
MOLECULAR MEDICINE REPORTS  15:  2574-2582,  20172574

Abstract. Telmisartan, a type of angiotensin II (Ang II) receptor 
inhibitor, is a common agent used to treat hypertension in the 
clinic. Hypertension increases cardiac afterload and promotes 
cardiac hypertrophy. However, the ventricular Ang II receptor 
may be activated in the absence of hypertension. Therefore, 
telmisartan may reduce cardiac hypertrophy by indirectly 
ameliorating hypertensive symptoms and directly inhibiting 
the cardiac Ang II receptor. Nuclear factor of activated T‑cells 
(NFAT) contributes to cardiac hypertrophy via nuclear trans-
location, which induces a cascade of atrial natriuretic peptide 
(ANP) and brain/B‑type natriuretic peptide (BNP) expression 
and cardiomyocyte apoptosis. However, NFAT‑mediated inhi-
bition of cardiac hypertrophy by telmisartan remains poorly 
understood. The present study demonstrated that telmisartan 
suppressed cardiomyocyte hypertrophy in a mouse model of 
cardiac afterload and in cultured cardiomyocytes by inhib-
iting NFAT nuclear translocation, as well as by inhibiting 
ANP and BNP expression and cardiomyocyte apoptosis, in a 
dose‑dependent manner. The present study provides a novel 
insight into the potential underlying mechanisms of telmis-
artan‑induced inhibition of cardiomyocyte hypertrophy, which 
involves inhibition of NFAT activation, nuclear translocation 
and the ANP/BNP cascade.

Introduction

Heart failure follows hypertension as the end stage of cardiac 
hypertrophy, and is associated with high mortality rates 

worldwide. Therefore, reducing hypertension may ameliorate 
cardiac hypertrophy and consequently prevent heart failure (1). 
The renin‑angiotensin system serves an important role in main-
taining normal blood pressure, as well as the development of 
hypertension and secondary hypertensive organ disorders (2). 
Angiotensin II (Ang II) receptor blockers (ARB), known as 
sartans, have been widely used to treat hypertension in the 
clinic. Telmisartan is a well‑known nonpeptide ARB that selec-
tively inhibits Ang II receptor type 1 (AT1) without affecting 
additional receptor systems (3,4). A significant number of 
reports have demonstrated that telmisartan may be involved 
in reducing systolic and diastolic blood pressure (BP) (5‑7). 
In addition, telmisartan has been reported to enhance renal 
blood flow, thereby increasing renal function (8,9). In diabetic 
and nondiabetic patients, telmisartan may improve insulin 
sensitivity, reduce weight gain and prevent hepatic steatosis by 
regulating caloric expenditure and lipid metabolism (10‑12). 
In addition, telmisartan may penetrate the blood‑brain barrier 
in a dose‑ and time‑dependent manner and prevent cognitive 
decline (13,14).

As well as reducing BP, a previous study demonstrated 
that telmisartan may suppress cardiac hypertrophy in TGR 
(mREN2)27 transgenic rats; a rat model of fulminant hyper-
tension (15). Telmisartan monotherapy significantly reduced 
left atrial volume, alleviating left ventricular hypertrophy (16). 
In the rat myocardial infarction model, recovery of left 
ventricular function was improved with telmisartan adminis-
tration, indicating that telmisartan may prevent unfavorable 
cardiac remodeling via the reduction of cardiac hypertrophy 
and fibrosis  (17). However, it is thought that the effect of 
telmisartan on different organs may be mediated by inhibition 
of the AT1 receptor (18).

Cardiac hypertrophy is characterized by cell enlargement 
which involves physiological and pathological hypertrophy (19). 
Pathological cardiac hypertrophy is often coupled with inter-
stitial and perivascular fibrosis, as well as apoptosis and the 
release of atrial natriuretic peptides (ANP) and brain/B‑type 
natriuretic peptides (BNP). Upon initiation of cardiac hyper-
trophy, concentric hypertrophy is the primary phenotype that 
resists high afterload, and is known as the adaptive phase. 
As cardiac damage progresses, cell length increases, which 
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leads to increased hypertrophy (20). In cardiac hypertrophy, 
nuclear factor of activated T‑cells (NFAT) is considered to 
be an important mediator of a number of signal‑transduction 
pathways involved in the coordination of pathological stimula-
tion (21). In addition, NFAT may be stimulated by the AT1 
receptor (22). However, it is unknown whether the effect of 
telmisartan on the cardiomyocyte AT1 receptor blockade may 
extend to inactivation of the NFAT pathway.

