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Abstract. Vascular remodeling is a primary contributor to 
the initiation and development of hypertension, which has a 
pathological association with subsequent multi‑organ damage. 
Grape seed proanthocyanidin extracts (GSPE) exhibit protec-
tive cardiovascular effects, resulting from their anti‑oxidant 
and anti‑inflammatory properties. However, the function 
and mechanism underlying the effect of GSPE on small 
artery remodeling remain to be elucidated. The present study 
investigated the effect of GSPE on vascular remodeling in the 
mesenteric small arteries of spontaneous hypertensive rats 
(SHR). Parameters associated with hypertension, including 
systolic blood pressure, oxidative stress, morphological and 
ultrastructural alteration of vessels, deposition of collagen and 
transforming growth factor (TGF)‑β1, were analyzed. The 
results revealed that GSPE alleviated hypertension‑induced 
hypertrophic vascular remodeling in the small arteries of 
SHR, which was independent of blood pressure. GSPE 
decreased oxidative stress associated with hypertension in 
SHR and suppressed the increased expression of TGF‑β1, 

which blocked the translocation and differentiation of adven-
titia fibroblasts and eventually inhibited collagen hyperplasia 
in the blood vessel. The inhibitory effect of GSPE on small 
artery remodeling was achieved via its suppressive effect on 
oxidant production and the subsequent intercellular and intra-
cellular cascades. The findings of the present study supported 
the potential therapeutic value of GSPE for the treatment of 
hypertension.

Introduction

Vascular remodeling is recognized as a primary contributor to 
the damage of target organs in the development of hyperten-
sion (1). Artery walls that have undergone hypertension are 
identified by the increased size of the vascular wall, particu-
larly the tunica media, which is accompanied by a narrowed 
lumen. Proliferation of vascular smooth muscle cells (VSMC) 
occurs, along with alterations to the elastic properties of the 
arterial wall (2). In the vascular wall extracellular matrix 
(ECM), the abnormal deposition of collagen contributes to 
vascular remodeling (3). Reactive oxygen species (ROS) are 
believed to be involved in the development of hypertension 
via the promotion of vascular remodeling (4), which induces 
collagen hyperplasia in the vascular wall  (5). GSPE is an 
anti‑free radical reagent  (6), which may be beneficial for 
the treatment of cardiovascular diseases, including arterio-
sclerosis, hypertension and subsequent organ damage (7). 
ROS are second messengers that regulate cellular function 
via reversibly oxidizing specific amino acid residues of key 
target proteins  (8), adversely affecting various important 
cell signaling pathways, including the transforming growth 
factor (TGF)‑β1 signaling cascade and the expression of 
ECM (9). The present study hypothesized that GSPE may 
have a therapeutic effect on vascular remodeling associated 
with collagen accumulation in the mesenteric small arteries 
of spontaneous hypertensive rats (SHR). The understanding 
of the association between the anti‑oxidative effect of GSPE 
and the underlying mechanisms involved in vascular remod-
eling may support its use as a potential therapeutic agent for 
the treatment of small vascular remodeling in cardiovascular 
disease.
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Materials and methods

Animal model. All experimental procedures were approved 
by the Animal Experiment Ethics Review Committee of 
Shandong University, (Jinan, China). At total of 20 SHR 
and 10 Wistar‑Kyoto (WKY) rats (age, 20 weeks; weight, 
369.25±12.11 g) were obtained from Vital River Laboratory 
Animal Technology Co., Ltd. (Beijing, China). Rats were 
maintained in individual cages at 22±2˚C, 50‑55% humidity, 
with 12 h light/dark cycles. They were fed with standard 
rat chow and had free access to tap water for 1 week. Rats 
were subsequently randomly assigned to three groups (n=10): 
i) WKY control (WKY), ii) spontaneous hypertension control 
(SHR‑C), and iii) spontaneous hypertension with GSPE treat-
ment (SHR‑T). Rats in the WKY and SHR‑C groups were 
orally administered 1.0 ml saline per day, where as those in 
the SHR‑T group were treated with 250 mg/kg/day GSPE (lot 
no. 002‑1312065‑13; Natural Product R&D Co., Ltd., Tianjin, 
China) dissolved in 1.0 ml saline. At the end of week 22, rats 
were sacrificed following anesthesia with 10% chloral hydrate 
(300 mg/kg) by intraperitoneal injection provided by Qilu 
Hospital of Shandong University (Jinan, China). Serum from 
peripheral blood obtained from the abdominal aorta and the 
harvested mesenteric small arteries were stored at ‑80˚C.

