconstric-
tion was frequency-dependent in all preparations. A
significant increase in contractile responses to EFS was
observed in the mesenteric vascular bed isolated from
MS rats compared to the responses in control rats (at
30 Hz, 78.2 £13.1 vs. 18.9 + 3.14 mmHg, p <0.01). Con-
tractile response to EFS in MS rats-tread with asiatic
acid was reduced (at 30 Hz, 41.5 + 4.31 mmHg, p < 0.05)
compared to the response from MS rats (Fig. 3a). However,
the contractile response to exogenous NE (0.15 nmol—
15 nmol) was not different across groups (Fig. 3b).

Table 1 Effects of asiatic acid on hemodynamic status and metabolic parameters

Parameters Normal control MS MS + AA

SP (mmHg) 1157 +£2.1 1492 +£4.2* 130.2 + 2.6%**
DP (mmHg) 752+19 1009 £ 2% 885+ 1.3%**
MAP (mmHg) 892+18 1178 +25% 103.8 + 1.7%**
HR (beats/min) 3513+127 4185+ 114* 361.8+ 10.1%%
HBF (mL/min/100 g tissue) 7£03 41£0.0% 6.1 £0.3*
HVR (mmHg/mL/min/100 g tissue) 13.1+£05 29+1.2F 17.6 +£0.9%**
Fasting blood glucose (mg/dL) 869+25 176£17% 90.6 £ 1.5%*
Fasting serum insulin (ng/mL) 04+0.1 47 +05% 1.9+ 0.3%**
HOMAR-IR index 19402 31.2+33% 99+ 1.5
Cholesterol level (mg/dL) 522+18 823 +2.3* 57.3 £ 2.4%%*
Triglyceride level (mg/dL) 286+36 80.7 £5.8% 31.7 £1.7%*
HDL-C level (mg/dL) 425+16 182+ 1.8* 31.242.7%**

SP systolic blood pressure, DP diastolic blood pressure, MAP mean arterial pressure, HR heart rate, HBF hindlimb blood flow, HVR hindlimb vascular resistance,
HOMA-IR, homeostasis model assessment of insulin resistance, HDL-C high density lipoprotein cholesterol. Values are mean + SEM (n = 14 for each group); *p < 0.05

compared to the control group; **p < 0.05 compared to the MS group
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Fig. 2 Effects of asiatic acid on vascular remodeling and AT, receptor protein expression in thoracic aorta. Top panel, representative photographs
of thoracic aorta (a) and 2"% order of mesenteric artery samples (b) stained by H&E (original magnification = X 20) (n=7) and AT, receptor
protein expression in thoracic aorta (n=4) (c) of all experimental groups. Values are mean + SEM, p < 0.05. * vs. control group, "vs. MS group.
Normal control = normal control rats, MS = metabolic syndrome rats, MS + AA = metabolic syndrome rats treated with asiatic acid

Effects of asiatic acid on vascular responses to vasoactive

Table 2 Effects of asiatic acid on morphologic changes in the agents in the rat perfused mesenteric vascular bed under

thoracic aorta and 2™ order of mesenteric artery raised tone conditions

Parameters Normal control  MS MS + AA Vasorelaxation responses to ACh (0.1 pM-0.1 mM)

Wall thickness, (um) 137144 1330453 1311445 were significantly blunted in MS preparations compared
. to the response in preparations from control rats (ACh

CSA, (x10°um-) 658.6+ 264 802 + 58.8* 787.8 +304*

(10 uM), 82+2.5 vs. 46.2+ 6.4 mmHg) (p<0.01). MS

Luminal diameter, (um) 1723.7 +£44.1 15273 +412% 1589.7 +20.7% rat treated with asiatic acid (MS + AA) showed improve-

Wall thickness, (m) 278+16 332+ 1% 29441.2% ment of the response to ACh compared to MS rats (ACh
CSA, (x10°um?) 105408 135+07%  13+04* (10 uM), 21.2 + 3.2 mmHg) (p < 0.05; Fig. 3c). There was
Luminal diameter,, (um) 1363+ 3.1 841+28%  039+88* no significant difference in the vasorelaxation responses to

