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Abstract Asiatic acid, a triterpenoid compound derived from
Centella asiatica, has been demonstrated to have antioxidant
and anti-inflammatory effects. The present study evaluated the
effects of asiatic acid on hemodynamic alterations, renin-
angiotensin system (RAS), oxidative stress, and inflammation
in 2K-1C hypertensive rats. Renovascular hypertension was
induced in male Sprague-Dawley rats and treated with vehi-
cle, asiatic acid (30 mg/kg/day), or captopril (5 mg/kg/day) for
4 weeks. We observed that 2K-1C hypertensive rats exhibited
hemodynamic alterations such as high blood pressure, heart
rate, hindlimb vascular resistance, and low hindlimb blood
flow. Signs of RAS activation, such as increased plasma an-
giotensin II and serum angiotensin-converting enzyme activ-
ity, enhanced AT R protein expression, and suppressed AT,R
expression was observed in 2K-1C hypertensive rats.
Overproduction of vascular superoxide, high levels of plasma
MDA, low levels of plasma nitric oxide metabolites (NOXx),
and upregulation of gp91ph°x protein expression were ob-
served in hypertensive rats. Furthermore, inflammation was
observed in hypertensive rats, as evidenced by increased
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plasma TNF-«, NF-kB, and phospho-NF-kB protein expres-
sion. Asiatic acid or captopril alleviated hemodynamic alter-
ations, RAS activation, oxidative stress, and inflammation in
2K-1C hypertensive rats. These findings indicate that asiatic
acid is an antihypertensive agent that ameliorates hemody-
namic alterations in 2K-1C hypertensive rats. This effect
may involve one or both of the following mechanisms: the
direct effect of asiatic acid on RAS activation, oxidative stress
and inflammation, and/or asiatic acid acting as an ACE inhib-
itor agent to inhibit the Ang II-AT;R-NADPH oxidase-NF-kB
pathway.

Keywords Asiatic acid - 2K-1C hypertensive rats -
Renin-angiotensin system - Oxidative stress - Inflammation

Introduction

The two-kidney, one clip (2K-1C) or Goldblatt hypertension
model is a renin-angiotensin system dependent hypertensive
model that is commonly used for the study of renovascular
hypertension (Goldblatt et al. 1934). Activation of the renin-
angiotensin system (RAS), including increased angiotensin
converting enzyme (ACE) activity, high levels of plasma an-
giotensin II (Ang II), upregulation of AT|R, and downregula-
tion of AT,R, has been shown to be an underlying mechanism
in 2K-1C-induced hypertension (Boonla et al. 2015; Li et al.
2010; Park et al. 2015; Santuzzi et al. 2015). Under physio-
logical conditions, Ang II mainly binds to AT|Rs to produce
vasoconstriction, anti-natriuresis, aldosterone secretion, sym-
pathetic nervous system activation, cellular dedifferentiation
and growth, inflammation, and target organ damage (Carey
2016). However, AT,Rs can counteract the action of Ang II,
since activation of AT,Rs by the Ang II metabolite (angioten-
sin IIT) induces natriuresis, blood pressure reduction, and
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reduction of Na* reabsorption (Padia et al. 2008). Other ab-
normalities such as oxidative stress, inflammation, and cardio-
vascular remodeling in 2K-1C hypertension have also been
reported (Boonla et al. 2014; Guo et al. 2014; Montenegro
etal. 2010).

Elevation of circulating Ang II associated with oxidative
stress in 2K-1C rats has been documented. Griendling et al.
(1994) found that Ang II stimulates superoxide (O, ) produc-
tion through NADPH oxidase activation in cultured vascular
smooth muscle cells (Griendling et al. 1994). It has been clear-
ly demonstrated that NADPH oxidase is the major source of
O, in vasculature (Landmesser and Harrison 2001). Jung
et al. (2004) found that endothelial gp91P"**-containing
NADPH oxidase mediates vascular O,  formation and the
subsequent decrease in NO bioavailability in 2K-1C hyper-
tensive mice (Jung et al. 2004). There is substantial evidence
showing the association between reactive oxygen species
(ROS) and inflammation induced by Ang II (Browatzki
et al. 2005; Ortego et al. 1999). It is also clear that the tran-
scription factor nuclear factor-kappa B (NF-«B) is the main
signaling pathway involved in inflammation (Garrido and
Griendling 2009; Rioja et al. 2002).

