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Abstract. The underlying mechanism of cardiac hypertrophy 
has not yet been fully elucidated. The present study aimed 
to explore the function of transcription factor EC (TFEC) 
in mouse models of cardiac hypertrophy and to determine 
the underlying mechanism. Pressure‑overload cardiac hyper‑
trophy and angiotensin II (AngII) infusion‑induced animal 
models of cardiac hypertrophy were established in vivo. The 
expression of TFEC was explored via western blotting. The 
results demonstrated that TFEC expression was significantly 
increased in the hearts of mice with pressure overload‑ and 
AngII‑induced hypertrophy. Injection of rAd‑short hairpin 
(sh)‑TFEC significantly decreased the expression of TFEC in 
heart tissues compared with group injected with rAd‑nega‑
tive control (NC). Furthermore, the expression levels of 
atrial natriuretic peptide (ANP), brain natriuretic peptide 
(BNP) and β‑myosin heavy chain (β‑MHC) were increased 
in the hearts of AngII‑treated mice; however, compared 
with rAd‑NC transfection, transfection with rAd‑sh‑TFEC 
decreased the expression levels of ANP, BNP and β‑MHC. 
The results from echocardiographic analysis indicated 
that transfection with rAd‑sh‑TFEC improved the cardiac 
function of AngII‑treated mice compared with transfection 
with rAd‑NC. In addition, the AngII‑induced increase in 
cardiomyocyte size could be reversed by TFEC knockdown 
in primary cardiomyocytes. The elevated expression levels of 
ANP, BNP and β‑MHC induced by AngII could be partially 
abolished following TFEC knockdown. The results from 
western blotting demonstrated that TFEC overexpression 
decreased the expression of phosphorylated AMP‑activated 
protein kinase (AMPK)/acetyl‑CoA carboxylase (ACC) but 

increased the expression of phosphorylated mechanistic 
target of rapamycin (mTOR). Furthermore, Compound C 
significantly suppressed the activation of AMPK/ACC but 
increased the activation of mTOR, even in primary cardio‑
myocytes transfected with rAd‑sh‑TFEC. In conclusion, the 
findings from this study demonstrated that TFEC was over‑
expressed in the hearts of mice with cardiac hypertrophy and 
that silencing TFEC may improve AngII‑induced cardiac 
hypertrophy and dysfunction by activating AMPK/mTOR 
signaling.

Introduction

Cardiac hypertrophy is an adaptive response to hemodynamic 
stress and is associated with impaired cardiac function, 
including an increase in cardiomyocyte size, higher sarcomere 
organization and enhanced protein synthesis for natriuretic 
peptide A (ANP), natriuretic peptide B (BNP) and β‑myosin 
heavy chain (β‑MHC), and higher sarcomere organiza‑
tion (1,2). Pathological cardiac hypertrophy is an independent 
risk factor for myocardial infarction, arrhythmia and heart 
failure (HF) (3). Without effective intervention, prolonged 
HF can lead to sudden death (3). The underlying mechanisms 
remain unclear. Therefore, in‑depth studies are urgently 
required.

Transcription factor EC (TFEC) is a basic helix‑loop‑helix 
transcription factor that is a member of the MITF family (4,5). 
TFEC is highly enriched in caudal endothelial cells when 
hematopoietic stem cells (HSCs) colonize the caudal 
hematopoietic tissue  (6). A previous study demonstrated 
that TFEC facilitates HSC‑derived hematopoiesis in a 
non‑cell‑autonomous fashion  (6). TFEC is also expressed 
in bone marrow‑derived macrophages following stimula‑
tion with the Th2 cytokines interleukin (IL)‑4 and IL‑13 or 
lipopolysaccharide (7). However, TFEC is suggested to be not 
ubiquitously expressed (8). For example, TFEC RNA is not 
found in several cell types, including fibroblasts, myoblasts, 
chondrosarcoma cells and myeloma cells (8). Whether TFEC 
is expressed during cardiac hypertrophy and involved in the 
progression of cardiac hypertrophy has never been explored.

The present study aimed to determine whether TFEC 
is dysregulated in mouse models of cardiac hypertrophy. 
In addition, this study aimed to explore the mechanism by 
which TFEC might be involved in the development of cardiac 
hypertrophy.
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Materials and methods

Animal models. Eight‑week‑old male adult C57BL/6 mice 
weighing 20‑25 g (n=45) were purchased from Charles River 
Laboratories. The mice were housed under a 12‑h light/dark 
cycle and pathogen‑free conditions and were given free 
access to standard mouse chow and tap water. This study 
was approved by the research ethics committee of Weapon 
Industry 521 Hospital (approval no. WI‑J2018923A).