CSA cross sectional area, , thoracic aorta, ,, mesenteric artery. Values are SNP in any group, lndlcatmg normal vascular smooth
mean + SEM (n =7 for each group); *p < 0.05 vs. control group muscle cell function (Flg. 3(1).
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Table 3 Effects of asiatic acid on serum Ang II, ACE and plasma
NE concentrations

Parameters Normal control ~ MS MS + AA
Serum Ang Il (pg/mL)  1.7£03 3.1+04% 2.1 +£0.2%
Serum ACE (ng/mL) 2475+358 3284+ 143% 2686+ 26.5%*
Plasma NE (ng/L) 849+ 126 1909+395% 1197 £21.5%

Ang Il angiotensin Il, ACE angiotensin converting enzyme, NE norepinephrine.
Values are mean = SEM (n=6 for each group); *p < 0.05 vs. control group;
**p <0.05 vs. MS group

Effects of asiatic acid on vascular responses to vasoactive
agents in the thoracic aorta

ACh (0.01 uM-3 pM) caused endothelium-dependent
relaxation in a concentration-dependent manner in all
preparations (Fig. 4a). However, vasorelaxation responses
to ACh were significantly reduced in MS preparations
compared to the response in control group rats (ACh
(I pM), 17.4+1.3 vs. 39.5+£5.2 % of contraction) (p <
0.05). An improvement of ACh-induced relaxations was
seen in the aortic rings isolated from MS + AA rats
(ACh (1 uM), 20.7 £ 3.3 % of contraction) (p < 0.05). The
vasorelaxation response to SNP, an NO donor, did not
differ significantly across experimental groups (Fig. 4b).
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Effects of asiatic acid on mesenteric eNOS protein
expression

Downregulation of eNOS protein expression was found
in the mesenteric artery from MS rats comparing to
that of control rats (p <0.001). Asiatic acid treatment
(MS + AA) significantly increased the eNOS protein
expression compared to that of MS rats (p <0.01; Fig. 5)
but these values were still lower than those in the control

group.

Discussion

The present study examined the vascular effects of asi-
atic acid in HCHF diet-induced MS in rats. The find-
ings demonstrate that rats fed with a HCHF diet had
signs of MS, such as high blood pressure, insulin resist-
ance, hyperglycemia and dyslipidemia. Vascular remodel-
ing with upregulation of AT, receptor protein expression,
endothelial dysfunction with downregulation of eNOS
protein expression as well as increased sympathetic nerve-
mediated response with increased plasma NE were also
seen in MS rats. Treatment with asiatic acid for 3 weeks
appeared to offset some metabolic alterations, decreased
blood pressure and improved vascular function in MS
rats. This response is consistent with the modulation of
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Fig. 4 Effects of asiatic acid on vascular function in thoracic aorta. Vasorelaxation responses to exogenous acetylcholine (a) and sodium
nitroprusside (b) in thoracic aorta collected from control, MS and MS + AA rats. Values are mean + SEM (n=6 for each group), p < 0.05.
* vs. control group, fvs. MS group. Normal control = normal control rats, MS = metabolic syndrome rats, MS + AA = metabolic syndrome
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AT receptor/eNOS protein expression, serum Ang II and
plasma NE in MS rats-treated with asiatic acid.