Ang II-induced NF-kB activation has been shown to be
ROS dependent (Garrido and Griendling 2009). Gréfeand co-
workers found that Ang II activates AT;Rs to increase the
expression of adhesion molecule E-selectin and subsequent
leukocyte adhesion to coronary endothelial cells (Grafe et al.
1997). Ang II enhances tumor necrosis factor (TNF)-« pro-
duction in smooth muscle cells isolated from the medullary
thick ascending limb (Ferreri et al. 1998). In human vascular
SMCs, Ang II enhances the inflammatory response by stimu-
lating cytokine production and activating NF-kB (Kranzhofer
et al. 1999b). In addition, inflammation activated by Ang II
has also been demonstrated in 2K-1C hypertensive rats (Johns
2009). Low-grade inflammation plays an important role in the
development and pathophysiology of hypertension (Bautista
et al. 2005). This is supported by the finding that increases in
plasma inflammatory components TNF-« and IL-6, which are
associated with endothelial dysfunction and cardiac hypertro-
phy, have been observed in 2K-1C hypertensive rats
(Kalaivani et al. 2013; Moubarak et al. 2012).

Asiatic acid is a triterpenoid compound isolated from
Centella asiatica. The antioxidative and anti-
inflammatory activities of asiatic acid have been demon-
strated in the hydrogen peroxide (H,O,)-induced injury
model in human bronchial epithelial cells.
Antihyperlipidemic and antidiabetic activities of asiatic
acid in streptozotocin-induced diabetic rats have also been
proposed (Ramachandran et al. 2014). Recent studies
demonstrated that asiatic acid reduces blood pressure, im-
proves vascular function via restoration of endothelial NO
synthase (eNOS) and p47°"°* expression, and alleviates
cardiovascular remodeling via restoration of iNOS/eNOS
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expression in L-NAME hypertensive rats (Bunbupha et al.
2014, 2015).

Previous studies showed that asiatic acid suppresses RAS
and inflammation in rat models of HCHF diet-induced meta-
bolic syndrome (Maneesai et al. 2016a; Pakdeechote et al.
2014). Therefore, the present study investigated whether the
mechanism of antihypertensive effect of asiatic acid in 2K-1C
hypertensive rats could involve reducing RAS activity, oxida-
tive stress, and inflammation in RAS-dependent rats.

Materials and methods
Animals and experimental protocols
Chemicals

Asiatic acid (purity >98%, CAS NO. 464926) and captopril
(purity >98%, CAS NO. 101296084) were purchased from
ChemFaces, Hubei, China and Sigma-Aldrich Corp, MO,
USA respectively.

Animals and experimental protocols

The protocols in this study were conducted in accordance with
standards for the care and use of experimental animals and
approved by the Animal Ethics Committee of Khon Kaen
University (AEKKU-NELAC 27/2557). Rats were housed
under standard conditions (25 + 2 °C with a 12-h dark-light
cycle) at the Northeast Laboratory Animal Center, Khon Kaen
University, Khon Kaen, Thailand. Male Sprague-Dawley rats
(160-170 g, about 5 weeks of age) were purchased from the
National Laboratory Animal Center, Mahidol University,
Salaya, Nakornpathom. Renovascular hypertension was in-
duced following the 2K-1C Goldblatt model. Briefly, rats
were anesthetized, and a silver clip (0.2 mm i.d.) was placed
on the left renal artery. In the sham-operated group, the same
surgical procedure was performed, but the clip was not applied
on the left renal artery.

Sustained hypertension was observed 4 weeks after the
operation. Rats that had an SP higher than 160 mmHg were
included as 2K-1C hypertensive rats. Animals were then
assigned into five study groups: group 1, sham-operated group
(Sham; n = 12); group 2, sham-operated treated with asiatic
acid group (Sham + AA; n = 6); group 3, 2K-1C group (2K-
1C; n = 12); group 4, 2K-1C treated with asiatic acid group
(2K-1C + AA; n = 12); and group 5, 2K-1C treated with
captopril group (2K-1C + CAP; n = 12). Rats in the AA-
treated groups received asiatic acid (30 mg/kg/day) and rats
in the captopril-treated groups received captopril (5 mg/kg/
day) for the last 4 weeks. Asiatic acid and captopril are dis-
solved in propylene glycol (vehicle) were intragastrically ad-
ministered once daily. The dose of asiatic acid used in this
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study was titrated according to our previous studies
(Pakdeechote et al. 2014; Umka Welbat et al. 2016). The dose
of captopril was followed our previous study (Maneesai et al.
2016b).

