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Abstract

Objective To investigate the role of transforming growth factor-p1 (TGF-B1), Smad2/3 and Smad7 expressions in carotid artery
remodeling in renovascular hypertensive rats, and also the therapeutic effect of Enalapril and Amlodipine. Methods The renovascular
hypertensive rat (RHR) models with “two-kidney and one-clip” were established, including model group (n = 6), sham-operated group (n = 6),
Enalapril group (10 mg/kg per day, n = 6), Amlodipine group (5 mg/kg per day, n = 6) and combination group (Amlodipine 2.5 mg/kg per
day + Enalapril 5Smg/kg per day, n = 6). The medication were continuous administrated for six weeks. Carotid artery morphological and
structural changes in the media were observed by HE staining, Masson staining and immuno histochemical staining. Media thickness (MT),
MT and lumen diameter ratio (MT/LD), and the expression levels of media a-smooth muscle actin (a-actin), proliferating cell nuclear antigen
(PCNA), TGF-B1, phosphorylated Smad2/3 (p-Smad2/3) and Smad7 in carotid arteries were measured. Results The media of carotid
arteries in RHR model group was significantly thickened, the volume of smooth muscle cell was increased, and the array was in disorder;
MT, MT/LD, the proliferation index of smooth muscle cell and collagen fiber area percentage of carotid arteries in the model group were
significantly higher than those in the sham-operated group (P < 0.01). Compared to sham-operated group, the model group had significantly
higher expressions of TGF-B1 and p-Smad2/3 (P < 0.05) and lower Smad7 expression. Both Enalapril and Amlodipine improved smooth
muscle hypertrophy and collagen deposition, reduced RHR carotid MT, MT/LD, proliferation index of smooth muscle cell, collagen fiber
area percentage and the expressions of TGF-B1 and p-Smad2/3 (P < 0.05), increased Smad7 expression (P < 0.05). Moreover, the
combination treatment of Enalapril and Amlodipine had significantly better effects than single Amlodipine group (P < 0.05), but not single
Enalapril group. Conclusions TGF-1/Smads pathway may participate in the mechanism of carotid artery remodeling in RHR; the role of
Amlodipine and Enalapril in inversing carotid artery remodeling may be related to the change of TGF-1/Smads pathway, the combination
treatment of Amlodipine and Enalapril had better effects than single administration of Amlodipine.
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1 Introduction

Vascular remodeling is one of the important pathophysi-
ological basis of primary hypertension. The clinical treatment
are not only limited to the blood pressure level control, but
also inverse vascular remodeling. Recent studies have shown
that transforming growth factor—f (TGF-B) plays an important
role in hypertension-induced vascular remodeling. However,
the role of TGF-B1/Smads signal pathway in carotid artery
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remodeling of renovascular hypertension is still unclear. In
this study, by taking renovascular hypertensive rat (RHR) as
model and adopting 2 x 2 factor analysis, the expressions of
TGF-B1, downstream signal protein Smad2/3 and Smd7, as
well as the effects of single and combination treatment of
Amlodipine and Enalapril in this signal pathway were inves-
tigated; so as to explore the possible mechanism of Amlo-
dipine and Enalapril in improving hypertension-induced vascular
remodeling and the action effects.

2  Methods

2.1 Experimental animals, drugs and reagents

Male Sprague-Dawley (SD) rats aged from 8 to 12 weeks,
with a body weight of 180 g to 220 g, were provided by the
Animal Center of Third Military Medical University, Certificate
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No.: SCXK — (military) 2002008. Enalapril and Irbesartan were

kindly provided by Yangtze River Pharmaceutical Cooperation.

Rat anti a-smooth muscle actin (o-actin) monoclonal antibody
and rat anti proliferating cell nuclear antigen (PCNA) monoclonal
antibody were purchased from Wuhan Boster Biotech Co.,
Ltd. Rabbit anti-TGF-B1 polyclonal antibody, goat anti-phos-
phorylated-Smad2/3 (p-Smad2/3) polyclonal antibody and
rat anti-Smad7 monoclonal antibody were purchased from
Santa Cruz Inc. Universal immunohistochemisty detection
kit and concentrated DAB coloration kit were purchased
from Zhongshan Goldbridge Biotechnology Co., Ltd.