HCHEF diet-induced MS rats presented with hyperten-
sion, dyslipidemia and insulin resistance. These signs of
MS were alleviated in MS rats treated with asiatic acid
for 3 weeks. There is substantial evidence to support the
beneficial effect of asiatic acid in animals with these meta-
bolic alterations. For example, we previously reported that
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Fig. 5 Effects of asiatic acid on eNOS protein expression in the
mesenteric artery. Values are mean + SEM (n=4 for each group),
p <0.05. * compared with the control group, * compared with
the MS group. Normal control = normal control rats, MS = metabolic
syndrome rats, MS + AA = metabolic syndrome rats treated with
asiatic acid

asiatic acid with its antioxidant and anti-inflammatory
activity, improved hemodynamic and metabolic alterations
in diet-induced metabolic syndrome [5]. Asiatic acid has
also been shown to ameliorate insulin resistance and
oxidative stress and reduce inflammatory markers in
mice hepatic tissues, resulting in protection from high
fat diet-induced hepatic injury [32]. In streptozotocin
induced diabetic rats, asiatic acid attenuated hyperlip-
idemia and hyperglycemiavia regulating key enzyme in
lipid metabolism [33]. Other biological effects of asi-
atic acid have been demonstrated. Wang revealed anti-
glycative effects of asiatic acid that related to decreasing
oxidative stress and inflammation in human keratinocyte
cells [34]. Antihypertensive effects of asiatic acid in animal
model hypertension has been reported to involve the
modulation eNOS/p*P"* protein expression [28].

We have found changes in vascular structure in both
large and small arteries. Thickening of vascular wall,
increased CSA and luminal area were seen in the aorta
and mesenteric arteries of MS rats. Vascular remodel-
ing results from adaptive processes as a response to
hemodynamic alterations. Ang II is one important fac-
tor that promotes vascular remodeling in hypertension.
Ang II acts via an intracellular signaling pathway after
binding to its cellular-surface receptors on vascular
smooth muscle cells [35]. We found increases in serum
Ang II level as well as upregulation of AT; receptor
expression in the aorta of MS rats. This is consistent
with several studies that report activation of the renin-
angiotensin system in diet induced MS [20-22]. These
reports suggest that the renin-angiotensin system con-
tributes for the development of hypertension in this
animal model. Furthermore, the alterations of renin-
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angiotensin system and hypertension presented in MS
rats were reversed with treatment with asiatic acid. This
might be caused by the anti-hyperinsulinemic and anti-
hyperglycemic effects of asiatic acid, since there are
substantial data to confirm that chronic hyperinsuline-
mia and hyperglycemia can enhance renin-angiotensin
system [36]. However, treatment of asiatic acid for 3
weeks failed to improve vascular remodeling in the
aorta and mesenteric arteries in MS rats. The exact
mechanism whereby asiatic acid acts on vascular re-
modeling is unclear. Longer treatment with asiatic acid
in this animal model might elucidate this.

One explanation of the high blood pressure induced
by HCHF in MS rats is increased sympathetic nerve
activity. This idea is supported by increases in heart rate
and NE level in plasma of MS rats. Furthermore, en-
hancement of the contractile response to EFS in mesen-
teric vascular bed isolated from MS rats was observed,
whereas, the contractile response to exogenous NE was
not different among group of rats. This data might imply
that the increased contractile response to sympathetic
nerve stimulation was mediated via prejunctional site
where the release of NE could be augmented. There is
evidence to show the association between hyperinsuline-
mia and abnormal neuronal regulation of vascular tone
[15, 25]. Zamami and coworkers found that the sympa-
thetic nerve mediated-contractile response to perivascu-
lar nerve stimulation and plasma NE levels in fructose
drinking rat was greater than those to in control rats.
It might be associated with hyperinsulinemia induced
sympathetic nerve fiber distribution [25]. Moreover,
recent studies demonstrated that insulin resistance-
induced hypertension could be a result of the enhance-
ment of adrenergic nerve mediated vasoconstriction in
hyperinsulinemia rats [37, 38]. In the present study, we
found that asiatic acid attenuated neurogenic-mediated
vasoconstriction and plasma NE which could be resulted
from the alleviation of plasma insulin in the treated MS
rats.