Blood pressure measurement

Rat systolic blood pressure (SP) was measured once a week
using non-invasive tail-cuff plethysmography (IITC/Life
Science Instrument model 229 and model 179 amplifier;
Woodland Hills, CA, USA) to monitor blood pressure chang-
es throughout the study periods.

Hemodynamic measurement

At the end of the experimental day, rats were anesthetized with
pentobarbital sodium (60 mg/kg). Polyethylene tube filled
with heparinized was inserted into the femoral artery for blood
pressure recording. Baseline values of systolic blood pressure
(SP), diastolic blood pressure (DP), mean arterial blood pres-
sure (MAP), and heart rate (HR) were analyzed by
AcgqKnowledge data acquisition and analysis software
(Biopac Systems Inc., Santa Barbara, CA, USA). Thereafter,
the abdominal aorta was cleaned of connective tissue and
electromagnetic flow probes connected to an electromagnetic
flow meter was placed around the aorta for Hindlimb blood
flow (HBF) measurement (Carolina Medical Electronics,
Carolina, NC, USA). Hindlimb vascular resistance (HVR)
was calculated from MAP and HBF (HVR = MAP/HBF).

Assay of oxidative stress markers

Production of O, in vascular tissues was measured in carotid
tissue using lucigenin-enhanced chemiluminescence as previ-
ously described (Luangaram et al. 2007). In brief, segments of
the artery (1 cm in length) were cleaned of adherent fat and
connective tissue and then incubated with 1 mL oxygenated
Krebs-KCl buffer. The vessel was allowed to equilibrate at
pH 7.4, 37 °C for 30 min before lucigenin was added to the
sample tube and placed in a luminometer (Turner Biosystems,
CA, USA) to count the production of O, every 30 s for 5 min.
The average value was expressed as relative light unit count
per minute per milligram of dried tissue weight.

Plasma MDA level was assayed spectrophotometrically
using a thiobarbituric acid (TBA)-MDA assay. Briefly, a plas-
ma sample (150 puL) was mixed with 10% TCA, 5 mmol/L
EDTA, 8% SDS, and 0.5 ug/mL BHT respectively and incu-
bated for 10 min at room temperature. Thereafter, 0.6% TBA
was added to the mixture and kept in a boiling water bath for
30 min. The mixtures were cooled at room temperature and
centrifuged at 10,000g for 5 min. The supernatant was collect-
ed, and the absorbance at 532 nm was read using a spectro-
photometer (Amersham Bioscience, Arlington, MA, USA).

MDA levels were calculated as tM concentration using stan-
dard curve at different concentrations from 0.3 to 10 wmol/L
of 1,1,3,3-tetraethoxypropane.

The level of plasma NO, was assayed using an enzymatic
conversion method as previous described (Luangaram et al.
2007). Briefly, plasma samples were deproteinized and then
the supernatant was mixed with 1.2 pmol/L NADPH, 4 mmol/
L glucose-6-phosphate disodium, 1.28 unit/mL glucose-6-
phosphate dehydrogenase, and 0.2 U/mL nitrate reductase.
Thereafter, the mixture was incubated at 30 °C for 30 min
and reacted with Griess solution (4% sulfanilamide in 0.3%
NED) for 15 min. The absorbance of the sample was read at a
wavelength of 540 nm using a microplate reader (Tecan
GmbH., Grodig, Austria).

Assay of serum ACE activity

ACE activity in serum was measured using a fluorescence
assay following a previously described method (Friedland
and Silverstein 1976) with some modifications. Briefly,
25 pl of serum was mixed with 3.5 mMhippuryl-L-histidyl-
L-leucine(HHL) in assay buffer containing 20 mM sodium
borate and 0.3 M NaCl, pH 8.3 in a final volume of 35 pl.
The mixtures were then incubated at 37 °C for 30 min, and the
reaction was stopped by adding 150 pl of 0.34 M NaOH. The
product of the reaction was fluorogenically labeled with
10 mg/mL o-phthaldialdehyde (OPA) and read on a fluores-
cent plate reader at 355 nm excitation; 535 nm emission. ACE
activity is reported as mU/mL.

