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Abstract. Vascular remodeling is a common complication 
and pathological basis of hypertension. Transforming growth 
factor‑β1 (TGF‑β1)/small mothers against decapentaplegic 3 
(Smad3) is considered a potential therapeutic target for 
vascular remodeling in hypertension. The present study aimed 
to demonstrate the antifibrotic effects of telmisartan and 
examined the potential mechanisms associated with its preven-
tion of vascular remodeling. Spontaneously hypertensive rats 
(SHRs) were treated with telmisartan (20 mg/kg), and vascular 
contractility, reactivity and oxidative stress were preliminarily 
evaluated. Vascular pathological alterations and collagen 
deposition were assessed using hematoxylin and eosin, and 
Masson staining, respectively. The profibrotic factors, TGF‑β1 
and Smad3 were evaluated using immunofluorescence and 
immunohistochemistry. The protein levels of TGF‑β1/Smad3, 
phosphorylated (p‑)Smad3, collagen‑1 and α‑smooth muscle 
actin in the aorta were assessed using western blot analysis. It 
was found that telmisartan attenuated chronic vasoconstric-
tion and oxidative stress in the SHRs, and improved vascular 
reactivity. Telmisartan also restored vascular pathological 
alterations and decreased collagen deposition. In the vascular 

wall of the SHRs, telmisartan effectively decreased the protein 
levels of TGF‑β1/Smad3 and p‑Smad3. Taken together, these 
findings indicated that telmisartan, with its antioxidant effect, 
prevented vascular remodeling in hypertension through 
preventing the TGF‑β1/Smad3 signaling pathway.

Introduction

Vascular remodeling is a common complication and the 
pathological basis of hypertension and other cardiovascular 
diseases (1). It is typically characterized by rearrangement of 
vascular tissue, higher cross‑sectional area, narrowing vascular 
lumen and increased collagen deposition (2), which initially 
may be protective and adaptive changes (3). However, normal 
artery structure is necessary for functional requirements. 
Long‑term vascular remodeling in hypertension inevitably 
deteriorates vascular resistance, decreases lumen narrowing 
and vascular distensibility, depletes compensative capacity of 
the vasculature, and induces cardiovascular events (4). It has 
been shown that angiotensin II (Ang II) and reactive oxygen 
species (ROS) induce transforming growth factor β1 (TGF‑β1) 
and are important in vascular disorders (5‑7). The vascular 
walls are vulnerable to chronic vasoconstriction and oxidative 
damage. Therefore, agents antagonizing Ang II receptor 1 
(AT1) or in combination with antioxidant effects may decrease 
the activation of TGF‑β1 and have a potential therapeutic 
effect on vascular remodeling in hypertension.

TGF‑β1 is an important profibrotic factor in the vascular 
remodeling of hypertension. It phosphorylates membrane 
receptors and cytoplasm transducers, predominantly of 
the small mothers against decapentaplegic (Smad) family, 
and regulates gene expression  (8). Smad3 is important in 
exerting TGF‑β1‑induced fibrotic processes  (9). Typically, 
the TGF‑β1/Smad3 pathway regulates extracellular matrix 
(ECM) accumulation and collagen deposition, in addition to 
vascular cell activation, differentiation and migration (10,11). 
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The neutralization of TGF‑β1 attenuates hypertension and 
improves vascular structure (7,12,13). As reported previously, 
TGF‑β1 is closely associated with the renin‑angiotensin system 
(RAS). Ang II can induce the activation and release of TGF‑β1 
in a time‑ and dose‑dependent manner (14). In this way, Ang II 
promotes vascular remodeling directly. By contrast, Ang II 
triggers the production of ROS (15,16), which induces the 
activation of TGF‑β1 and is closely associated with vascular 
pathologies. AT1 inhibitor is reported to effectively prevent 
vascular profibrotic mechanism involvement of matrix metal-
loproteinases and TGF‑β1, and reduces vascular remodeling 
in hypertension (17). It is likely that telmisartan, as a targeted 
Ang II receptor inhibitor, not only effectively controls blood 
pressure, but also ameliorates vascular remodeling and fibrosis 
in hypertension.