Systolic blood pressure (SBP). Tail SBPs were measured prior 
to experimentation, and subsequently once a week until the 
end of the experiment using a non‑invasive sphygmomanom-
eter (Softron tail‑cuff; Softron Beijing Incorporated, Beijing, 
China). All rats were conscious and free when measurements 
were obtained.

ELISA. Malondialdehyde (MDA), H2O2, ROS, superoxide 
dismutase (SOD), and catalase (CAT) levels in mesenteric 
artery tissues were measured using the following oxidative 
stress ELISA kits: H2O2 assay kit (cat. no. 20131220; absorbance 
reading at 405 nm), ROS assay kit (cat. no. 20131126; absorbance 
reading at 525 nm), SOD assay kit (cat. no. 20131120; absor-
bance reading at 450 nm), CAT assay kit (cat. no. 20131218; 
absorbance reading at 405 nm) and Microscale MDA assay kit 
(cat. no. 20131112; absorbance reading at 523 nm), which were 
purchased from Nanjing Jiancheng Bioengineering Institute 
(Nanjing, China) according to the manufacturer's protocol.

Histopathology. Mesenteric small artery samples for protein 
and RNA detection were washed in 4˚C saline and frozen in 
liquid nitrogen followed by storage at ‑80˚C. Segments for elec-
tron microscopy were immediately cut into 1x1x1 mm sections 
and fixed in 2.5% glutaraldehyde solution. Fixed sections 
were processed with 10% formalin and embedded in paraffin. 
Vascular tissue slices were stained with Sirius red. Pathological 
alterations were observed and analyzed in 5 randomly selected 
images per section using the Olympus DP71 imaging system 
(Olympus Corporation, Tokyo, Japan) and Image‑Pro Plus 
software 5.0 (Media Cybernetics, Inc., Rockville, MD, USA). 
The inner diameter (ID), vascular cross‑sectional area (VCSA), 
wall cross‑sectional area (WCSA), luminal cross‑sectional area 
(LCSA) and wall thickness (WT) of the vascular tissue were 
measured. The ratios of WT to ID (WT/ID) and WCSA to 
LCSA (WCSA/LCSA) were subsequently calculated.

Type I and III collagen and elastin were stained with Sirius 
red‑victoria blue (10) and were observed using polarization 
microscopy. The area and ratio of elastin and collagen were 
calculated using Image Pro‑Plus software in 5 different fields.