The aim of the present study was to clarify whether telmis-
artan prevents cardiomyocyte hypertrophy by inhibiting NFAT 
nuclear translocation, ANP/BNP release and cardiomyocyte 
apoptosis.

Materials and methods

Animals. A total of 23 male C57/BL6 mice (age 8‑10 weeks; 
weight 20‑23 g) were used for the purposes of this study. All 
mice were purchased from Heze Better Biotechnology Co., 
Ltd. (Shangdong, China) and had free access to normal chow 
diet and water, temperature and humidity were kept at 22‑24˚C, 
40‑60% with a 12 h light/12 h dark cycle. Mice were divided 
into 4 groups (5‑7 mice per cage) with the same average body 
weight. Out of these, two groups were used for sham (control 
group) operations with the administration of either saline 
(n=5) or telmisartan (n=5). Aortic binding (AB) operations 
were performed on mice in the remaining two groups, together 
with the administration of either saline (n=6) or telmisartan 
(n=7). All mice were sacrificed at 4 weeks post‑AB operation.

AB model. The afterload‑induced pressure model was 
generated by AB under abdominal anesthesia as described 
previously (23). Briefly, the chest was first opened, and AB 
of the aortic arch between the brachiocephalic artery and 
left common carotid artery was performed using a 27‑gauge 
needle as the standard binding level to lead to the aortic arch 
narrow. Following successful binding, the needle was removed 
and the chest cavity was closed. The same operation without 
AB was performed on mice in the sham group.

Neonatal rat cardiomyocyte primary culture. Wistar rats (age, 
1‑3 days) were purchased from the Experimental Animal Center 
of the Academy of Military Medical Sciences (Beijing, China). 
Hearts were harvested under aseptic conditions on a clean 
bench. Following 3 washes with sterilized phosphate‑buffered 
saline to remove excess blood, the hearts were minced, washed 
with Hank's Balanced Salt Solution at 4˚C and digested 
in cardiomyocyte balance suspension liquid containing 
0.1% trypsin and 0.025% collagenase (Sigma‑Aldrich; Merck 
KGaA; Darmstadt, Germany) for 15 min. The undigested 
heart tissue was re‑digested 4 or 5 times. Following complete 
digestion, cardiomyocytes were separated and isolated by 
centrifugation using the Percoll gradient system (upper, 45.3% 
percoll; bottom, 58.5% percoll; Sigma‑Aldrich; Merck KGaA) 
as described previously (24). The separated rat cardiomyo-
cytes were cultured in Dulbecco's modified Eagle's medium 
containing 10%  fetal bovine serum and penicillin (0.2%) 
(Sigma‑Aldrich; Merck KGaA) at a density of 1x105 cells/cm2 
in a 5% CO2 incubator at 37˚C. At 2 days following isolation, 
and when cardiomyocyte beating was confirmed, the cells were 
used for the purposes of downstream experiments. All animal 

experiments were approved by the Ethics Review Committee 
of Harbin Medical University (Harbin, China).

Telmisartan in vivo administration and in vitro treatment. 
Telmisartan (Boehringer Ingelheim Shanghai Pharmaceuticals, 
Co., Ltd., Shanghai, China) was dissolved in saline prior to 
in vivo administration at a dose of 50 mg/kg/day. Saline or 
telmisartan were administered to the mice once‑a‑day via 
oral gavage, commencing 5 days prior to AB operations and 
continuing until they were sacrificed at 4 weeks post‑AB 
operation. For the treatment of neonatal primary rat cardio-
myocytes in vitro, telmisartan was first dissolved in dimethyl 
sulfoxide. Three different concentrations of telmisartan (5, 
20 and 50 µM) were used for these experiments. In addition, 
Ang  II (10  µM; Sigma‑Aldrich; Merck KGaA) was used 
to induce cardiomyocyte hypertrophy in vitro. Rat cardio-
myocytes were treated with the vehicle (dimethyl sulfoxide), 
telmisartan and Ang II for 12 h.