The current study showed endothelial dysfunction in
the aortic ring and mesenteric vascular beds isolated from
MS rats. Since the vasorelaxation response to ACh but
not SNP was blunted in this animal model, these findings
are consistent with previous observations that there is an
impairment of endothelium dependent-vasorelaxation in
thoracic aorta in MS [24, 39]. Downregulation of eNOS
protein expression in the mesenteric artery of MS rats was
also observed in the present study. In the vascular endo-
thelium, it is well established that NO is synthesized from
L-arginine by eNOS to control vascular tone and blood
pressure [40, 41]. Thus, downregulation of eNOS protein
expression may reduce the level of NO bioavailability and
increase total peripheral resistance resulting in increased
systolic blood pressure. Asiatic acid supplementation

Page 9 of 11

significantly improved vascular response to ACh in the
thoracic aorta and the mesenteric vascular beds, which
was associated with restoration of eNOS protein expres-
sion in the mesenteric artery. This beneficial effect of asi-
atic acid on eNOS protein expression in aortic tissue
supports the findings of a previous study [5, 28]. These re-
sults suggest that asiatic acid ameliorates hypertension in
HCHEF diet-MS rats via improving the endothelial func-
tion in both conduit and resistance vessels.

Conclusions

In summary, the present study demonstrates that asiatic
acid alleviates signs of MS in HCHF diet-induced MS in
rats. It reduces blood pressure by decreasing renin-
angiotensin overactivity, sympathetic nerve overactivity
and improving vascular function, in HCHF diet-induced
MS rats.

Ethics approval and consent to participate

All procedures on animals in this study were complied
with the standards for the care and use of experimental
animals and were approved by the Animal Ethics Com-
mittee of Khon Kaen University, Khon Kaen, Thailand
(AEKKU 36/2555).

Consent for publication
Not applicable.

Additional file

Additional file 1: Energy densities in the food pellets of standard chow
diet and high carbohydrate high fat (HCHF) diet. (DOCX 18 kb)

Abbreviations

AA: asiatic acid; ACE: angiotensin converting enzyme; ACh: acetylcholine;
Ang: angiotensin; AT;: angiotensin Il receptor type 1; CSA: cross-sectional
area; DP: diastolic blood pressure; EFS: electrical field stimulation;

eNOS: endothelial nitric oxide synthase; FBG: fasting blood glucose; HBF: hindlimb
blood flow; HCHF: high-carbohydrate high-fat; HOMA-IR: homeostasis model
assessment of insulin resistance; HR: heart rate; HVR: hindlimb vascular resistance;
MAP: mean arterial pressure; MS: metabolic syndrome; NE: norepinephrine;

RAS: renin-angiotensin system; SNP: sodium nitroprusside; SP: systolic blood
pressure.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

PM, PP, SB, and PPr contributed conception, study design, data collection
and analysis, and manuscript writing. PP, UK, PT, and VK made contributions
to acquisition of data, interpretation of data and intellectual content. All
authors read and gave final approval of the version to be published.

Acknowledgments

We would like to acknowledge Dr. Justin Reese for editing the manuscript
via Publication Clinic KKU, Faculty of Medicine, Khon Kaen University,
Thailand.

Funding
This study was granted by grants from the Thailand Research Fund (MRG
5580001), The Invitation Research Fund (IN59145), Faculty of Medicine,


dx.doi.org/10.1186/s12906-016-1100-6

Maneesai et al. BMC Complementary and Alternative Medicine (2016) 16:123

Khon Kaen University, The Khon Kaen University's Graduated Research Fund
(581A12150), Khon Kaen University, Thailand. Putcharawipa Maneesai is
financially supported by Cardiovascular Research Group, Khon Kaen
University, Thailand.

Author details

'Department of Physiology, Faculty of Medicine, Khon Kaen University, Khon
Kaen 40002, Thailand. 2Department of Anatomy, Faculty of Medicine, Khon
Kaen University, Khon Kaen 40002, Thailand. *Department of Pharmacology,
Faculty of Medicine, Khon Kaen University, Khon Kaen 40002, Thailand.

Received: 13 August 2015 Accepted: 21 April 2016
Published online: 27 April 2016

References

1.