The present study aimed to determine whether telmisartan 
exerts vasoprotective effects and antagonizes vascular remode
ling in hypertensive animals, and to examine the potential 
mechanisms involved. Experiments were performed to assess 
vascular remodeling and fibrotic factors.

Materials and methods

Animal model. The experiments performed in the present study 
were performed in accordance with the Institutional Guidelines 
on the Use and Care of Laboratory Animals and approved 
by the Ethics Committee of Animal Experimentation of the 
Fourth Military Medical University (Xi'an, China). A total of 
10 male spontaneously hypertensive rats (SHRs; 6 weeks old) 
and five male, age‑matched Wistar‑Kyoto (WKY) rats (6 weeks 
old), with body weights of 140‑160 g, were obtained from the 
Laboratory Animal Center of the Fourth Military Medical 
University. All rats were housed at room temperature 23±2˚C 
with free access to water and chow in a 12 h light/dark cycle. 
The SHRs were randomly divided into two groups (n=5): SHR 
group (SHR) and telmisartan‑treated SHR group (Telmisartan). 
The group of WKY rats (WKY) served as a control. According 
to previous studies (18‑21), tissue fibrosis or vascular remod-
eling in hypertension can be effectively decreased by treatment 
with telimisartan (20  mg/kg) or other drugs for 8  weeks. 
Therefore, the rats in the present study were administered with 
telmisartan (20 mg/kg) by oral gavage daily for 8 weeks.

Measurement of systolic blood pressure (SBP) and sample 
preparation. The rats were trained for measurement of 
blood pressure via a tail‑cuff method for 1 week, following 
which SBP was measured every week using a blood pressure 
measurement system (Softron BP‑2010A; Softron Beijing 
Biotechnology Co., Ltd., Beijing, China). The SBP data was 
collected three times under a resting state each time, and the 
average value was calculated. Following administration for 
8 weeks, the rats were anesthetized by chloral hydrate (10%; 
3  ml/kg), blood samples were obtained, and the thoracic 
aortas were rinsed with PBS (pH 7.4), placed in an ice‑bath, 
partially dissected and stored at ‑80˚C for further analysis. The 
remaining tissue was fixed in 4% paraformaldehyde (pH 7.4) 
and then embedded in paraffin.

Assessment of chronic vasoconstriction. Vascular contrac-
tility was preliminarily evaluated using vasoactive substances 

in serum. The vasoconstrictor, Ang II was measured using 
ELISA kits (Westang Biotechnology, Shanghai, China) and 
the vasodilator, nitric oxide (NO) was measured using Griess 
reagent (Beyotime Institute of Biotechnology, Haimen, China). 
All procedures were performed according to the manufac-
turer's protocols.

Vascular reactivity. Intact vascular rings were separated and 
mounted in organ chambers, followed by incubation with 
Krebs buffer (118 mM NaCl, 4.75 mM KCl, 25 mM NaHCO3, 
1.2 mM MgSO4, 2 mM CaCl2, 1.2 mM KH2PO4 and 11 mM 
glucose) aerated with 95% O2 and 5% CO2 at 37˚C for 30 min. 
The vascular rings were stretched to 1.5 g of resting tension for 
60 min. Following pre‑treatment with 10‑6 M phenylephrine, 
the vascular rings were treated with a cumulative concentra-
tion of acetylcholine (Ach; 10‑10‑10‑5 M). Vascular relaxation 
was evaluated by the relaxant response to Ach.

Oxidative stress. Systematic and vascular oxidative stresses 
were assessed by measuring the levels of superoxide dismutase 
(SOD), glutathione peroxidase (GPx) and malondialdehyde 
(MDA) in blood samples and vascular walls. Blood samples 
and vascular homogenates were collected and centrifuged 
at 1,400 x g for 10 min at 4˚C, the supernatant was obtained 
and respective kits were used for measurement (Jiancheng 
Bioengineering Institute, Nanjing, China). All experimental 
procedures were performed according to the manufacturer's 
protocols.