Morphological and histological analyses. Mouse heart samples 
were fixed in 4% formaldehyde overnight at room temperature 
and embedded in paraffin. Blocks were cut into 5‑µm thick 
sections and de‑waxed in xylene for 10 min and stained with 
hematoxylin and eosin (H&E) at room temperature. Briefly, 
the sections were placed in distilled water, stained with alum 
hematoxylin at room temperature for 10 min, rinsed under 
running tap water, differentiated with 0.3% acid alcohol at room 
temperature for ~30 sec, rinsed in running tap water again and 
rinsed in Scott's tap water substitute (Sigma‑Aldrich; Merck 
KGaA) prior to rinsing in tap water again. The sections were 
subsequently stained with eosin for 2 min. Following that, 
sections were observed (Olympus FluoView™ FV1000) to 
evaluate cardiac morphology and measure cardiomyocyte size. 
The thickness of the anterior, posterior, lateral and septum heart 
walls was measured, and the average of these four parameters 
was calculated as the average wall thickness. Similarly, the 
internal dimensions (presented as an average of the horizontal 
and vertical measurements) of left ventricles were measured and 
an average value was calculated as average internal dimensions. 
To investigate cardiomyocyte size, ~50 cardiomyocytes stained 
by H&E were measured and the average value was calculated as 
the average area of myocytes per sample. All of these measure-
ments were performed using ImageJ software (v1.48; National 
Institutes of Health, Bethesda, MD, USA). Heart weight was 
measured by an experimental scale.

TUNEL assay. TUNEL assay was performed on heart sections 
(5‑µm) with a TdT‑FragEL DNA Fragmentation Detection kit to 
quantify apoptosis. Counterstaining with fluorescence mounting 
medium containing DAPI (blue; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) was performed to visualize normal nuclei. 
Sections were observed by use of a fluorescence microscope 
Olympus FluoView™ FV1000. Measurements of the apop-
totic nuclei percentage were obtained from the border zone 
area of sections from each heart and 8 fields were randomly 
selected from the border zone of each heart and the average 
TUNEL‑positive percentage (%) was calculated.

Immunocytochemical analysis of NFATc3 nuclear 
translocation. Cardiomyocytes were collected and cultured 
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on glass bottom coverslips in 4‑well dishes that had been 
previously coated with collagen II, as described above for 
rat cardiomyocyte primary culture. Following treatment with 
Ang II or telmisartan, cells were fixed with 10% acetone at 
4˚C for 20 min. After the glass slides were washed by TBS 
with 0.5% Tween‑20, 3  times, double immunofluorescent 
staining was performed using a specific antibody against 
NFATc3 (cat. no. sc‑8405, 1:500; Santa Cruz Biotechnoloy, 
Inc., Dallas, TX, USA) at room temperature for 2 h, followed 
by the addition of a donkey anti‑rabbit IgG (red; Alexa Fluor® 
488; cat. no. ab150077; 1:500; Abcam, Cambridge, UK) for 
1 h at room temperature. Finally, following 3 washes with 
TBS, slides were mounted in fluorescence mounting medium 
containing DAPI (blue; Thermo Fisher Scientific, Inc.). Cells 
were observed by use of a fluorescence microscope, Olympus 
FluoView™ FV1000. ˚C.

Reverse transcription‑quantitative polymerase chain 
reaction (PCR). Total RNA was extracted from the mouse 
hearts using TRIzol (Invitrogen; Thermo Fisher Scientific, 
Inc.), and total RNA (2,000 ng) was used, cDNA (50 ng/µl) 
was synthesized using oligo (dT) primers and the Transcriptor 
First Strand cDNA Synthesis kit (cat. no. 04896866001; Roche 
Applied Science, Penzberg, Germany). PCR amplifications 
were performed using LightCycler® 480 SYBR‑Green I Master 
(cat. no. 04887352001; Roche Applied Science). Target gene 
expression levels were normalized to the expression of the 
gene encoding the 18S ribosomal RNA subunit by the ΔΔCq 
method, as described (25). The primers used were as follows: 
Myosin heavy chain α isoform (Myh6), forward, 5'‑AGA​
TCA​TCA​AGG​CCA​AGG​CA‑3', and reverse, 5'‑CGC​TGG​
GTG​GTG​AAA​TCA​TT‑3'; GATA binding protein 4 (Gata4), 
forward, 5'‑AGC​TCC​GTG​TCC​CAG​ACG‑3', and reverse, 
5'‑TCT​GTG​GAG​ACT​GGC​TGA​CG‑3'; collagen I, forward, 
5'‑ATG​TTC​AGC​TTT​GTG​GAC​CTC‑3', and reverse, 5'‑TCC​
CTC​GAC​TCC​TAC​ATC​TTC‑3'; collagen III, forward, 5'‑TGG​
TTT​CTT​CTC​ACC​CTT​CTT​C‑3', and reverse, 5'‑TGC​ATC​
CCA​ATT​CAT​CTA​CGT‑3'.