Torris C, Molin M, Cvancarova SM. Fish consumption and its possible
preventive role on the development and prevalence of metabolic
syndrome - a systematic review. Diabetol Metab Syndr. 2014,6(1):112.
Simopoulos AP. Dietary omega-3 fatty acid deficiency and high
fructose intake in the development of metabolic syndrome, brain
metabolic abnormalities, and non-alcoholic fatty liver disease.
Nutrients. 2013;5(8):2901-23.

Zhao Y, Sedighi R, Wang P, Chen H, Zhu Y, Sang S. Carnosic Acid as a
major bioactive component in rosemary extract ameliorates high-fat-
diet-induced obesity and metabolic syndrome in mice. J Agric Food
Chem. 2015;63(19):4843-52.

Alam MA, Kauter K, Brown L. Naringin improves diet-induced cardiovascular
dysfunction and obesity in high carbohydrate, high fat diet-fed rats.
Nutrients. 2013;5(3):637-50.

Pakdeechote P, Bunbupha S, Kukongviriyapan U, Prachaney P,
Khrisanapant W, Kukongviriyapan V. Asiatic acid alleviates hemodynamic
and metabolic alterations via restoring eNOS/iNOS expression, oxidative
stress, and inflammation in diet-induced metabolic syndrome rats.
Nutrients. 2014;6(1):355-70.

Senaphan K, Kukongviriyapan U, Sangartit W, Pakdeechote P,
Pannangpetch P, Prachaney P, et al. Ferulic Acid Alleviates Changes in
a Rat Model of Metabolic Syndrome Induced by High-Carbohydrate.
High-Fat Diet Nutrients. 2015;7(8):6446-64.

Renna NF, Diez EA, Miatello RM. Effects of dipeptidyl-peptidase 4 inhibitor
about vascular inflammation in a metabolic syndrome model. PLoS ONE.
2014;,9(9):106563.

Panchal SK, Poudyal H, lyer A, Nazer R, Alam A, Diwan V, et al. High-
carbohydrate high-fat diet-induced metabolic syndrome and cardiovascular
remodeling in rats. J Cardiovasc Pharmacol. 2011;57(1):51-64.

Jonk AM, Houben AJ, de Jongh RT, Serne EH, Schaper NC, Stehouwer CD.
Microvascular dysfunction in obesity: a potential mechanism in the
pathogenesis of obesity-associated insulin resistance and hypertension.
Physiology (Bethesda). 2007;22:252-60.

Panchal SK, Poudyal H, Arumugam TV, Brown L. Rutin attenuates
metabolic changes, nonalcoholic steatohepatitis, and cardiovascular
remodeling in high-carbohydrate, high-fat diet-fed rats. J Nutr.
2011;141(6):1062-9.

Tziomalos K, Athyros VG, Karagiannis A, Mikhailidis DP. Endothelial
dysfunction in metabolic syndrome: prevalence, pathogenesis and
management. Nutr Metab Cardiovasc Dis. 2010;20(2):140-6.

Straznicky NE, Grima MT, Sari Cl, Eikelis N, Lambert GW, Nestel PJ, et al.
A randomized controlled trial of the effects of pioglitazone treatment
on sympathetic nervous system activity and cardiovascular function in
obese subjects with metabolic syndrome. J Clin Endocrinol Metab.
2014,99(9):E1701-7.

Farah V, Elased KM, Chen Y, Key MP, Cunha TS, Irigoyen MC, et al.
Nocturnal hypertension in mice consuming a high fructose diet. Auton
Neurosci. 2006;130(1-2):41-50.

Moraes-Silva IC, Mostarda C, Moreira ED, Silva KA, dos Santos F, de Angelis K et
al. Preventive role of exercise training in autonomic, hemodynamic, and
metabolic parameters in rats under high risk of metabolic syndrome
development. J Appl Physiol (1985). 2013;114(6):786-91.