Hematoxylin and eosin (H&E) staining and morphological 
analysis. Thoracic aortas under relaxed conditions were 
embedded in paraffin, cut into 4‑µm thick sections and 
mounted on glass slides. The integral cross section of the 
vascular wall was stained using H&E staining and visualized, 
and images were captured under a light microscope for the 
analysis of morphological features. The vascular external 
(Ae) and internal areas (Ai) were measured using a comput-
erized system (cellSens version 1.7, Olympus Corporation, 
Tokyo, Japan). The vascular cross‑sectional area was calcu-
lated as Ae‑Ai, and the average wall thickness was calculated 
as follows: [(4Ae/π)‑2‑(4Ai/π)‑2]/2. The M/L ratio was also 
calculated via the media thickness/lumen diameter.

Masson staining. The vascular slices were deparaffinized and 
subjected to Masson staining. Images of five microscopic fields 
were captured (magnification, x200) under an inverted fluo-
rescence microscope (Olympus IX71, Olympus Corporation) 
and analyzed using Image‑Pro Plus 6.0 (Media Cybernetics, 
Inc., Rockville, MD, USA).

Immunofluorescence and immunohistochemistry. The vascular 
sections were incubated with anti‑TGF‑β1 antibody (1:200; 
Bioss, Beijing, China; cat. no. bs‑0086R) for 1 h at 37˚C, following 
which anti‑rabbit rhodamine‑conjugated secondary antibody 
(1:500; CWbiotech, Beijing, China; cat. no. CW2035M) was 
added for 1 h at room temperature. Images were captured under 
a fluorescent microscope (magnification, x200). The red fluo-
rescence indicated TGF‑β1 expression. Immunohistochemical 
staining was also performed to assess the expression of Smad3. 
The vascular sections were incubated with rabbit anti‑Smad3 
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antibody (1:100; Abcam, Cambridge, UK; cat. no. ab40854) for 
1 h at 37˚C. Anti‑rabbit HRP‑conjugated secondary antibody 
(CWbiotech; cat. no. CW0159S) was then added for 30 min 
at 37˚C. The expression of Smad3 was evaluated according to 
the size of the dark brown‑stained region in the entire section. 
Images were captured (magnification, x200) with a microscope 
linked to a computerized imaging system (cellSens version 1.7, 
Olympus Corporation). The mean optical density values of 
immunofluorescence and immunohistochemistry were calcu-
lated using Image‑Pro Plus 6.0 software.

Western blot analysis. The aortas from the rats of WKY and 
SHR groups were lysed with protein lysis buffer (Beyotime 
Institute of Biotechnology) containing 1% PMSF (1 mM) and 
phosphatase inhibitor (TIANDZ 80809‑1; 1%) in an ice‑bath. 
The lysate was then collected and centrifuged at 4˚C. The super-
natant was collected and protein extracts were quantified using 
a BCA protein assay kit (Beyotime Institute of Biotechnology). 
The protein (30  µg) was subjected to SDS‑PAGE with a 
10% polyacrylamide gel, following which proteins were trans-
ferred onto nitrocellulose membranes. The membranes were 
incubated with following primary antibodies overnight at 4˚C: 
Anti‑TGF‑β (1:1,000; Abcam, cat. no. ab64715); anti‑Smad3 
(1:1,000; Abcam; cat. no. ab40854); anti‑p‑Smad3 (1:400; Bioss; 
cat. no. BS‑3425R); anti‑α‑SMA (1:400; Boster Systems, Inc., 
Pleasanton, CA, USA; cat. no. BM0002) and anti‑collagen 1 
(1:400; Boster Systems, Inc.; cat. no. BA0325). Anti‑β‑actin 
(1:500; Sinopept Biotechnology Co., Ltd., Beijing, China; cat. 
no. 41302 M) served as a loading control. The membranes 
were then incubated with the following secondary antibodies 
for 1 h at room temperature: HRP‑mouse monoclonal (1:1,000; 

CWbiotech; cat. no.  CW0102) anti‑TGF‑β1, α‑SMA and 
β‑actin and HRP‑rabbit monoclonal (1:1,000; CWbiotech; 
cat. no.  CW0103) anti‑Smad3, p‑Smad3 and collagen1. 
Immunoblots were detected using Tanon‑4200 and recorded 
using a Tanon GIS detection system (Tanon Science and 
Technology Co., Ltd., Shanghai, China). Signal intensities were 
measured using the Image J program (version 1.49, National 
Institutes of Health, Bethesda, MA, USA).