Western blot analysis. Mouse ventricular cytoplasmic protein 
was extracted using lysis buffer (50 mM Tris‑HCl, pH 7.5, 
containing 150  mM NaCl, 25  mM EDTA, 0.25% sodium 
deoxycholate, and 1 mM dithiothreitol). The nuclear protein 
precipitate was extracted using radioimmunoprecipitation assay 
(RIPA) buffer (50 mM Tris‑HCl, pH 7.5, containing 150 mM 
NaCl, 1 mM EDTA and 1% NP‑40). Total protein was extracted 
from cultured cells using RIPA lysis buffer containing 2% 
phenylmethylsulfonyl fluoride, 10% complete protease inhib-
itor cocktail, 10% PhosSTOP (Sigma‑Aldrich; Merck KGaA), 
5% NaF and 1% Na3VO4. The protein concentration was deter-
mined using a Pierce BCA Protein assay kit (cat. no. 23225; 
Pierce; Thermo Fisher Scientific, Inc.). Proteins (20 µg) were 
electrophoresed by 10% SDS‑PAGE (cat. no. NP0301BOX; 
Invitrogen; Thermo Fisher Scientific, Inc.) and subsequently 
electrotransferred to a polyvinylidene difluoride membrane 
(cat. no.  IPVH00010; Merck Millipore). Membranes were 
blocked in TBS with 0.5% Tween‑20 containing 5% skim 
milk for 60  min at room temperature. Membranes were 
subsequently incubated with the following primary antibodies 
overnight at 4˚C: NFATc3 (cat. no. sc‑8405; 1:1,000), NFATc4 

(cat. no. sc‑13036; 1:1,000), ANP (cat. no. sc‑20158; 1:2,000), 
BNP (cat. no. sc‑67455; 1:2,000), caspase 3 (cat. no. sc‑7148; 
1:1,000), GAPDH (cat. no. sc‑365062; 1:2,000) and lamin (cat. 
no. sc‑20680; 1:2,000). All primary antibodies were purchased 
from Santa Cruz Biotechnology, Inc. The membrane was incu-
bated at room temperature for 1 h with Peroxidase‑affiniPure 
goat anti‑mouse IgG (H+L; cat. no. 115‑035‑003; 1:2,000; 
Jackson ImmunoResearch Laboratories, Inc., West Grove, 
PA, USA) or Peroxidase‑affiniPure goat anti‑rabbit IgG (H+L; 
cat. no.  111‑035‑003; 1:2,000; Jackson ImmunoResearch 
Laboratories, Inc.). A FluorChem E (Cell Biosciences Pty, 
Ltd., Heidelberg, VIC, Australia) imaging system was used to 
visualize the signals. GAPDH was used as a loading control.

Statistical analysis. Results are expressed as the mean ± stan-
dard deviation. Comparisons between 2 groups were analyzed 
using a Student's t‑test. Comparisons among >2 groups were 
analyzed using one‑way analysis of variance and Turkey's 
multiple comparisons test. Statistical analysis was performed 
using GraphPad Prism (v6.0; GraphPad Software, Inc., 
La Jolla, CA, USA) P<0.05 was considered to indicate a statis-
tically significant difference.