Western blotting. Total protein was extracted from the small 
mesenteric arterial tissue. Tissues were washed twice with 
cold phosphate buffered saline and were homogenized with 
ice‑cold cell radio immunoprecipitation assay lysis buffer (cat. 
no. P0013B; Beyotime Institute of Biotechnology, Haimen, 
China) for 30 min on ice and the supernatant was collected 
following centrifugation (14,000 x g for 15 min) at 4˚C. The 
concentration of total protein was measured using a bicincho-
ninic acid protein assay kit (cat. no. P0006; Beyotime Institute 
of Biotechnology). An equal quantity of protein (60 µg) was 
loaded onto SDS‑PAGE gels (12% Mini‑PROTEAN® Gel; 
cat. no.  456‑1094; Bio‑Rad Laboratories, Inc., Hercules, 
CA, USA). The proteins were transferred to polyvinylidene 
difluoride membranes which was monitored by Ponceau 
S staining. Membranes were blocked with blocking buffer 
[5% fat free milk in TBS plus 0.1% Tween‑20 (TBST), pH 7.5] 
at room temperature for 1 h and then incubated for 2 h with 
the following primary antibodies: Mouse‑anti‑TGF‑β1 (cat. 
no. ab64715; dilution, 1:500; Abcam, Cambridge, MA, USA), 
rabbit‑anti‑collagen I (cat. no.  ab96723; dilution, 1:500; 
Abcam), rabbit‑anti‑collagen III (cat. no. 13548‑1; dilution, 
1:400; Protein Tech Group, Inc., Chicago, IL, USA) and 
mouse‑anti‑actin (cat. no. ab3280; dilution, 1:2,000; Abcam) at 
4˚C overnight. Following 3 washes with TBST (10 min each), 
membranes were incubated with a species‑specific horseradish 
peroxidase‑conjugated secondary antibodies: Goat anti‑rabbit 
(cat. no.  ZB‑2301; dilution, 1:5,000; ZSGB‑BIO, Beijing, 
China) and goat anti‑mouse (cat. no. Zf‑0312; dilution, 1:5,000; 
ZSGB‑BIO) at room temperature for 2 h. Following 3 washes, 
membranes were soaked in Chemiluminescence Detection 
reagent (EMD Millipore, Billerica, MA, USA) and protein 
bands were visualized using an ImageQuant LAS‑4000 
imaging system (GE Healthcare Life Sciences, Chalfont, UK). 
Quantitative analysis was performed using AlphaEaseFC 
analysis software 4.1.0 (Alpha Innotech, San Leandro, CA, 
USA) and normalized to densitometric values of β‑actin.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from small mesenteric 
arterial tissue using TRIzol® reagent (Invitrogen; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) according to the 
manufacturer's protocol. First‑strand cDNA was obtained 
using the RevertAid First Strand cDNA Synthesis kit (Thermo 
Fisher Scientific, Inc.) with oligo‑d(T) as an initial primer. 
qPCR was performed using a standard TaqMan® PCR kit 
(Applied Biosystems; Thermo Fisher Scientific, Inc.) with 
the obtained cDNA on an ABI PRISM® 7300 PCR instru-
ment (Applied Biosystems; Thermo Fisher Scientific, Inc.) 
in a 25 µl reaction volume containing Maxima SYBR‑Green 
qPCR Master Mix (2X) (Applied Biosystems; Thermo Fisher 
Scientific, Inc.), cDNA and primers. Primer sequences were as 
follows: Forward, 5'‑CTGCTGACCCCCACTGATAC‑3' and 
reverse, 5'‑GTG​AGC​ACT​GAA​GCG​AAA​GC‑3' for TGF‑β1; 
forward, 5'‑GGC​ATA​AAG​GGT​CAT​CGTG‑3' and reverse, 
5'‑GAA​CCT​TCG​CTT​CCA​TAC​TC‑3' for collagen I; forward, 
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5'‑AGA​TCA​TGT​CTT​CAC​TCA​AGTC‑3' and reverse, 5'‑TTT​
ACA​TTG​CCA​TTG​GCC​TAG‑3' for collagen III; forward, 
5'‑CGG​GAA​ATC​GTG​CGT​GAC‑3' and reverse, 5'‑TCG​CTC​
CAA​CCG​ACT​GCT‑3' for β‑actin. Thermocycling conditions 
were set at 95˚C for 20  sec, followed by 60˚C for 20  sec; 
40 cycles were performed. The gene expression was relatively 
quantified (11) and normalized by the expression of β‑actin 
which was performed according to the manufacturer's protocol 
and the article (12).

Ultrastructure. The mesenteric arterial tissue was fixed with 
3% glutaraldehyde in cacodylate buffer at 4˚C for 2 h and subse-
quently post fixed in a 1% osmium‑tetroxide phosphate buffer 
solution for 1 h. Dehydrated tissue sections were embedded 
in epoxy resin and were sliced into 75‑nm semi‑thin sections, 
which were stained with uranylacetate and lead citrate. Slides 
were observed under an H‑800 transmission electron micro-
scope (Hitachi, Ltd., Tokyo, Japan).

Statistical analysis. A one‑way analysis of variance was 
performed using SPSS software 17.0 (SPSS, Inc., Chicago, IL, 
USA), followed by a Student‑Newman‑Keuls or least signifi-
cant difference post‑hoc test. Results are presented as the 
mean ± standard deviation. P<0.05 was considered to indicate 
a statistically significant difference and the null hypothesis 
was that there were no differences between the groups.

Results

Systolic blood pressure and body weight. SBP increased with 
age in all groups, and was significantly increased in the SHR‑C 
compared with the WKY group (P<0.01; Fig. 1A). Treatment 
with GSPE did not significantly alter SBP compared with the 
SHR‑C group (P>0.5). No significant weight alterations were 
observed between the groups at any time (P>0.5; Fig. 1B).

Anti‑oxidative stress effect of GSPE in spontaneous hyperten‑
sion. Hypertensive rats exhibited significantly increased levels 
of ROS (P<0.01; Fig. 2A), H2O2 (P<0.01; Fig. 2B) and MDA 
(P<0.01; Fig. 2C), compared with the WKY group. However, 
this increase was partially reversed by treatment with GSPE 
(P<0.05). The levels of the oxidative enzymes, SOD (P<0.01; 

Fig.  2D) and CAT (P<0.01; Fig.  2E) were decreased in 
SHR‑Compared with WKY controls; however, this decrease 
was partially reversed by GSPE (P<0.05).