2.2 “Two-kidney and one-clip” model establishment,
grouping and administration

Rats were anesthesia with 20% chloral hydrate (ip, 0.18
mg/kg), the left renal arteries were separated, and the silver
brain clip was clipped at the crotch of left renal artery and
aorta. In the sham-operated group, only the left renal artery
was separated, the silver brain clip was not settled. The
caudal arterial pressure of rats were measured by non-invasive
pressure measurement device every two weeks after the
operation, the rats with a caudal systolic arterial pressure of
above 125 mmHg and more than 20 mmHg higher than
preoperative blood pressure were considered as hyper-
tensive rat."! The survival rats with successful model estab-
lishment were randomized into four groups: RHR model
group, Amlodipine group, Enalapril group, Amlodipine +
Enalapril combination treatment group, n = 6 in each group.
In each group, the corresponding drugs were intragastrically
administered once a day for 6 weeks: Amlodipine group
(5 mg/kg per day), Enalapril group (10 mg/kg per day),
combination treatment group (Amlodipine 2.5 mg/kg per
day + Enalapril 5 mg/kg per day, n = 6). The model group
and sham-operated group were intragastrically administered
with same volume of distilled water.

The rats in each group were sacrificed at the 12™ week
after operation, the carotid arteries were separated, and clipped
at about 0.5 cm away from the carotid bifurcation, rinsed
with cold physiological saline, fixed in 4% paraformaldehyde,
and then dehydrated, embedded, and made into paraffin slice
with a thickness of 4 um.

2.3 Observation indexes
2.3.1 HE staining

Tissue slices in each group were stained by HE staining,
visualized and captured with a Leica DM2500 optical micro-
scope. Image analysis was performed by BI2000 image
analysis system, media thickness and lumen diameter were
measured and the media thickness and lumen diameter ratio
(MT/LD) was calculated.

2.3.2 Masson staining

Masson staining was performed for tissue slices in each
group. Pictures captured in Leica DM2500 optical microscope
was analyzed by Image-pro plus image analysis software, 6
visual fields were randomly selected for measuring the collagen
fiber area percentage of carotid arteries.

2.3.3 Immunohistochemical staining

Immunohistochemical staining of a-actin, PCNA, TGF-p1,
p-Smad2/3 and Smad7 was performed by Elivison two-step
method; a brown staining indicates the positive expression.
Leica DM2500 optical microscope was used to collect pictures.
PCNA was expressed in nucleus, the percentage of positive
nucleus in total media cellular score was calculated, i.e., the
proliferation index of smooth muscle cell of carotid arteries
media. TGF-B1 was expressed in cytosol, Smad7 was expressed
in cytosol, nucleus and nucleus surroundings, the mean optical
density (MOD) was measured by Image-pro plus image analysis
software. P-Smad2/3 was expressed in nucleus, and the ratio
of p-Smad2/3 positive nucleus in total media cell score was
calculated.

2.4 Statistical analysis

SPSS13.0 software was used to perform analysis. All data
were quantified approximate normal distribution data, expressed
as mean = SD. Factorial analysis of variance was used to
perform difference comparison, for the interaction data, one
drug was further fixed to compare the effect of the other drug.

3 Results

3.1 Comparison of carotid arteries morphology in
different groups

As shown in Figure 1 and Table 1 & 2, HE staining results
indicated that the tunica media of carotid arteries in model
group was significantly thickened, carotid arteries MT and
MT/LD were increased compared to sham-operated group
(MT: t = -6.588, P < 0.01; MT/LD: ¢ = -7.063, P < 0.01).
Factor analysis indicated there is correlation between Amlo-
dipine and Enalapril MT: F'=7.176, P=0.016; MT/LD: F =
6.715, P = 0.02). With single administration of Enalapril,
the carotid arteries MT and MT/LD were lower than model
group (MT: t=4.934, P<0.01; MT/LD: t=4.779, P < 0.01),
but higher than Amlodipine + Enalapril group (MT: ¢ =
3.552, P<0.01; MT/LD: ¢t = 2.699, P = 0.027); With single
administration of Amlodipine, the carotid arteries MT and
MT/LD were decreased compared to model group (MT: ¢ =
3.246, P =0.012; MT/LD: t = 3.843, P = 0.012), and there
was no statistical difference compare to Amlodipine + Enalapril
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group (MT: £=0.501, P=10.63; MT/LD: t=0.656, P=0.53). was significantly thickened, the volume of smooth muscle
a-actin immunohistochemisty staining showed positive cell was increased, and arranged in disorder. The treatment
signal in the cytosol smooth muscle cell of carotid artery of Amlodipine and Enalapril improved artery smooth muscle

tunica media, the carotid artery tunica media in model group hypertrophy and disordered arrangement.
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Figure 1. HE staining, a-actin staining, PCNA staining and Masson staining of rats’ carotid arteries in sham-operated group, RHR
model group, Amlodipine group, Enalapril group and Amlodipine + Enalapril treatment group, respectively. PCNA: proliferating cell
nuclear antigen; RHR: renovascular hypertensive rat.