Statistical analysis. All data are presented as the mean ± stan-
dard deviation and analyzed using SPSS 17.0 (SPSS, Inc., 
Chicago, IL, USA). Statistic variables were compared using 
one‑way analysis of variance, followed by the LSD t‑test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Telmisartan decreases SBP and attenuates chronic vasocon‑
striction. The animals in the SHR group exhibited higher SBP 
at 6 weeks, which continuously increased during the subse-
quent 8 weeks of administration. Telmisartan significantly 
decreased SBP during the 8  weeks of treatment (P<0.05; 
Fig. 1A). To demonstrate the pharmacological effects of telmi
sartan on vascular contractility, the levels of NO and Ang II in 
the blood samples were measured. Compared with the WKY 
group, the SHR group exhibited higher Ang II content, but 
lower NO content. Telmisartan restored their levels of expres-
sion (P<0.05; Fig. 1B and C). These results suggested that the 
animals in the SHR group developed chronic vasoconstriction, 
which was effectively attenuated by telmisartan treatment.

Figure 1. Telmisartan decreases SBP and restores vascular reactivity of SHR. (A) Effects on SBP. (B) Angiotensin II levels in serum. (C) Nitric oxide concen-
tration in serum. (D) Vascular reactivity. The results show that telmisartan decreased SBP, attenuated vascular contractility by restoring angiotensin II and 
nitric oxide in serum, and increased vascular relaxation. Data are presented as the mean ± standard deviation. D. #P<0.05, vs. WKY; *P<0.05, vs. SHR. SBP, 
systolic blood pressure; WKY, Wistar‑Kyoto rats; SHR, spontaneously hypertensive rats.
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Telmisartan restores vascular reactivity. Vascular reactivity 
was evaluated by the cumulative Ach‑mediated vascular 
relaxant response. Compared with the WKY group, the 
vascular rings from the SHR group pre‑contracted by 
phenyphrine (10‑6 M) exhibited decreased vascular relaxation 
to Ach, which was enhanced by telmisartan treatment. These 
results indicated that telmisartan restored vascular reactivity 
and increased vascular relaxation (Fig. 1D).

Telmisartan decreases oxidative stress. The MDA content 
and the bioactivities of SOD and GPx were measured in blood 
samples and vascular tissues to determine whether telmisartan 
alleviated oxidative stress. The results showed that MDA was 
significantly increased, whereas the enzymatic reaction activi-
ties of SOD and GPx were notably decreased in the blood and 
vascular wall. As shown in Table I, telmisartan effectively 
restored the bioactivities of SOD and GPx, and decreased the 
levels of MDA in the blood and vascular tissues (P<0.05).

Telmisartan normalizes the thoracic aorta morphologically. 
The results of the H&E staining showed that telmisartan 
improved vascular remodeling in SHR group (Fig.  2A). 
The vascular wall parameters were measured under a 
computer‑linked microscope. The SHR group showed 
increased vascular cell number, cross‑sectional area, vascular 
media thickness and M/L ratio (P<0.05). Telmisartan signifi-
cantly reversed these pathological alterations and restored 
vascular wall parameters to normal levels (Fig. 2B‑E).

Telmisartan ameliorates collagen deposition. Collagen 
deposition is another feature of vascular remodeling, which 
constitutes a major component of ECM. As shown by the 
Masson staining (Fig. 3A), telmisartan markedly decreased 
collagen deposition in the aorta. Collagen deposition was 
semi‑quantified by the mean density of the blue area, and the 
data showed that telmisartan significantly reduced collagen 
deposition (P<0.05; Fig 3B). Similarly, the expression of 
collagen‑1 in the vascular walls of the SHR group was signifi-
cantly decreased by telmisartan treatment, as shown in the 
results of the western blot analysis (P<0.05; Fig. 3C and D).