Effect of GSPE on morphological alterations of small arteries. 
Vascular tissue slices were stained with Sirius red‑victoria blue 
and pathological changes were observed using polarization 
microscopy primarily under a brightfield. In WKY, the typical 
three‑layer structure was observed. The inner layer was thinner 
and the elastic lamina between the endangium and media was 
dyed green‑blue. VSMCs were arranged as a circular multilayer 
in the media and collagens were observed as red, primarily 
resident in the adventitia (Fig. 3A). In SHR‑C, broken endan-
gium and collagen fibers in the lumen were presented in images 
captured under a brightfield, and the small mesenteric arteries 
had become narrowed and thickened. Disarranged collagen 
was observed in the media and adventitia (Fig. 3B). Following 
GSPE treatment, wall thickening and luminal stenosis of small 
mesenteric arteries were reduced. In addition, collagen levels 
were reduced, particularly in the media (Fig. 3C).

Effect of GSPE on collagen expression and distribution in 
small mesenteric arteries. Type I/III collagen and elastin were 
stained with Sirius red‑victoria blue and were observed using 
polarization microscopy. Collagen was observed as red and 
elastin was observed as green‑blue, under a brightfield. Under 
a darkfield, type I collagen appeared as red/orange fibers with 
strong double refraction, whereas type III collagen appeared 
as thin green fibers with weak birefringence. In WKY, type 
I collagen was primarily located in the media and type III 
collagen primarily appeared in the adventitia, with reduced 
levels present in the media (Fig. 3D). There were no collagen 
fibers present in the inner layer of the small artery. However, 
in the SHR‑C small mesenteric artery, an overload of disar-
ranged collagen was observed in the media and adventitia. 
In addition, collagen fibers were observed in the inner layer 
(Fig. 3E). Following, GSPE treatment, no collagen fibers were 
observed in the inner layer (Fig. 3F). Type I and III collagen 
were reduced in the media compared with the SHR‑C group.

Quantification of pathological alterations. Image‑ProPlus 
software was used to analyze microscope images and to 

Figure 1. Effect of GSPE on SBP and body weight. (A) SBP was significantly increased in the SHR‑C group compared with the WKY group. GSPE did not 
significantly alter SBP compared with SHR‑C group. (B) No significant alterations in weight were observed during the experiment. Data are expressed as 
the mean ± standard error (n=10). **P<0.01 vs. WKY group. GSPE, grape seed proanthocyanidin extract; SBP, systolic blood pressure; SHR, spontaneous 
hypertension rat; T, treatment; C, control; WKY, Wistar‑Kyoto.



LIANG et al:  GSPE AND SMALL ARTERY VASCULAR REMODELING2646

Figure 3. Effect of GSPE on the morphological alterations of the small mesenteric artery. Sirius red‑victoria blue staining of small mesenteric arterial tissue 
from (A) WKY, (B) SHR‑C and (C) SHR‑T groups, observed under a brightfield. Collagen was stained red and is indicated by red arrows. Elastin was dyed 
green‑blue and is indicated by blue arrows. Sirius red‑victoria blue staining of small mesenteric arterial tissue from (D) WKY, (E) SHR‑C and (F) SHR‑T 
groups, observed under a darkfield. Collagen I was red/orange and is indicated by red arrows. Collagen III was green and is indicated by green arrows. GSPE, 
grape seed proanthocyanidin extract; SHR, spontaneous hypertension rat; T, treatment; C, control; WKY, Wistar‑Kyoto.