Table 1. MT, LD and MT/LD comparisons of rats in each group (» = 6, mean + SD).

Grouping MT(num) LD (um) MT/LD(%)
Sham-operated 52.15+7.18 52572 +18.58 9.94 £ 1.517
RHR Model 9128+ 11.17° 44138+ 14.13 20.75 + 3.068"
Amlodipine 72.57 + 6.42° 478.10+27.45 15.18 +1.051°
Enalapril 63.23 +6.07° 481.76 + 62.37 13.26 + 1.700°
Combination 61.79 +2.20% 481.76 £ 62.38 12.50 £ 1.959%¢

2P <0.01 vs. sham-operated group; °P < 0.05, °P < 0.01 vs. model group; *P> 0.05 vs. Enalapril group; °P < 0.05, 'P < 0.01 vs. Amlodipine group. MT: media
thickness; LD: lumen diameter; RHR: renovascular hypertensive rat.
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Table 2. Collagen fiber area percentage and smooth muscle cell proliferation index of tunica media of carotid arteries of rats in

each group (n = 6, mean % SD).

Smooth muscle cell proliferation index (%)

Grouping Collagen fiber area percentage (%)
Sham-operated 15.35+4.446

Model 67.53 +7.684°

Amlodipine 48.62+10.175°

Enalapril 30.69 £ 9.140°

Combination 32.23 +12.008%

1.84+0.519

3531+ 12.969°
479 +1.184°
3.73 £0.423°
3.15+0.543%

P < 0.01 vs. sham-operated group; °P < 0.05, °P < 0.01, vs. model group; P > 0.05 vs. Enalapril group; °P<0.05 vs. Amlodipine group. MT: media thickness;

LD: lumen diameter; RHR: renovascular hypertensive rat.

As shown by PCNA immunohistochemisty staining, the
smooth muscle cell proliferation of carotid artery tunica
media in model group was increased compared to sham-
operated group (¢ = -5.766, P < 0.01). Factor analysis showed
correlation between Amlodipine and Enalapril (F' = 26.364,
P <0.01). With single administration of Enalapril, the proli-
feration index of smooth muscle cell was decreased compared
to model group (¢ = 5.442, P < 0.01), but higher than Amlo-
dipine + Enalapril group (¢ = 2.805, P = 0.023); With single
administration of Amlodipine, the proliferation index of smooth
muscle cell was decreased compared to model group (1= 5.24,
P < 0.01), and no statistical difference was found comparing
with Amlodipine + Enalapril group (#=1.858, P=0.1).

The cytosol of smooth muscle cell of carotid artery tunica
media was stained with red by Masson staining method, and
the collagen fiber was blue. Results showed that the collagen
fiber content of carotid artery tunica media was significantly
increased in model group, and the collagen fiber area percentage
were also higher than the sham-operated group (¢ = -13.13,
P < 0.01). Factor analysis indicated there was correlation
between Amlodipine and Enalapril (F = 5.361, P = 0.034).
With single administration of Enalapril, the collagen fiber
area percentage of carotid artery tunica media was decreased
compared to model group (¢ = 6.9, P <0.01), but higher than
Amlodipine + Enalapril group (¢ = 2.328, P = 0.048); With
single administration of Amlodipine, the collagen fiber area
percentage of carotid artery tunica media was decreased
compared to model group (¢ =3.317, P = 0.011), and there
was no significant difference compare to Amlodipine +
Enalapril group (¢ =-0.229, P =0.825).

3.2 Comparisons of TGF-1, p-Smad2/3 and Smad7
expressions in tunica media of caroid arteris in different
groups

As shown in Figure 2 and Table 3, the expressions of
TGF-B1 and p-Smad2/3 in carotid artery tunica media in
model group was higher than sham-operated group (TGF-$1:
t = -3.305, P = 0.03; p-Smad2/3: ¢ = -10.85, P < 0.01).
Factor analysis indicated the correlation between Amlodipine

and Enalapril (TGF-B1: F = 5.651, P = 0.03; p-Smad2/3: F =
8.241, P = 0.011). With single administration of Enalapril,
the expressions of TGF-B1 and p-Smad2/3 were decreased
compared to model group (TGF-B1: t = 2.97, P = 0.018;
p-Smad2/3: ¢t = 8.444, P < 0.01), but higher than Amlodipine +
Enalapril group (TGF-1: ¢t =4.278, P = 0.01; p-Smad2/3: ¢t =
3.734, P <0.01); With single administration of Amlodipine,
the expressions of TGF-f1 and p-Smad2/3 were lower compared
to model group (TGF-B1: t=2.467, P=0.039; p-Smad2/3: t =
6.025, P < 0.01), and there was no significant difference
compare to combination group (TGF-1: r = 0.114, P = 0.613;
p-Smad2/3: t=1.871, P=0.098).