Assay of plasma Ang I and plasma TNF-o concentration

The concentrations of plasma Ang II and plasma TNF-« was
measured using an angiotensin II EIA kit (St. Louis, MO,
USA) and enzyme-immunoassay (ELISA) kit (eBioscienc,
Inc., CA, USA), respectively.

Western blot analysis

The expression of AT|R, AT,R, gp9lph°X, Basal-NF-kB, and
Phospho-NF-kB proteins were measured in mesenteric ho-
mogenates (superior mesenteric artery and its first-order and
the second-order branches). The tissue samples were electro-
phoresed through a sodium dodecyl sulfate polyacrylamide
gel and transferred onto a polyvinylidenedifluoride (PVDF)
membrane. Non-specific binding to the membrane was
blocked by treatment with 5% skimmed milk in phosphate
buffer saline with 0.1% Tween-20 (PBST) for 2 h at room
temperature and then washed with PBST. Thereafter, the
membrane were incubated overnight (4 °C) with mouse
monoclonal antibodies to gp91P"* (BD Biosciences, San
Jose, CA, USA) or rabbit polyclonal antibodies to AT R,
AT,R (Santa Cruz Biotechnology, Indian Gulch, CA, USA)
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or Basal-NF-kB (Santa Cruz Biotechnology, Indian Gulch,
CA, USA), or Phospho-NF-«kB (Cell Signaling Technology,
Danvers, MA, USA) and goat polyclonal IgG to (3-actin
(Santa Cruz Biotechnology, Indian Gulch, CA, USA). After
washing with PBST, membranes were incubated with horse-
radish peroxidase-conjugated secondary antibody for 2 h at
room temperature. Antigen—antibody reaction was detected
using Amersham™ ECL™ Prime solution (Amersham
Biosciences Corp., Piscataway, NJ, USA), and densitometric
analysis was performed using an ImageQuant™400 imager
(GE Healthcare Life Science, Piscataway, NJ, USA). f3-
Actin was used for protein loading control in the same gel.

Statistical analysis

Data are present as mean = SEM. The differences among
treatment groups were analyzed by one-way analysis of vari-
ance (ANOVA). Where appropriate, a post hoc Bonferroni
correction was used to assess differences among groups. A p
value less than 0.05 was considered statistically significant.

Results
Effects of asiatic acid and captopril on blood pressure

At baseline (week 0), there was no significant difference in SP
among experimental groups. After clipping the left renal ar-
tery, systolic blood pressure progressively increased in 2K-1C
hypertensive rats compared to sham-operated rats (SP at
8 weeks of study period, 217.4 £ 10 vs. 136.5 + 2.7 mmHg,
p < 0.01). Daily administration of asiatic acid (30 mg/kg/day)
or captopril (5 mg/kg/day) for 4 weeks significantly reduced
SP in 2K-1C hypertensive rats compared with untreated rats
(SP, 177.8 = 7.6 and 166.6 £ 8.5 mmHg respectively,
p < 0.05). However, supplementation with asiatic acid had
no effect on SP in sham-operated rats (131.1 £ 1.6 mmHg,
Fig. 1).

Effects of asiatic acid and captopril on hemodynamic
status

After the week study period, marked increases in SP, DP,
MAP, and HR were found in 2K-1C hypertensive rats com-
pared to sham-operated rats (p < 0.05). Moreover, an increase
in HVR and decrease in HBF were also observed. Treatment
with asiatic acid (30 mg/kg/day) caused significant decreases
in SP, DP, and MAP compared to the untreated group
(p <0.05). Improvement of HBF and HVR was also observed
in the asiatic acid treated group compared to the untreated
group (p < 0.05). In addition, asiatic acid did not affect hemo-
dynamic status in sham-operated rats (Table 1). Hypertensive
rats that received captopril also showed improvement in all
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hemodynamic parameters except HR compared to untreated
hypertensive rats (p < 0.05) (Table 1).