Telmisartan downregulates the expression of TGF‑β1. To 
clarify whether TGF‑β1 was involved in the vasoprotec-
tive effect of telmisartan, the expression of TGF‑β1 was 

evaluated using immunofluorescence in the aorta. As shown 
in Fig. 4A, the SHR group exhibited a higher expression level 
of TGF‑β1, compared with that in the WKY group, and this 
was significantly decreased by telmisartan (Fig. 4B; P<0.05). 
Consistently, telmisartan significantly decreased the protein 
level of TGF‑β1 in the aortas of the SHR group, as shown in 
the results of the western blot analysis (P<0.05; Fig. 4C and D).

Telmisartan decreases levels of p‑Smad3/Smad3. Immuno
histochemistry was used to assess the expression of Smad3 in 
the aorta. As shown in Fig. 5A, the expression of Smad3 in the 
vascular walls of the SHR group was increased, and was effec-
tively decreased by telmisartan (Fig. 5B; P<0.05). The results 
of the western blot analysis showed similar results; the protein 
levels of Smad3 and p‑Smad3 in the aorta were significantly 
decreased by telmisartan treatment (P<0.05; Fig. 5C‑E).

Discussion

As an important pathological alteration in the vasculature, 
vascular remodeling has been increasingly regarded as a major 
risk of hypertension. The TGF‑β1/Smads pathway is critical 
in this process  (22). However, evidence shows that Ang II 
and ROS induce the activation of TGF‑β1  (23,24). Ang II 
can induce the expression of TGF‑β1 receptors and the phos-
phorylation of Smads, sensitizing this fibrotic pathway (25,26). 
Accordingly, drugs inhibiting the activity of Ang II, or in 
combination with ROS inhibition, may prevent the activation 
of TGF‑β1 and attenuate vascular remodeling. In the present 
study, it was found that telmisartan effectively decreased 
vascular remodeling in hypertension, and exerted vasoprotec-
tive effects through inhibiting the TGF‑β1/Smad3 pathway 
associated with antihypertensive and antioxidant effects.

It has been found that hypertensive animals show vascular 
remodeling manifested with notable vascular wall changes, 
higher collagen deposition and impaired vascular relaxation, 
which are associated with increased expression and activa-
tion of TGF‑β1/Smad3. In accordance with a previous study, 
the vascular remodeling process may result from chronic 
vasoconstriction and oxidative stress induced by Ang II (27). 
Telmisartan, as a targeted AT1 inhibitor, can efficiently 
decrease the activity of Ang II and Ang II‑induced oxidative 
stress. In the present study, SBP was effectively decreased 
in the SHR group (Fig. 1A), and the condition of chronic 

Table I. Assessment of oxidative stress in blood samples and vascular tissues.

	 Blood	 Vascular tissue
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Group	 SOD (units)	 GPx (units)	 MDA (nM/l)	 SOD (units)	 GPx (units)	 MDA (nM/l)

WKY	 202.83±8.75	 800.60±49.96	 8.22±0.67	 107.21±15.17	 399.06±12.97	 4.91±0.62
SHR	 120.90±13.25a	 636.00±34.38a	 11.52±1.34a	 72.20±9.33a	 305.64±13.11a	 7.99±1.44a

Telmisartan	 195.39±22.20b	 759.40±24.27b	 7.01±0.74b	 95.00±10.33b	 384.49±13.57b	 5.56±0.70b

Telmisartan decreased levels of MDA, and restored bioactivities of SOD and GPx in the blood and thoracic aortic vessel walls. Data are 
expressed as the mean ±  standard deviation (n=5). aP<0.05, vs. WKY group; bP<0.05, vs. SHR group. SOD, superoxide dismutase; GPx, 
glutathione peroxidase; MDA, malondialdehyde; WKY, Wistar‑Kyoto rats; SHR, spontaneously hypertensive rats.
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vasoconstriction was improved by restoring the levels of 
Ang II and NO in the blood (Fig. 1B and C). Of note, vascular 
reactivity was recovered and vascular relaxation was signifi-
cantly increased by telmisartan treatment (P<0.05; Fig. 1D). 