The Smad7 expression in tunica media of carotid arteries
in model group was decreased compared to sham-operarted
group (¢t = 7477, P < 0.01). Factor analysis indicated the
correlation between Amlodipine and Enalapril (F' = 4.776, P =
0.044). With single administration of Enalapril, the Smad7
expression was higher than model group (¢ = -3.607, P <
0.01), but lower than Amlodipine + Enalapril group (¢ =
-3.824, P < 0.01); with single administration of Amlodipine,
the Smad7 expression was higher than model group (¢ =
-4.008, P = 0.012), and there was no statistical difference
compare to combination group (¢ =-0.163, P = 0.877).

4 Discussion

TGF-B is a kind of multifunctional cytokine that synthesized
by variety of tissue cells, it not only can regulate the cell
cycle but also affect the proliferation, differentiation, adhesion,
migration and apoptosis of cells. TGF-f includes 3 subtypes,
i.e., TGF-B1, TGF-B2 and TGF-B3. TGF-B1 is expressed in
vascular endothelial cells, vascular smooth muscle cells (VSMC),
myofibroblast and hematopoietic cells. Smad protein is a
downstream target of TGF-B1 signaling pathway, which
serves as a media molecule to transmit extracellular TGF
signal into nucleus.”” Smads protein family member Smad2
and Smad3 can combine with TGF receptor and generate
phosphorylation, and then form heterogenic oligomerization
complex with Smad4, and transferred into nucleus to initiate
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Figure 2. Immunohistochemisty staining of TGF-p1, p-Smad2/3 and Smad7 in carotid arteries of rats in sham-operated group,

RHR model group, Amlodipine group, Enalapril group and Amlodipine + Enalapril treatment group, respectively. TGF-f: transforming

growth factor-B1; RHR: renovascular hypertensive rat.

Table 3. Comparisons of TGF-1, p-Smad2/3 and Smad7 expressions in tunica media of carotid arteries of rats in each group

(mean £ SD, n=6)

Grouping TGF-1 (MOD) p-Smad2/3 Smad7 (MOD)
Sham-operated 0.0001 + 0.00006 0.0658 +£0.02117 0.0121 +0.00302
Model 0.0040 % 0.00259" 0.3721 £0.05947° 0.0013 £ 0.00116°
Amlodipine 0.0011 £ 0.00034° 0.1987 + 0.02294¢ 0.0035 + 0.00035°
Enalapril 0.0005 £ 0.00033° 0.1400 = 0.01556* 0.0045 £ 0.00161¢
Combination 0.0004 % 0.00008° 0.0846 + 0.06438°¢ 0.0046 = 0.00058°¢

TGF-B1: transforming growth factor -B1, p-Smad2/3: phosphorylated Smad2/3. °P < 0.05, °P < 0.01 vs. sham-operated group; °P < 0.05, *P < 0.01 vs. model
group; °P > 0.05 vs. Enalapril group; 'P < 0.05, ¢P < 0.01 vs. Amlodipine group. MOD: mean optical density; TGF-B: transforming growth factor-p1; RHR:

renovascular hypertensive rat.

target gene of TGF-B1. Smad7 can inhibit the signal trans-
duction process by interfering the phosphorylation of Smad2
and Smad3."! Recent studies confirmed that TGF-P1 can
directly stimulate the synthesis of extracellular matrix, reduce
degradation, and simultaneously induce VSMC hyperplasia and
hypertrophy, stimulate fibroblast hyperplasia and the transfor-
mation of fibroblast to myofibroblast, resulting in vascular
remodeling at the hypertensive vascular injury site.** Agrotis
et al®® reported that TGF-B1 can reinforce epidermal growth
factor, platelet growth factor, fibroblast growth factor to
promote VSMC proliferation of spontaneously hypertensive
rats (SHR); while regarding WKY rats, TGFpI can inhibit
the function of these growth factors on VSMC proliferation.