Effects of asiatic acid and captopril on serum ACE activity
and plasma Ang II concentration, ATR, and AT,R
protein expression

Serum ACE activity in 2K-1C hypertensive rats was elevated
compared to that of sham-operated rats (245.11 + 10.6 vs.
187.8 = 7.1 mU/mL, p < 0.01). However, the activity of
ACE was attenuated in hypertensive rats that were treated
with asiatic acid or captopril (208.8 + 10.2 and
206.4 £ 9.5 mU/mL respectively, p < 0.05, Fig. 2a).
Similarly, a high level of plasma Ang II was observed in
2K-1C hypertensive rats compared to that of sham-operated
rats (57.9 £ 1.9 vs. 19.5 £2.1 pg/mL, p < 0.01). The level of
plasma Ang Il in hypertensive rats was markedly reduced after
treatment with asiatic acid or captopril rats compared to un-
treated rats (28.2 + 3.1 and 38.7 £ 7.6 pg/mL respectively,
p <0.05, Fig. 2b).

Upregulation of AT R protein expression in mesenteric ar-
teries was observed in 2K-1C hypertensive rats (p < 0.05).
Asiatic acid partially decreased the expression of AT R pro-
tein level in mesenteric arteries (Fig. 3a). Interestingly, treat-
ment with captopril completely restored AT R protein expres-
sion in mesenteric arteries of hypertensive rats (p < 0.05). In
addition, downregulation of AT,R was found in mesenteric
tissue of hypertensive rats (p < 0.05). An upregulation of
AT,R expression was observed in the asiatic acid or
captopril-treated groups (p < 0.05) (Fig. 3b).

Effects of asiatic acid and captopril supplementation
on oxidative stress markers and gp91°"** protein
expression

There was a significant increase in vascular O, production in
2K-1C hypertensive group compared to sham-operated con-
trol (160.3 £+ 20.4 vs. 67.8 = 7.4 count/mg dry wt/min,
p < 0.001). O, production was significantly reduced in hy-
pertensive rats treated with asiatic acid and captopril com-
pared to untreated rats (97.2 £ 17.2 and 101.9 £ 15.2 count/
mg dry wt/min respectively, p < 0.05) (Fig. 4a). Plasma MDA
level in the 2K-1C hypertensive group was significantly
higher than that of the sham-operated group (11 + 0.9 vs.
7.2 £0.3 uM, p < 0.05). This elevation of plasma MDA
was markedly attenuated in hypertensive rats treated with asi-
atic acid or captopril compared to that of untreated rats
(8.1 £0.9 and 7 + 1.1 uM, respectively, <0.05) (Fig. 4b). In
contrast, a significant decrease in plasma NO, concentration
was found in 2K-1C hypertensive rats compared to sham-
operated rats (8.3 = 1.6 vs. 12.7 £ 0.8 uM, p < 0.01). This
low level of NO, was normalized by asiatic acid or captopril
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Fig. 1 Effects of asiatic acid and captopril on blood pressure. The
chemical structure of asiatic acid (a). Effects of asiatic acid and
captopril on systolic blood pressure in conscious rats of all

treatment (12.8 + 0.5 and 11.8 = 0.9 uM, respectively,
p <0.05) (Fig. 5a).

Protein expression of gp91P"* was upregulated in mesen-
teric arteries of 2K-1C hypertensive rats compared to those of
sham-operated rats (p < 0.01). The elevation of gp91P"* in
mesenteric arteries of 2K-1C hypertensive rats was reduced by
the administration of asiatic acid or captopril (p < 0.05) (Fig.
5b).

Effects of asiatic acid and captopril on tumor necrosis
factor alpha (TNF-«) and basal NF-xB
and phospo-NF-kB protein expression

A marked increase in plasma TNF-x was observed in 2K-1C
hypertensive rats compared to those of sham-operated rats
(1159.8 + 46 vs. 810.6 £40.2 pg/mL, p < 0.01). Asiatic acid
or captopril reversed these high levels of plasma TNF-« in
hypertensive rats (855.5 £ 92.9 and 857 + 70.4 pg/mL,

T
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—
(8]
w
O
1
0

experimental groups (b). Data are expressed as mean + SEM (n = 6-12
in each group). *p < 0.05 vs. sham group, *p < 0.05 vs. 2K-1C group

respectively, p < 0.05) (Fig. 6a). Overexpression of basal
and phospho-NF-kB levels was found in the mesenteric arter-
ies of 2K-1C hypertensive rats compared to those of sham-
operated rats (p < 0.01). This overexpression was attenuated
by asiatic acid or captopril supplementation (p < 0.05) (Fig.
6b, ¢).