As shown in Table I, treatment with telmisartan markedly 
decreased oxidative stress through restoration of the bioac-
tivities of SOD and GPx and a decrease in the level of MDA. 
Taken together, these results suggested that telmisartan not 

Figure 2. Telmisartan restores vascular morphological alterations. (A) Representative images of Hematoxylin and eosin staining of aortic samples (magnifica-
tion, x100). (B) Relative cell count of vascular walls. (C) Vascular cross‑sectional area. (D) Vascular wall thickness. (E) Media/lumen ratio. Data are presented 
as the mean ± standard deviation. #P<0.05, vs. WKY; *P<0.05, vs. SHR. WKY, Wistar‑Kyoto rats; SHR, spontaneously hypertensive rats.

Figure 3. Telmisartan decreases collagen deposition. (A) Masson staining of aortas (magnification, x200). (B) Semi‑quantitative analysis of collagen deposi-
tion. (C) Assessment of protein levels of collagen‑1 in aortas using western blot analysis and (D) quantification. Data are presented as the mean ± standard 
deviation. #P<0.05, vs. WKY; *P<0.05, vs. SHR. WKY, Wistar‑Kyoto rats; SHR, spontaneously hypertensive rats.
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only improves hypertensive conditions, but also attenuates 
oxidative stress in the hypertensive animals.

The present study found that the SHR group exhibited 
severe vascular remodeling, compared with the WKY group, 
which was effectively improved by telmisartan. As shown 
in Fig. 2, vascular cell number, cross‑sectional area, media 
thickness and M/L ratio in the SHR group were significantly 
increased, whereas telmisartan significantly ameliorated these 
pathological alterations and restored vascular wall parameters 
to normal levels. Collagen deposition in the vascular wall is 
another important feature of vascular remodeling, which is 

predominantly regulated by the TGF‑β1/Smad3 pathway, and 
affects vascular tone and structure (28). As shown using Masson 
staining, telmisartan markedly reduced collagen deposition in 
the SHR group (Fig. 3A and B). Consistently, the protein level of 
collagen‑1 in the vascular wall of the SHR group was reduced 
by telmisartan treatment (Fig. 3C and D). As mentioned above, 
hypertension‑induced vascular remodeling involves vascular 
morphologic alterations, ECM accumulation, collage deposi-
tion and impaired vascular reactivity.

TGF‑β1, as a typical extracellular fibrotic growth factor, 
regulates a set of cellular responses, including cell growth, 

Figure 5. Telmisartan decreases the levels of Smad3 and p‑Smad3. (A) Expression of Smad3 was assessed by immunohistochemistry (magnification, x200) and 
(B) optical density was analyzed using Image‑Pro Plus 6.0. (C) Western blot analysis revealed that telmisartan effectively decreased the level of (D) Smad3, 
and inhibited its activation by decreasing the level of (E) p‑Smad3. Data are presented as the mean ± standard deviation. #P<0.05, vs. WKY; *P<0.05, vs. SHR. 
Smad3, small mothers against decapentaplegic 3; p‑Smad3, phosphorylated Smad3; WKY, Wistar‑Kyoto rats; SHR, spontaneously hypertensive rats.