Cheng et al" found that the transfection of antisense
Smad3 adenovirus vector can block TGF-f signal transduction
and therefore inhibit the proliferation of vascular smooth
muscle cells. After stimulating with TGF-B1, Smad2 in vitro
cultured rat VSMC was phosphorylated. After the transfection
of Smad7 viral vector, the TGF-p1-mediated Smad2 phos-
phorylation was inhibited in dose-dependent manner. In this
study, the tunica media of carotid arteries in RHR model
group was thickened, the volume of smooth muscle cell was
increased and the arrangement was in disorder, the collagen
fiber content was significantly increased, the MT, MT/LD
and collagen fiber area percentage of carotid artery tunica
media were all increased compared to sham-operated group
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(P < 0.01), which was similar to the SHR carotid artery
remodeling reported by Chen et al!""! However, in this study,
the proliferation index of smooth muscle cell of RHR
carotid tunica media was increased, suggesting that the
smooth muscle cell of RHR carotid tunica media was not
only with hypertrophy, but also accompanied with hyperplasia;
the TGF-B1 expression in RHR carotid tunica media was
increased compared to sham-operated group, accompanied with
increased p-Smad2/3 and reduced Smad7 expression, which
suggesting that RHR carotid vascular remodeling was relevant
to TGF-B1/ Smads signal pathway expression.

The activities of arterial smooth muscle cell membrane
sodium pump and calcium pump were inhibited in intracellular
hyalomitomes, which increased the free calcium ion con-
centration,'>"*! and further affected arterial smooth muscle
proliferation and hypertrophy, resulting in arterial remo-
deling."*"! Calcium channel blockers (CCB) can reduce
intracellular calcium level, release pressure and improve
vascular remodeling by blocking the extracellular calcium
influx, but there is rare publication discussing about whether
the effect of improving vascular remodeling is related to the
expressions of TGF-B1 and Smads proteins. In this study,
Amlodipine, a selective blocking cell membrane L-type CCB,
was chose as therapeutic drug, and the results indicated that
the carotid tunica media remodeling after therapy was
improved, the expressions of TGF-B1 and p-Smad2/3 were
decreased, Smad7 expression was increased, suggesting that
Amlodipine can play a role in anti-RHR carotid artery
remodeling by reducing TGF-B1 expression. The mechanism is
still unclear, some studies reported that TGF-f1 can reduce
the expression of myocardial cells L-type calcium channels
Cav3.1 (alD).['6] On the other hand, researchers observed
that Amlodipine can result in reduced local Angll level in
plasma and kidney of SHR,''” and speculated that down
regulation of TGF-B1 expression by Amlodipine may be
related to the fact that TGF-B1 can reduce vascular calcium
channel expression and Amlodipine can also reduce Angll
level in renovascular hypertensive rats.

Studies have confirmed that Angll was an important
factor that leading to vascular remodeling and its effect was
partially dependent on TGF-B. Wang er al"™ stimulated
vascular smooth muscle cells by Angll for 24 hours, and
found that the activation of Smad2/3 signal transduction
pathway was dependent on TGF-f as the effect can be blocked
by TGF-B neutralization antibody. Angiotensin converting
enzyme inhibitor (ACEI) improve large-artery compliance,
preventing aortic collagen accumulation independently of
blood pressure changes.!"”’ ACEI can reduce AngllI level in
plasma and tissue by inhibiting the activity of ACE. In this
study, inversion of carotid tunica media and decreased TGF-f1

were observed in Enalapril (a kind of ACEI drug) inter-
vention group, the expression of downstream protein Smad2/3
was correspondingly decreased, the Smad7 expression was
increased, indicating that the improvement of RHR carotid
vascular remodeling by Enalapril was also related to the
down regulation of TGF-B1 expression.

In the aspect of combination treatment, the results of this
experiment suggested that the combination of Amlodipine
and Enalapril was more effective in improving RHR carotid
vascular remodeling than single administration of Amlodipine,
and simultaneously reduced the expressions of TGF-B1 and
p-Smad2/3, increased Smad7 expression, while there was
no statistical difference between combination treatment and
single administration of Enalapril.

Taken together, TGF-B1 participated in RHR carotid artery
remodeling, displayed as the up-regulation of TGF-p1 and
its downstream protein p-Smad2/3 and down-regulation of
Smad7. Amlodipine and Enalapril can both reverse RHR
carotid artery remodeling, which may be related to TGF-1/
Smads signal pathway regulation, and the combination treatment
of these two drugs was more effective than single admini-
stration of Amlodipine.
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