Figure 2. Effect of GSPE on ROS, H2O2, MDA, SOD, and CAT levels in mesenteric arterial tissues. Hypertensive rats exhibited a significantly increased level 
of (A) ROS, (B) H2O2 and (C) MDA compared with the WKY control group. This was partially reversed by treatment with GSPE. The levels of the oxidative 
enzymes (D) SOD and (E) CAT were decreased in hypertensive subjects; however, this was attenuated by administration of GSPE. *P<0.05 and **P<0.01. 
GSPE, grape seed proanthocyanidin extract; SHR, spontaneous hypertension rat; T, treatment; C, control; WKY, Wistar‑Kyoto; ROS, reactive oxygen species, 
H2O2, hydrogen peroxide; MDA, malondialdehyde; SOD, superoxide dismutase; CAT, catalase.
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calculate the ID, WT, WT/ID, WCSA, LCSA and WCSA/LCSA 
of small mesenteric arteries. Hypertension increased WT 
(P<0.01; Fig. 4A) and decreased ID (P<0.05; Fig. 4B), and these 
effects were significantly abrogated by treatment with GSPE 
(P<0.05). Notably, the ratio of WT/ID was significantly greater 
in SHR‑C compared with WKY and SHR‑T groups (P<0.01; 
Fig. 4C). Similarly, significantly increased levels of WCSA 
(P<0.01; Fig. 4D) and decreased levels of LCSA (P<0.05; 
Fig. 4E) were observed in the SHR‑C group compared with the 
WKY group, and these effects were attenuated by treatment 
with GSPE (P<0.05). The ratio of WCSA/LCSA was increased 
in the SHR‑C group, compared with the WKY control and 
SHR‑T groups (P<0.05; Fig. 4F).

Quantification of collagen/elastin expression and ratio. Image 
Pro‑Plus software was used to investigate collagen and elastin 
expression in 5 different fields of view. Collagen expression 
levels were increased in the SHR‑C group compared with the 
WKY control (P<0.01); this increase was abrogated by GSPE 
treatment (P<0.05; Fig. 5A). Although there was no significant 
difference in the expression of elastin among the different 
groups (P>0.05; Fig.  5B), a significantly greater ratio of 

collagen/elastin was observed in the SHR‑C group compared 
with the WKY control, which was partially reversed by treat-
ment with GSPE (P<0.01; Fig. 5C).

Effect of GSPE on the expression of TGF‑β1 and collagen. 
The protein expression levels of collagen and TGF‑β1 were 
detected by western blotting, as presented in Fig.  6. The 
expression of collagen I and III was increased by hyperten-
sion and this increase was attenuated by GSPE treatment. 
In addition, TGF‑β1 expression was increased in the SHR‑C 
group compared with the WKY group, which was abrogated 
by GSPE treatment.

TGF‑β1 and collagen I/III protein expression levels were 
normalized to β‑actin levels using densitometry, as presented 
in Fig. 7. The expression of TGF‑β1 was significantly increased 
in the SHR‑C group compared with the WKY group (P<0.05); 
this increase was attenuated by treatment with GSPE (P<0.01; 
Fig. 7A). Significantly increased levels of collagen I (P<0.05; 
Fig.  7B) and III (P<0.05; Fig.  7C) were observed in the 
SHR‑C group compared with the WKY group; GSPE treat-
ment significantly reduced this hypertension‑induced collagen 
hyperplasia (P<0.05).

Figure 4. Effect of GSPE on vascular geometrical measurement of small mesenteric arteries. The diameter of vascular wall and lumen and the thickness of 
vascular wall was measured in Sirius red‑victoria blue stained sections. (A) WT was increased in the SHR‑C group compared with the WKY group, and this 
was significantly reversed by treatment with GSPE. (B) ID was decreased in the SHR‑C group compared with the WKY group, and this was significantly 
reversed by treatment with GSPE. (C) The ratio of WT/ID was significantly greater in the SHR‑C group compared with the WKY and SHR‑T groups. 
(D) WCSA levels were significantly increased in the SHR‑C group compared with the control group, whereas (E) LCSA levels were significantly decreased in 
the SHR‑C group compared with the control group. (F) The ratio of WCSA/LCSA was increased in the SHR‑C group; however, this increase was significantly 
abrogated by treatment with GSPE. *P<0.05 and **P<0.01. GSPE, grape seed proanthocyanidin extract; SHR, spontaneous hypertension rat; T, treatment; C, 
control; WKY, Wistar‑Kyoto; ID, inner diameter; VCSA, vascular cross‑sectional area; WCSA, wall cross‑sectional area; LCSA, luminal cross‑sectional area; 
WT, wall thickness. 



LIANG et al:  GSPE AND SMALL ARTERY VASCULAR REMODELING2648

The mRNA expression levels of TGF‑β1 and collagen I/III 
were detected using RT‑qPCR (Fig. 8). mRNA expression 
levels of TGF‑β1 were significantly increased by hyperten-
sion (P<0.01); this increase was abrogated by GSPE treatment 
(P<0.05; Fig.  8A). Collagen I (Fig.  8B) and III (Fig.  8C) 
mRNA expression levels were upregulated in the SHR‑C 
group compared with the WKY group (P<0.05); this increase 
was partially reversed by treatment with GSPE (P<0.05).