Figure 4. Telmisartan decreases the expression of TGF‑β1. (A) Expression of TGF‑β1 in the thoracic aorta was assessed using immunofluorescence (magnifica-
tion, x200). (B) Semi‑quantitative analysis shows that telmisartan significantly decreased the expression of TGF‑β1 in the aortas of hypertensive animals. 
(C and D) Relative protein levels of TGF‑β1 in aortas were assessed using western blot analysis. The result showed that telmisartan decreased the expression 
of TGF‑β1. Data are presented as the mean ± standard deviation. #P<0.05, vs. WKY; *P<0.05, vs. SHR. TGF‑β1, transforming growth factor‑β1; WKY, 
Wistar‑Kyoto rats; SHR, spontaneously hypertensive rats.
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differentiation, apoptosis, and the cell secretion of ECM and 
collagens, thus being critical in fibrotic pathology (25,29). 
It activates receptors on membranes, phosphorylates 
R‑Smads (Smad2/3) (30), and modulates gene expression. 
The modulation of ECM is reported to be predominantly 
Smad3‑dependent  (9). TGF‑β1 is vulnerable to multiple 
stimuli. The activation of RAS is closely associated with 
this pathway; for example, Ang II stimulates the activation 
of TGF‑β1 and expands the signal  (26). ROS induced by 
Ang II, vasoconstriction, or higher blood pressure also acti-
vated the expression of TGF‑β1 (31) and promoted fibrotic 
pathologic alterations (6,32). As reported previously, AT1 
inhibitor notably attenuates aortic remodeling in diabetic 
rats with involvement of the TGF‑β1/Smads‑associated 
profibrotic pathway  (33). In addition, inhibiting Ang 
II‑induced vascular ROS effectively prevents vascular 
remodeling  (34,35). Accordingly, drugs inhibiting AT1 
or combined with antioxidant effects may have a higher 
capacity to decrease the expression of TGF‑β1 and prevent 
vascular remodeling.

Consistent with previous studies (25,29), the present study 
showed that telmisartan significantly decreased the expression 
of TGF‑β1, which was higher in the SHR vascular wall, as 
shown by the immunofluorescence (P<0.05; Fig. 4A and B). 
The protein level of TGF‑β1 in the SHR group was also 
decreased by telmisartan treatment (Fig. 4C and D). Similarly, 
as shown by the immunohistochemistry, the expression of 
Smad3 was inhibited by telmisartan (Fig. 5A and B). The protein 
levels of Smad3 and p‑Smad3 were further assessed using 
western blot analysis, and the results showed that Smad3 and 
the active form, p‑Samd3 were decreased by telmisartan treat-
ment in hypertensive animals (Fig. 4C‑E). Consistently (33), 
these results indicated that TGF‑β1, as an important fibrotic 
factor, was inhibited by telmisartan, and the canonical Smad3 
pathway was effectively prevented by decreasing the levels 
of Smad3 and p‑Smad3. In this way, telmisartan exerted 
vasoprotective effects and decreased vascular remodeling. In 
the present study, vascular cell differentiation was also evalu-
ated by α‑SMA, a biomarker of myofibroblasts regulated by 
TGF‑β (11,36). However, no significant difference was found 
in α‑SMA among groups.

In the present study, telmisartan improved vascular 
contractility and oxidative stress, prevented profibrotic 
mechanisms, and exerted therapeutic effects on vascular 
remodeling in hypertension. These findings provide novel 
insights into the beneficial effect of telmisartan on vascular 
remodeling and the involvement of the TGF‑β1/Smad3 
pathway. Therefore, inhibition of the Ang II‑dependent 
activation of TGF‑β1/Smad3 in essential hypertension can be 
regarded as an important mechanism, by which telmisartan 
prevents vascular remodeling. The pathogenesis of essential 
hypertension and vascular remodeling is complex, and the 
potential mechanisms contributing to this protective effect 
remain to be fully elucidated. Taken together, the present 
study demonstrated that telmisartan effectively antagonized 
Ang II activity and Ang II‑induced oxidative stress, inhib-
iting the TGF‑β1/Smad3 pathway to protect against vascular 
remodeling in hypertension.

In conclusion, telmisartan effectively decreased blood 
pressure and chronic vasoconstriction, restored vascular 

reactivity and wall parameters, and decreased collagen deposi-
tion and TGF‑β1/Smad3 activation. These results confirmed 
that telmisartan effectively decreased vascular remodeling, at 
least in part, through the TGF‑β1/Smad3 pathway.
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