Results

Telmisartan inhibited cardiac hypertrophy. In order to 
determine whether telmisartan inhibits cardiac hypertrophy, 
an in vivo study using a mouse AB model was performed. 
At 4 weeks following the AB operation, mice administered 
with saline exhibited a hypertrophied heart with increased 
wall thickness, an enlarged left ventricular dimension and 
increased heart weight (HW)/body weight (BW) ratio, when 
compared with the saline‑treated sham group (Fig.  1A, 
C and E). By contrast, mice administered with telmisartan 
exhibited reduced cardiac hypertrophy, with a significantly 
reduced wall thickness, smaller left ventricular dimen-
sions and a lower HW/BW ratio when compared with the 
saline‑treated AB group (Fig.  1A, C  and  E). In addition, 
cardiomyocyte size was significantly lower in the hearts of 
mice in the telmisartan‑treated group when compared to that 
of the saline‑treated AB group (Fig. 1B and D). The mRNA 
expression levels of cardiac hypertrophy markers, Myh6 and 
Gata4, as well as the markers of cardiac fibrosis, collagen I 
and collagen III were increased when compared with the 
sham telmisartan‑treated AB group, but at a significantly 
lower level when compared with the saline‑treated AB group 
(Fig. 1F and G). These results indicated that telmisartan may 
inhibit cardiac hypertrophy and fibrosis in a mouse model of 
cardiac afterload.

Telmisartan inhibited NFAT nuclear translocation and 
ANP/BNP expression. NFAT is an important nuclear tran-
scriptional factor involved in cardiac hypertrophy (26). Thus, 
the authors investigated whether telmisartan inhibited NFAT 
nuclear translocation. There are five subtypes of NFAT in 
cardiomyocytes, however, it is thought that NFATc3 and 
NFATc4 are the most highly expressed in cardiomyocytes, and 
therefore NFATc3 and NFATc4 may be the two most impor-
tant subtypes (27). Following the extraction of cardiomyocyte 
nuclear protein, the expression levels of NFATc3 and NFATc4 
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Figure 1. Cardiac hypertrophy phenotype of telmisartan treatment in a mouse AB model. (A) H&E staining of whole hypertrophic hearts at 4 weeks following 
AB operation (n=5‑7; scale bar, 1 mm). (B) H&E staining sections were analyzed further to observe cellular hypertrophy at 4 weeks following the AB opera-
tion (n=5; scale bar, 25 µm). (C) Average heart wall thickness (left panel) and average left ventricular internal dimension (right panel) according to the H&E 
staining images. (D) Quantification of hypertrophied cardiomyocyte size. (E) The HW/BW (heart weight/body weight) ratio as a cardiac hypertrophy index. 
The mRNA levels of (F) Myh6 and Gata4 as markers of cardiac hypertrophy, and (G) collagen I and collagen III as markers of cardiac fibrosis, as determined 
by reverse transcription‑quantitative polymerase chain reaction. Data are presented as the mean ± standard deviation. *P<0.05 vs. the saline‑treated AB group. 
AB, aortic binding; H&E, hematoxylin and eosin staining; 4thW AB, 4 weeks post‑AB operation; HW, heart weight; BW, body weight; Myh6, myosin heavy 
chain a isoform; GATA4, GATA binding protein 4.
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were significantly increased in the AB group when compared 
with the sham group (P<0.01; Fig. 2A and B). However, this 
expression was significantly reduced in the telmisartan‑treated 
AB group when compared with the untreated AB group 
(P<0.05) (Fig. 2A and B).

Activated NFAT has been reported to stimulate the 
expression of ANP and BNP (28,29). Thus, the present study 
investigated whether ANP/BNP expression may be inhibited 
by telmisartan treatment. ANP and BNP expression signifi-
cantly increased in the hearts of mice from the AB group 

Figure 2. Cardiac signaling pathway responses to Tel administration as determined by western blot analysis. (A) Nuclear NFATc3 and NFATc4 protein 
expression levels in heart lysates and (B) quantification of data. (C) Cardiac ANP and BNP protein expression levels and (D) quantification of data. n=3 per 
group and experiments were performed independently three times. Data are presented as the mean ± standard deviation. *P<0.05 and **P<0.01 as indicated. 
Tel, telmisartan; NFAT, nuclear factor of activated T‑cells; ANP, atrial natriuretic peptide; BNP, brain/B‑type natriuretic peptide.
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when compared with the sham group (P<0.01; Fig. 2C and D). 
However, telmisartan administration significantly lowered 
ANP and BNP levels when compared to the untreated AB 
group (P<0.01; Fig. 2C and D). The inhibitory effect of telmis-
artan on ANP expression was marginally more pronounced 
than its effect on BNP protein levels (Fig. 2C and D).