Role of GSPE in the alteration of the ultrastructure of 
fibroblast cells in the mesenteric small arteries. The ultra-
structure of the mesenteric small artery was observed using 
a transmission electron microscope. In photomicrographs 
taken from WKY, the intima was smooth with a clear edge 
and collagen was homogenously distributed in the media and 
in adventitia (Fig. 9A). Fibroblast cells exhibited a normal 
morphology in the adventitia (Fig. 9B). In the SHR‑C group, 
the inner membrane appeared to be damaged, a large quantity 
of irregular collagen was located in the media and invading 
adventitia fibroblasts (AF) appeared (Fig. 9C). In AF, the 
endoplasmic reticulum became dilated and the formation of a 
dense patch under the membrane, in addition to the develop-
ment of collagen hyperplasia, were observed in the adventitia 
(Fig. 9D). Hypertension‑induced endangium damage to the 

inner membrane and accumulation of collagen in the vascular 
wall were attenuated by GSPE (Fig. 9E). In addition, the trans-
location of AF into the media of the small artery, as a result 
of hypertension, was abrogated by GSPE. Furthermore, no 
dense patch was observed under the membrane, however, the 
endoplasmic reticulum was dilated in AFs (Fig. 9F).

Discussion

Hypertension is an important risk factor and contributes to 
cardiovascular diseases. Vascular remodeling, particularly 
in small arteries, is considered critical in the development 
of hypertension (13). The increased thickness of the vascular 
wall and the increased narrowing of the lumen are primary 
pathological developments in hypertension, along with the 
proliferation of VSMC and the accumulation of collagen in 
the ECM (14).

In the present study, hypertrophic vascular remodeling 
was observed in the small mesenteric arteries of rats with 
spontaneous hypertension, which presented as a reduction 
in the size of the lumen. This pathological reconstruction of 
the artery in hypertensive rats includes an increase in wall 
thickness, collagen overexpression and AF relocates to the 
media of the artery. A model of hypertension similarly demon-
strated that the ID was reduced and the wall/lumen ratio was 
increased in small arteries as a consequence of increased wall 
thickness (15). The present study further confirmed that the 
accumulation of collagen was a primary feature that resulted 
in a narrowed lumen in SHR‑C animals, indicated as an 
increase in ratio of WT/ID and WCSA/LCSA. A previous 
study similarly reported findings indicating that concentric 
remodeling occurred in humans from autopsy readings of 
cardiac and renal arterioles in 25 essential hypertension 
patients (16). An increased wall‑to‑lumen ratio and WCSA 
of retinal arterioles was observed in cerebrovascular patients 
compared with subjects with mild arterial hypertension (17). 
Thus, the critical role of vascular remodeling in the develop-
ment of hypertension and the association between the increase 
in vascular wall thickness and the development and progres-
sion of hypertension was investigated. CSA and intima‑media 
thickness have been considered as independently diagnostic 
morphological parameters, which were significantly increased 

Figure 5. Effect of GSPE on the expression and ratio of collagen and elastin, as measured in Sirius red‑victoria blue stained sections. (A) Expression of 
collagen levels increased significantly in the SHR‑C group compared with the control WKY group, and this was partially reversed by treatment with GSPE. 
(B) Expression of elastin was not altered between groups. (C) The ratio of collagen/elastin significantly increased in the SHR‑C group compared with the 
control WKY group; this was partially reversed by treatment with GSPE. *P<0.05 and **P<0.01. GSPE, grape seed proanthocyanidin extract; SHR, spontaneous 
hypertension rat; T, treatment; C, control; WKY, Wistar‑Kyoto.