Discussion

The present study examined the mechanism of the antihyper-
tensive effect of asiatic acid in renovascular hypertensive rats.
After reducing renal blood flow by clipping the left renal
artery, we observed hemodynamic alterations such as high
blood pressure, increased HR, increased HVR, and decreased
HBF. Activation of RAS was also observed in these 2K-1C
hypertensive rats, as evidenced by increased ACE activity,
high levels of plasma Ang II, upregulation of AT|R, and

Table 1  Effects of asiatic acid and captopril supplementation on hemodynamic status
Parameters Sham Sham + AA 2 K-1C 2K-1C+ AA 2 K-1C + Cap
(n=12) (n=6) (n=12) (n=12) (n=12)

SP (mmHg) 12432 114 + 4* 203.6 + 5.6% 170.8 +2.9%* 157.3 £ 4.9%*
DP (mmHg) 77.8£29 77.1 £3.3% 135.5 +5.9% 115.7 3.3+ 102.1 +4.7%%
MAP (mmHg) 94727 89.6 + 3* 158.2 + 5.5% 134.1 2.9+ 120.4 + 4.6+*
PP (mmHg) 46.5+29 37.6 + 4% 68.1+4.1% 55+24% 549 +2.7*
HR (beats/min) 3588+ 64 3424+ 12* 401.3 +9.5* 3859 +8.5 3909+ 11.6
HBF (mL/min/100 g tissue) 6.1+0.6 7.1 +0.3% 3.7 +£0.2% 53+04"% 52+04"*
HVR (mmHg/min/100 g tissue/mL) 158+14 13.2+0.7* 44.6 £ 3.6% 27.2 +2.4%# 26.7 £ 1.5%*

Data are expressed as mean + SEM, *p < 0.05 vs. sham-operated group, * p < 0.05 vs. 2K-1C group. PP pulse pressure
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Fig. 2 Effects of asiatic acid and captopril supplementation on serum
angiotensin converting enzyme (ACE) activity (a) and angiotensin II
(Ang 1II) level (b) in sham-operated, 2K-1C, 2K-1C + AA, and 2K-

downregulation of AT,R. In addition, we observed increases
in oxidative stress markers, upregulation of gp91°™*, and low
levels of NO metabolites in 2K-1C hypertensive rats. We also
observed inflammation in 2K-1C hypertensive rats, as evi-
denced by high levels of plasma TNF-« as well as upregula-
tion of basal NF-kB and phosphor-NF-«B expression. Asiatic
acid and captopril significantly alleviated hemodynamic alter-
ations associated with reducing RAS activation, oxidative
stress, and inflammation in 2K-1C hypertensive rats.

In 2 K-1C hypertensive rats, we observed increases in BP,
HR, and HVR and a decrease in HBF. Hemodynamic alter-
ations found in this study were associated with increased ACE
activity, increased plasma Ang II and AT|R expression, and

a Sham 2K-1C 2K 1C+AA 2K-1C+Cap
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Fig. 3 Mesenteric protein expression of angiotensin II type I receptor
(AT4R) (a) and type Il receptor (AT,R) (b) collected from sham-operated,
2K-1C, 2K-1C + AA, and 2K-1C + Cap groups. Data are expressed as
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1C + Cap groups. Data are expressed as mean + SEM (n = 8-10 in each
group), *p < 0.05 vs. sham-operated group, *p < 0.05 vs. 2K-1C group