Zamami Y, Takatori S, Hobara N, Yabumae N, Tangsucharit P, Jin X, et al.
Hyperinsulinemia induces hypertension associated with neurogenic vascular
dysfunction resulting from abnormal perivascular innervations in rat
mesenteric resistance arteries. Hypertens Res. 2011;34(11):1190-6.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33

34,

35.

37.

38.

Page 10 of 11

Takatori S, Zamami Y, Mio M, Kurosaki Y, Kawasaki H. Chronic
hyperinsulinemia enhances adrenergic vasoconstriction and decreases
calcitonin gene-related peptide-containing nerve-mediated vasodilation in
pithed rats. Hypertens Res. 2006;29(5):361-8.

Abdelrahman AM, Burrell LM, Johnston Cl. Blockade of the renin-angiotensin
system at different sites: effect on renin, angiotensin and aldosterone.

J Hypertens Suppl. 1993;11(3):523-6.

Putnam K, Shoemaker R, Yiannikouris F, Cassis LA. The renin-angiotensin
system: a target of and contributor to dyslipidemias, altered glucose
homeostasis, and hypertension of the metabolic syndrome. Am J Physiol
Heart Circ Physiol. 2012;302(6):H1219-30.

Ferrannini E, Santoro D, Manicardi V. The association of essential
hypertension and diabetes. Compr Ther. 1989;15(11):51-8.

Tran LT, MacLeod KM, McNeill JH. Endothelin-1 modulates angiotensin Il in
the development of hypertension in fructose-fed rats. Mol Cell Biochem.
2009;325(1-2):89-97.

Tran LT, MacLeod KM, McNeill JH. Chronic etanercept treatment prevents
the development of hypertension in fructose-fed rats. Mol Cell Biochem.
2009;330(1-2):219-28.

El-Bassossy HM, Elberry AA, Azhar A, Ghareib SA, Alahdal AM.
Ameliorative effect of allopurinol on vascular complications of insulin
resistance. J Diabetes Res. 2015;2015:178540.

Giacchetti G, Sechi LA, Griffin CA, Don BR, Mantero F, Schambelan M.
The tissue renin-angiotensin system in rats with fructose-induced
hypertension: overexpression of type 1 angiotensin Il receptor in
adipose tissue. J Hypertens. 2000;18(6):695-702.

Panchal SK, Wong WY, Kauter K, Ward LC, Brown L. Caffeine
attenuates metabolic syndrome in diet-induced obese rats. Nutrition.
2012,28(10):1055-62.

Zamami Y, Takatori S, Goda M, Koyama T, Iwatani Y, Jin X, et al. Royal
jelly ameliorates insulin resistance in fructose-drinking rats. Biol Pharm
Bull. 2008,31(11):2103-7.

Tsao SM, Yin MC. Antioxidative and antiinflammatory activities of asiatic
acid, glycyrrhizic acid, and oleanolic acid in human bronchial epithelial cells.
J Agric Food Chem. 2015;63(12):3196-204.

Ramachandran V, Saravanan R, Senthilraja P. Antidiabetic and
antihyperlipidemic activity of asiatic acid in diabetic rats, role of HMG CoA:
in vivo and in silico approaches. Phytomedicine. 2014;21(3):225-32.
Bunbupha S, Pakdeechote P, Kukongviriyapan U, Prachaney P,
Kukongviriyapan V. Asiatic acid reduces blood pressure by enhancing nitric
oxide bioavailability with modulation of eNOS and p47phox expression in
L-NAME-induced hypertensive rats. Phytother Res. 2014;28(10):1506-12.
Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC.
Homeostasis model assessment: insulin resistance and beta-cell function
from fasting plasma glucose and insulin concentrations in man.
Diabetologia. 1985,28(7):412-9.

Pakdeechote P, Rummery NM, Ralevic V, Dunn WR. Raised tone reveals
purinergic-mediated responses to sympathetic nerve stimulation in the rat
perfused mesenteric vascular bed. Eur J Pharmacol. 2007;563(1-3):180-6.
Kawasaki H, Takasaki K, Saito A, Goto K. Calcitonin gene-related peptide acts
as a novel vasodilator neurotransmitter in mesenteric resistance vessels of
the rat. Nature. 1988;335(6186):164-7.