Figure 6. Effect of GSPE on the protein expression of TGF‑β1 and 
collagen  I/III in small mesenteric arteries. Western blotting reveals a 
hypertension‑induced increased protein expression of collagen I and III 
and TGF‑β1 in the SHR‑C group compared with the control WKY group. 
These increases were abrogated by treatment with GSPE. GSPE, grape seed 
proanthocyanidin extract; SHR, spontaneous hypertension rat; T, treatment; 
C, control; WKY, Wistar‑Kyoto; TGF‑β1, transforming growth factor‑β1.
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in patients with coronary artery disease compared with those 
without (18). The results of the present study suggested that 
hypertension resulting from hypertrophic vascular remodeling 
was significantly decreased by orally‑administered GSPE. 
GSPE treatment significantly reduced wall thickness and 
enlarged the vascular lumen of SHR mesenteric small arteries. 
However, the SBP of hypertensive rats was not affected by 
GSPE administration. This indicated that the vascular remod-
eling was improved independent of decreasing blood pressure. 
The therapeutic benefits of GSPE on cardiovascular remod-
eling have been investigated through its inhibitory effect on 
the ROS/mitogen‑activated protein kinase pathway (19). In 
our previous study, GSPE was examined as an antagonist of 
chemical‑induced vascular remodeling (19).

Significant accumulation of type I and III collagen and the 
invasion of AF in the media were identified as contributors 
to the hypertrophic vascular remodeling in the present study. 
Morphological staining revealed that collagen had accumu-
lated in the walls of small mesenteric arteries of hypertensive 
rats compared with healthy controls. However, this deregu-
lated collagen deposition and the resulting angiostenosis 
appeared to be antagonized by oral administration of GSPE. 
The translocation of AF into the media and the proliferation of 
VSMC (data not shown) were observed in arterial tissues with 
hypertension. In addition, invading fibroblasts exhibited an 
altered morphology, to myofibroblasts, due to the appearance 
of dense paths and enlarged endoplasmic reticulum. These 
alterations indicated that the movement of AF, along with 
an associated increase in collagen, was an important factor 

in vascular remodeling in the development of hypertension. 
Previous studies have investigated the function of AF in the 
development of hypertension and the regulation of biopatho-
logical vascular remodeling (20). Collagen was observed to be 
synthesized by AF and was a predominant compound of the 
structural skeleton of tissues and organs (21). Notably, collagen 
and fibronectin were increased but elastin was decreased in the 
vessel wall during hypertension (13).

The results of the present study revealed that in SHR, AF 
metastasized into vascular media and subsequently presented a 
morphological transition associated with the overexpression of 
collagen, whereas the expression of elastin was constant. The 
underlying mechanism may be that oxidative stress and the 
subsequent generation of cytokines, such as TGF‑β1, induced 
AF thereby altering macrophage phenotype and invasion into 
the vascular wall, resulting in vascular remodeling (22,23). 
Notably, the dysfunction resulting in the translocation of AF 
was reduced by GSPE treatment, which was exhibited as the 
endoplasmic reticulum decreasing in size and a reduction in 
the dense path. Oxidative stress activates a cascade of intercel-
lular and intracellular signals, which result in functional and 
morphological cell alterations, which are considered to be crit-
ical in the initiation and development of hypertension (24,25). 
Therefore, the therapeutic benefit of GSPE in vascular remod-
eling partly depends on its anti‑oxidative ability to inhibit the 
pathological alteration of AF.

Oxidative stress has been widely accepted as a primary 
factor during the development of hypertension (26). A large 
body of evidence suggests that when an imbalance occurs 

Figure 7. Quantification of the effect of GSPE on the protein expression of TGF‑β1 and collagen I/III in small mesenteric arteries. Quantification of western 
blotting revealed that expression of (A) TGF‑β1, (B) collagen I and (C) collagen III were significantly greater in the SHR‑C group compared with the WKY 
control group; however, this increase was abrogated by treatment with GSPE. *P<0.05 and **P<0.01. GSPE, grape seed proanthocyanidin extract; SHR, 
spontaneous hypertension rat; T, treatment; C, control; WKY, Wistar‑Kyoto; TGF‑β1, transforming growth factor‑β1.