Telmisartan inhibited cardiac apoptosis. As ANP and BNP 
reportedly induce apoptosis (30,31), and cardiac afterload may 
induce damaging levels of apoptosis in heart tissues (32), the 
anti‑apoptotic effects of telmisartan were investigated in the 

present study. The terminal deoxynucleotidyl transferase dUTP 
nick end labeling (TUNEL) stain revealed that the percentage 
of TUNEL‑positive nuclei induced by cardiac afterload were 
significantly reduced by telmisartan administration when 
compared with the untreated AB group (P<0.05; Fig. 3). These 
results indicate that telmisartan may inhibit NFAT nuclear trans-
location, ANP and BNP expression and cardiomyocyte apoptosis 
to protect against cardiac afterload‑induced cardiac hypertrophy.

Telmisartan suppressed cardiomyocyte hypertrophy, NFAT 
nuclear translocation, ANP expression and cardiomyocyte 

Figure 3. Detection of apoptosis in cardiac myocytes treated with Tel by TUNEL and DAPI staining. (A) TUNEL staining (green) indicates cardiomyocyte 
apoptosis, and DAPI staining (blue) indicates cardiomyocyte nuclei. Merged TUNEL and DAPI staining images demonstrate apoptotic cardiomyocyte nuclei, 
which are indicated by red arrows (scale bar, 50 µm). (B) Percentage of TUNEL‑positive nuclei in each experimental group. Data are presented as the 
mean ± standard deviation (n=5). *P<0.05 and **P<0.01 as indicated. Tel, telmisartan; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; 
AB, aortic binding.
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apoptosis in vitro. The results presented so far provide evidence 
to suggest that telmisartan may inhibit cardiac hypertrophy, 
NFATc3 and NFATc4 nuclear translocation, ANP expres-
sion and cardiac cell apoptosis in a mouse model of cardiac 
afterload. In order to investigate whether these biochemical 
effects are detectable in cardiomyocytes directly, a primary 
neonatal rat cardiomyocyte culture was established and stimu-
lated with Ang II. As shown in Fig. 4A, telmisartan appeared 
to inhibit Ang II‑induced cardiomyocyte hypertrophy, which 
was consistent with the results observed in the in vivo mouse 
AB model (Fig. 1A‑E). In order to determine whether telmis-
artan may inhibit the nuclear translocation of NFAT, ANP 
expression and cardiomyocyte apoptosis, cardiomyocytes 
were stimulated with three different concentrations of telmis-
artan (5, 10 and 50 µm). A high concentration of telmisartan 
(50 µm) inhibited Ang II‑induced NFATc3 nuclear transloca-
tion (Fig. 4B). In addition, ANP expression was significantly 
inhibited by telmisartan in a dose‑dependent manner (P<0.01, 
50 µM vs. 0 µM telmisartan; Fig. 4C and D). Furthermore, 
the Ang II‑stimulated increase in caspase 3 protein expres-
sion levels, which is a known marker for apoptosis (33), was 

inhibited by telmisartan in a dose‑dependent manner (P<0.01, 
50 µM vs. 0 µM telmisartan; Fig. 4C and D). These results indi-
cated that telmisartan may inhibit NFAT nuclear translocation, 
ANP expression, Ang II‑induced cardiomyocyte apoptosis and 
suppress cardiomyocyte hypertrophy in vitro.

Discussion

Angiotensin‑converting enzyme inhibitors (ACEIs) and ARBs 
are important agents in the treatment of hypertension, however, 
~20% of patients tolerate ARBs but are unable tolerate 
ACEIs (34). This indicates that ARBs may be more effective 
for broader clinical use. In a previous study involving the 
AB mouse cardiac hypertrophy model, the AT1 receptor was 
activated without the involvement of Ang II (35). Candesartan, 
olmesartan and Losartan were reported to inhibit pressure 
overload‑induced cardiac hypertrophy even in the absence of 
Ang II (36), and telmisartan directly inhibited cardiomyocyte 
hypertrophy in primary rat cardiomyocyte cultures (37). These 
reports indicate that telmisartan may serve an effective role in 
inhibiting cardiac hypertrophy.