decreased AT,R expression. It has been well documented that
high blood pressure in renovascular hypertension is mediated
by RAS activation (Goldblatt et al. 1934). Our data are con-
sistent with several previous studies on hypertension. For ex-
ample, Boonla and coworkers reported that 2K-1C hyperten-
sive rats showed hemodynamic alterations and increased plas-
ma ACE activity (Boonla et al. 2015). Increased plasma renin
activity and increased circulating Ang II have been observed
in 2K-1C hypertensive rats (Goldblatt et al. 1934). Ang II
binds to AT R in vascular smooth muscle cells of blood ves-
sels and subsequently mediates vasoconstriction, high vascu-
lar resistance, and high blood pressure (Higuchi et al. 2007).
Overexpression of AT|R in aortic and renal tissues (Santuzzi

b Sham 2K-1C 2K 1C+AA 2K-1C+Cap
AT,R 0 wmr e W
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mean + SEM (n =5 in each group). Top: representative bands for AT;R.
#p < 0.05 vs. sham-operated group, *p < 0.05 vs. 2K-1C group
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Fig. 4 Effects of asiatic acid or captopril supplementation on vascular O,  production (a) and plasma malondialdehyde (MAD) (b) levels in all
experimental groups. Data are expressed as mean = SEM (n = 6-10 in each group). *p < 0.05 vs. sham-operated group, *p < 0.05vs. 2K-1C group

et al. 2015) and the suppression of AT,R expression in renal
and heart tissue (Li et al. 2010; Santuzzi et al. 2015) have been
reported. Thus, our results confirm that overactivation RAS
leads to the pathophysiology observed in renovascular hyper-
tension. Furthermore, we found that asiatic acid alleviated all
hemodynamic alterations present in hypertensive rats. These
effects involved suppression of RAS activation by asiatic acid.
Our data are consistent with a recent study that showed that
the antihypertensive effect of asiatic acid in metabolic
syndrome-induced hypertensive rats was due to its ability to
reduce RAS overactivation (Maneesai et al. 2016a). The pre-
cise mechanism by which asiatic acid alleviates RAS activa-
tion is unclear. However, it is possible the ACE inhibitor ac-
tivity of asiatic acid mediates this effect, since captopril, an
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Fig. 5 Effects of asiatic acid and captopril supplementation on plasma
nitric oxide metabolite (NO,) level (» = 7-10 in each group) (a) and
protein expression of gp91P"* expression (7 = 4) (b) in mesenteric
arteries in sham-operated, 2K-1C, 2K-1C + AA, and 2K-1C + Cap

ACE inhibitor, also ameliorates hemodynamic disturbance
and RAS activation in 2K-1C hypertensive rats. The mecha-
nisms of ACE inhibition may be a direct interaction between
asiatic acid and ACE and/or asiatic acid reduced ACE protein
levels as reported by our recent report (Maneesai et al. 2016a).

Ang II activates AT R, leading to production of oxidative
stress mainly via NADPH oxidase (Garrido and Griendling
2009; Rincon et al. 2015). In addition, upregulation of
NADPH oxidase subunits such as p47°"°*, p22P"°* and
gp91PM°* together with increases in vascular O, and plasma
MDA level and a reduction of NO metabolite have been ob-
served in a 2K-1C hypertensive model (Boonla et al. 2014; da
Costa et al. 2012; Jung et al. 2004). Our study showed high
levels of oxidative stress markers, plasma MDA, and vascular
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groups. Top: representative bands showing gp91P"* subunit expression.
Data are expressed as mean + SEM, *p < 0.05 vs. sham-operated group,
#p <0.05 vs. 2K-1C group
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Fig. 6 Effects of asiatic acid and captopril supplementation on plasma
TNF-« level (n = 7-10 in each group) (a), protein expression of basal-
NF-«kB (NF-kB) (n = 3) (b), and phospho-NF-«B (P-NF-kB) (n =3) (¢) in
mesenteric artery collected from sham-operated, 2K-1C, 2K-1C + AA,

O, production in 2K-1C hypertensive rats. It is possible that
the main source of vascular O, production found in this
study is the NADPH oxidase subunit gp91P™*, since we
found upregulation of gp91phox expression in mesenteric ar-
teries of 2K-1C hypertensive rats. O, can react with NO to
produce ONOO™, a powerful oxidant (Squadrito and Pryor
1995). This reaction causes a reduction of NO bioavailability,
which then increases vascular tone and blood pressure. Thus,
high production of O, could decrease NO bioavailability, as
evidenced by the low levels of plasma NO, we observed in
2K-1C hypertensive rats. Treatment with asiatic acid signifi-
cantly reduced oxidative stress markers, suppressed gp91°"**
expression, and increased plasma NO, in hypertensive rats.
This beneficial effect of asiatic acid in decreasing oxidative
stress markers in the present study may involve at least two