Figure 8. Effect of GSPE on mRNA expression levels of TGF‑β1 and collagen I/III in small mesenteric arteries. Reverse transcription‑quantitative polymerase 
chain reaction revealed that (A) TGF‑β1, (B) collagen I and (C) collagen III mRNA expression levels were increased in the SHR‑C group compared with the 
WKY control group; however, this increase was partially reversed by treatment with GSPE. *P<0.05 and **P<0.01. GSPE, grape seed proanthocyanidin extract; 
SHR, spontaneous hypertension rat; T, treatment; C, control; WKY, Wistar‑Kyoto; TGF‑β1, transforming growth factor‑β1.
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between oxidant species and the antioxidant defense system, 
ROS is generated in the vascular system and serves as a key 
trigger of hypertension  (27). In the present study, greater 
levels of ROS, MDA and H2O2 were detected in vascular 
tissue lysates, whereas reduced levels of the oxidant enzymes 
SOD and CAT were observed. This imbalance triggered AF 
translocation into the media of the mesenteric artery and 
subsequently resulted in an overexpression of collagen. A 
previous study demonstrated that a high level of ROS was 
observed in a sterone‑induced hypertensive rat model, which 
was closely linked to the increased collagen deposition in 
the thoracic aorta (28). Behbahani et al (29) demonstrated 
that resveratrol from grapes rescued the dysfunction of the 
oxidation‑reduction system in rat mesenteric small arterial 
tissue, via its antioxidant properties. In a controlled study 
involving 119 healthy, pre‑ and mildly hypertensive subjects, 
GSPE significantly decreased blood pressure and reduced the 
oxidation of membrane lipids (30). The data obtained from the 

present study suggested that the anti‑oxidative effects of GSPE 
may result in the inhibition of morphological and functional 
alterations of AF; the primary contributor to vascular remod-
eling, and subsequently hypertension and cardiac disease.

Oxidative production activates the redox‑sensitive regulation 
of multiple signaling pathways and second messengers, such as 
TGF‑β1, which responds to fibrogenic events and cell differen-
tiation (31,32). Vascular remodeling follows a set pathway of 
events; ROS induces expression of angiotensin II, followed by 
the release of TGF‑β1, which modifies ECM composition and 
structure (33). TGF‑β1 subsequently enhances collagen expres-
sion in AF (34,35). In addition, TGF‑β1 induces the proliferation 
and phenotype transformation of AF, as well as their migration, 
and increases the expression of ECM compounds (36). The 
present study investigated the potential association between 
oxidation and TGF‑β1 elevation, the consequent ECM upregu-
lation, and vascular wall remodeling in the small mesenteric 
arteries of SHR. In hypertension groups, expression levels of 

Figure 9. Effect of GSPE on ultrastructure alteration of the mesenteric small arteries. Transmission electron microscopy was used to observe the ultrastructure 
of the small mesenteric arteries, from (A and B) Wistar‑Kyoto rats, (C and D) spontaneous hypertension control rats and (E and F) spontaneous hypertension 
with GSPE treatment rats. (C) The upper arrow indicates a fibroblast that has invaded the media, the lower one indicates a dense patch under the fibroblast 
membrane. (D) The upper arrow indicates a fibroblast in the adventitia, and the lower one indicates a dense patch under the fibroblast membrane. GSPE, grape 
seed proanthocyanidin extract.
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TGF‑β1 mRNA and protein were increased; however, this 
increase was abrogated by treatment with GSPE.

TGF‑β1 promoted the differentiation of cardiac fibroblasts 
into myofibroblasts and furthermore triggered collagen gel 
contraction by cardiac fibroblasts (37). Similar findings from the 
present study suggested that AF translocated into the media and 
this was associated with the overexpression of collagen, which 
may explain vascular remodeling resulting from spontaneous 
hypertension in rats. The present study linked the reversible 
effect of GSPE on vascular remodeling with the downregula-
tion of the TGF‑β1 signaling pathway, and the subsequent 
prevention of AF metastasis, proliferation, phenotype alteration 
and the reduction of overexpression and deposition of collagen 
in vessels. TGF‑β1 was observed to be important in the patho-
genesis of pulmonary arterial hypertension and its blockade 
resulted in a decrease in pulmonary vascular remodeling (38). 
The expression of collagen in the media of carotid arteries in 
SHR was stimulated by TGF‑β1 via the Smad pathway, which 
was blocked by the deregulation of TGF‑β1 expression (39).

In conclusion, the present study confirmed that hyperten-
sion resulted in hypertrophic vascular remodeling of the small 
mesenteric arteries, which was partially reversed by treatment 
with GSPE. The benefit of GSPE to vascular remodeling was 
not due to a reduction in the SBP. The novel evidence presented 
in the current study suggested that the anti‑remodeling effect 
of GSPE was achieved through inhibition of ROS generation, 
overexpression of TGF‑β1, AF differentiation and transloca-
tion, and collagen hyperplasia in small mesenteric arteries. 
The anti‑oxidative properties of GSPE suggested it may be 
a potential therapeutic agent; however, further studies are 
required to investigate this potential.
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