Yan SL, Yang HT, Lee YJ, Lin CC, Chang MH, Yin MC. Asiatic acid ameliorates
hepatic lipid accumulation and insulin resistance in mice consuming a
high-fat diet. J Agric Food Chem. 2014,62(20):4625-31.

Ramachandran V, Saravanan R. Efficacy of asiatic acid, a pentacyclic triterpene
on attenuating the key enzymes activities of carbohydrate metabolism in
streptozotocin-induced diabetic rats. Phytomedicine. 2013,20(3-4):230-6.
Wang ZH. Anti-glycative effects of asiatic acid in human keratinocyte cells.
Biomedicine (Taipei). 2014;4:19.

Touyz RM, Schiffrin EL. Signal transduction mechanisms mediating the
physiological and pathophysiological actions of angiotensin Il in vascular
smooth muscle cells. Pharmacol Rev. 2000;52(4):639-72.

Kishi T, Hirooka Y. Sympathoexcitation associated with Renin-Angiotensin
system in metabolic syndrome. Int J Hypertens. 2013,;2013:406897.
Takatori S, Zamami Y, Hashikawa-Hobara N, Kawasaki H. Insulin resistance-
induced hypertension and a role of perivascular CGRPergic nerves. Curr
Protein Pept Sci. 2013;14(4):275-81.

Takatori S, Zamami Y, Yabumae N, Hanafusa N, Mio M, Egawa T, et al.
Pioglitazone opposes neurogenic vascular dysfunction associated with
chronic hyperinsulinaemia. Br J Pharmacol. 2008;153(7):1388-98.



Maneesai et al. BMC Complementary and Alternative Medicine (2016) 16:123

39. Poudyal H, Campbell F, Brown L. Olive leaf extract attenuates cardiac,
hepatic, and metabolic changes in high carbohydrate-, high fat-fed rats.
J Nutr. 2010;140(5):946-53.

40. Ribeiro MO, Antunes E, de Nucci G, Lovisolo SM, Zatz R. Chronic inhibition
of nitric oxide synthesis. A new model of arterial hypertension.
Hypertension. 1992;20(3):298-303.

41. Furchgott RF, Zawadzki JV. The obligatory role of endothelial cells
in the relaxation of arterial smooth muscle by acetylcholine. Nature.
1980,288(5789):373-6.

Page 11 of 11

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at .
www.biomedcentral.com/submit () BiolMed Central




	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Drugs
	Animals
	Experimental designs
	Indirect measurement of blood pressure in conscious rats
	Assessment of metabolic parameters
	Hemodynamic assessment
	Morphometric measurement
	Biochemical measurements
	Vascular function study
	Experimental protocols in isolated mesenteric vascular beds

	Experimental protocols in isolated aortic rings
	Western blot analysis of eNOS and AT1 receptor protein expression
	Statistical analysis

	Results
	Effects of asiatic acid on blood pressure and heart rate in conscious rats
	Effects of asiatic acid on hemodynamic parameters
	Effects of asiatic acid on metabolic parameters
	Effects of asiatic acid on vascular remodeling and AT1 receptor protein expression
	Effects of asiatic acid on serum Ang II, ACE and plasma NE concentrations
	Effects of asiatic acid on contractile responses to EFS and exogenous NE in mesenteric vascular bed isolated from MS rats
	Effects of asiatic acid on vascular responses to vasoactive agents in the rat perfused mesenteric vascular bed under raised tone conditions
	Effects of asiatic acid on vascular responses to vasoactive agents in the thoracic aorta
	Effects of asiatic acid on mesenteric eNOS protein expression

	Discussion
	Conclusions
	Ethics approval and consent to participate
	Consent for publication
	Additional file
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgments
	Funding
	Author details
	References