Figure 4. Cardiomyocyte signaling pathway analysis and the phenotypic response to Tel stimulation in a primary neonatal rat cardiomyocyte culture. 
(A) Primary cardiomyocyte size in response to Ang II and Ang II + Tel stimulation (scale bar, 10 µm). (B) Detection of NFAT nuclear translocation by NFATc3 
immunocytochemical and DAPI staining following Ang II + Tel stimulation (scale bar, 10 µm). (C) Western blot analysis of ANP and caspase 3 protein 
expression following treatment with different doses of Tel (0, 5, 20 and 50 µM) and (D) quantification of the results. Experiments were performed three times 
using independent samples (n=4). Data are presented as mean ± standard deviation. *P<0.05 and **P<0.01 as indicated. Tel, telmisartan; Ang II, angiotensin II; 
NFAT, nuclear factor of activated T‑cells; ANP, atrial natriuretic peptide; n.s. not significant.
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Although NFAT has been reported as a universal factor 
for the induction of cardiac hypertrophy, it is unclear whether 
NFAT activation may be involved in the suppression of cardiac 
hypertrophy by telmisartan. In the present study, telmisartan 
inhibited cardiomyocyte hypertrophy in a mouse model of 
cardiac afterload, with a reduction in cardiomyocyte size 
and reduced expression of cardiomyocyte hypertrophy and 
cardiac fibrosis markers, which is consistent with previous 
reports (38). However, it was previously reported that telmis-
artan does not exert its inhibitory effects on cardiomyocyte 
hypertrophy following 2  weeks of administration in the 
absence of Ang II (36), which implies that telmisartan may 
require additional time to exert its inhibitory effects.

NFAT is thought to be important for inducing cardio-
myocyte hypertrophy (39). The authors of the present study 
therefore hypothesized that telmisartan may inhibit NFAT 
activation. The results demonstrated that telmisartan inhib-
ited the cardiac overload‑induced activation of NFATc3 and 
NFATc4. Previous studies have demonstrated that extracel-
lular signal‑regulated kinases (Erk) 1/2 and NFAT form a 
complex in cardiomyocytes. Erk1/2 directly regulate NFAT 
DNA binding activation, and exert their effects on NFAT 
synergy without increasing NFAT translocation and trans-
lation. Erk1/2 and NFAT are together required to induce 
cardiac hypertrophy (40,41). Although the inhibition of NFAT 
nuclear translocation by telmisartan was only investigated 
in the present study, it remains formally possible that Erk1/2 
and NFAT form a complex to exert their cardiomyocyte 
hypertrophy‑inducing effects. The inhibition of NFAT 
nuclear translocation may be dependent on Erk1/2 inhibition, 
however, the present study did not investigate this possibility. 
Nevertheless, the Erk1/2‑NFAT complex may additionally be 
inhibited by telmisartan.

Previous studies have revealed that peroxisome prolifer-
ator‑activated receptor‑γ (PPARγ) activation may be involved 
in the underlying mechanisms of telmisartan‑induced inhibi-
tion of cardiomyocyte hypertrophy  (42), and PPARγ and 
its ligand may further inhibit the nuclear translocation of 
NFAT (43). These studies indicate that telmisartan‑induced 
inhibition of NFAT nuclear translocation may be dependent 
on telmisartan‑induced PPARg activation.

NFAT has been observed to participate in pathological 
cardiac hypertrophy  (39), and activated NFAT promotes 
ANP or BNP release and induces cell apoptosis  (41,44). 
The present study demonstrated that telmisartan inhibited 
ANP/BNP expression and apoptosis in the heart and cardio-
myocytes. Notably, telmisartan did not inhibit BNP expression 
as effectively as ANP expression. Therefore, it is possible 
that an additional pathway involving NFAT and BNP exists. 
Alternatively, telmisartan may have inhibited NFAT as well as 
an additional complex involving NFAT.

Following this investigation there are two points that require 
further investigation in future studies. Firstly, whether telmis-
artan inhibits the Erk1/2 and NFAT complex, and secondly, 
whether the telmisartan‑mediated inhibition of NFAT nuclear 
translocation is dependent on PPARg activation.

In conclusion, the present study demonstrated that telmis-
artan suppressed cardiomyocyte hypertrophy in  vivo and 
in vitro, potentially by suppressing cardiomyocyte ANP/BNP 
expression and apoptosis, which may be dependent on the 

inhibition of NFAT nuclear translocation. These results may 
provide a novel insight into the mechanism of telmis-
artan‑induced cardiomyocyte hypertrophy inhibition.
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