@ Springer

and 2K-1C + Cap groups. Top: representative bands showing basal-NF-«B
and phospho-NF-kB expression. Data are expressed as mean + SEM,
#p < 0.05 vs. sham-operated group, *p < 0.05 vs. 2K-1C group

mechanisms. Firstly, asiatic acid has an ACE inhibitor activity
and reduces circulating Ang II. Secondly, asiatic acid has an-
tioxidant properties (Huang et al. 2011) and directly quenches
O, . There is direct evidence that the antioxidant property of
asiatic acid is mediated via several hydroxyl groups, an olefin
group, and a carboxylic acid group (Jew et al. 2000).
Additionally, triterpenes that contains asiatic acid had greater
antioxidative effects against glucose-induced glutathione loss
and malondialdehyde and oxidized glutathione production in
renal homogenates isolated from mice (Yin et al. 2012). A
previous study demonstrated that asiatic acid improves oxida-
tive stress status in L-NAME-induced hypertensive rats by
reducing the expression of NADPH oxidase subunit p47°"°*
in the thoracic aorta (Bunbupha et al. 2014). Similarly, capto-
pril reduces blood pressure and RAS activation in 2K-1C
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Fig. 7 Schematic representation
the effect of asiatic acid (AA) on
RAS-induced hypertension and
Ang 1I-AT;R-ROS-NF-kB
pathway in 2K-1C hypertensive
rats. TPR represents total
peripheral resistance
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hypertensive rats. These effects of captopril are associated
with its ACE inhibitor (Lewis et al. 1985) and antioxidant
properties (Mak et al. 1990).

Inflammation is involved in the development and patho-
physiology of hypertension, since it plays an important role
in atherosclerosis and vascular remodeling (Li and Chen
2005). We found overexpression of the basal and phosphory-
lated forms of NF-kB in mesenteric arteries and high levels of
plasma TNF-« in 2K-1C hypertensive rats. Kranzhofer et al.
(1999a, b) found Ang II-induced NF-kB activation via ATR
in human monocytes (Kranzhofer et al. 1999a). Furthermore,
expression of NF-kB was enhanced in 2K-1C hypertensive
rats with left ventricular remodeling (Cau et al. 2015).
Significant increases in inflammatory markers that were asso-
ciated with cardiac hypertrophy in 2K-1C hypertensive rats
have also been observed (Moubarak et al. 2012). Our results
may indicate that the inflammation in 2K-1C hypertensive rats
is a consequence of Ang II stimulating AT{R to produce O,
production via NADPH oxidase, which then induces the ex-
pression of NF-kB. In our study, asiatic acid attenuated the
expression of NF-kB and the elevation of plasma TNF-« in
hypertensive rats. This result was consistent with previous
studies in which asiatic acid exhibited anti-inflammatory
properties by reducing iNOS protein expression and reducing
the level of plasma TNF-« in L-NAME-induced hypertensive
rats (Bunbupha et al. 2015). Another mechanism by which
asiatic acid might alleviate oxidative stress is through its
ACE inhibitor activity, which could subsequently suppress
NF-kB expression, since Ang II-induced NF-kB activation
is ROS dependent (Garrido and Griendling 2009). Similarly,
treatment with captopril also decreased inflammation induced
by activation of RAS in hypertensive rats. It is possible that
captopril reduces Ang II production through its ACE inhibitor

ATNF-o. AA

and antioxidant activity and/or through its anti-inflammatory
effects (Miguel-Carrasco et al. 2010).

The present study provides evidence that asiatic acid nor-
malizes hemodynamic alterations in 2K-1C hypertensive rats.
At least two mechanisms by which asiatic acid reduces blood
pressure have been proposed. Firstly, asiatic acid might direct-
ly reduce ACE activity, Ang II levels, oxidative stress, and
inflammation in 2K-1C hypertensive rats. Secondly, ACE in-
hibitor activity of asiatic acid might restore the Ang II-ATR-
gp91P"°*_NF-kB pathway (Fig. 7).
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