Pressure‑overload cardiac hypertrophy. The pressure-
overload model of cardiac hypertrophy was established by 
transverse aortic constriction (TAC) (9). Adult mice (C57BL/6, 
8 weeks old), weighing 20‑25 g, were anaesthetized with 
pentobarbital sodium (50 mg/kg; intraperitoneal injection; 
n=12) (10). To confirm anesthesia, the absence of withdrawal 
reflex in response to a tail pinch was observed. The mice were 
placed in the supine position. Following successful endotra‑
cheal intubation, the cannula was connected to a volume‑cycled 
rodent ventilator. To identify the thoracic aorta, the chest was 
opened. Then, a 5‑0 silk suture was placed below the trans‑
verse aorta and tied around a 26-gauge blunt needle, which 
was subsequently removed. The sham group underwent the 
aforementioned procedure, but did not receive a 5‑0 silk suture. 
The chest was closed and the animals were maintained under 
ventilation until autonomic breathing successfully recovered. 
After 4 weeks, surviving animals (all but one mouse, which 
died during TAC surgery, survived) were analyzed by echo‑
cardiography and killed by cervical dislocation. The hearts 
were quickly harvested and incubated in 4% paraformalde‑
hyde at room temperature for 20 min or dissected into the left 
ventricle (LV), right ventricle and ventricular septum, which 
were rapidly frozen in liquid nitrogen and stored at ‑80˚C for 
subsequent analyses.

The mice that survived 24 h after operation (n=10 mice 
per group) were observed for 4 weeks. The survival rate of 
10 C57BL/6 mice in sham group was 100%. Only one of 
the 10  C57BL/6 animals undergoing TAC operation died 
(survival rate for TAC, 90%). The heart and body weight 
(HW/BW) ratio was compared between the TAC group and 
sham group.

Angiotensin II (AngII) infusion‑induced animal model of 
cardiac hypertrophy. A mouse model (C57BL/6, 8 weeks 
old, weighing 20‑25 g) of AngII (1.46 mg/kg/day for 28 days) 
infusion‑induced cardiac hypertrophy was established (11). 
Control group mice (C57BL/6; 8 weeks old; weight 20‑25 g) 
were injected daily via intraperitoneal administration with 
PBS (100  µl for 28  days). Mice were anaesthetized via 
intraperitoneal administration of sodium pentobarbital 
(50 mg/kg) (10). To confirm the anesthesia, the absence of a 
reflex in response to a foot squeeze was observed. Then, an 
AngII mini‑osmotic pump (Alzet model 2002; Cupertino) 
was used. The body temperature was maintained at 37±0.5˚C 
during the surgery. All mice were euthanized by resection of 
the heart and decapitation under deep isoflurane anesthesia 
(5%) (12). Animal hearts were quickly harvested and incubated 
in 4% paraformaldehyde at room temperature for 20 min or 
dissected into the LV, right ventricle and ventricular septum, 
which were rapidly frozen in liquid nitrogen and stored at 

‑80˚C for subsequent analyses. The ratio of HW/BW was 
compared between the AngII treatment group and controls.

For the control group, all mice (n=10) survived during the 
experiment, equating to a 100% survival rate in the 10 C57BL/6 
mice of the control group. Only one of the 10 C57BL/6 animals 
undergoing AngII treatment died (survival rate for AngII 
treated mice, 90%).

Cell culture. One‑day‑old (n=4 in the same litter for each 
experiment) mice were born from the wide type 8‑10 week‑old 
female adult C57BL/6 mice (Charles River Laboratories). 
Pups were decapitated using sterile scissors (straight) without 
anaesthesia and the chest was open along the sternum to 
allow access to the chest cavity and the heart as previously 
described (13). Briefly, murine hearts were harvested, placed 
in ice‑cold Hanks' medium and cut into pieces. The tissues 
were digested with trypsin and type II collagenase at 37˚C 
for 15 min. The cells were passed through a cell strainer (200 
mesh), centrifuged at 1,000 x g for 10 min at room tempera‑
ture, seeded in Petri dishes and incubated for 2 h at 37˚C. The 
supernatants containing cardiomyocytes were collected and 
mixed in DMEM (HyClone; Cytiva). Before treatment with 
AngII (1 µmol/l) for 24 h, the cells were cultured in DMEM 
containing 1% FBS for 12 h at 37˚C.

Measurement of cell surface area. Primary cardiomyo‑
cytes were isolated as described above and previously (13) 
were fixed with 4% paraformaldehyde for 20 min at room 
temperature, permeabilized with 0.4% Triton X-100 (Beijing 
Solarbio Science & Technology Co., Ltd.) for 1 h at room 
temperature and then blocked with 5% goat serum (Beijing 
Solarbio Science & Technology Co., Ltd.) at 37˚C for 1 h. 
Then, cells were incubated with anti‑sarcomeric alpha actin 
antibody (1:250; cat. no. ab137346; Abcam) at 4˚C overnight 
and subsequently with a DyLight 594‑conjugated goat anti-
mouse antibody (cat. no. A23610; AmyJet Scientific, Inc.) at 
room temperature for 1 h. Cells were subsequently observed 
under a fluorescence microscope (magnification, x20).

Echocardiography study. Mice were anesthetized with isoflu‑
rane inhalation at the concentration of 2.5% for anesthetic 
induction and at  1% for anesthetic maintenance  (14‑16). 
Echocardiography was performed to evaluate the function 
of the LV using a MyLab™ Seven VET system (Esaote SpA) 
equipped with a 10-MHz probe. Parasternal short axis images at 
the mid-papillary muscle level were recorded in M-mode. The 
LV dimensions, including LV end-systolic diameter (LVEDs), 
LV end-diastolic diameter (LVEDd), posterior wall thickness, 
left ventricular ejection fractions (LVEF), maximum change 
in left ventricular pressure over time (dp/dtmax, mmHg/s) 
and minimum change in left ventricular pressure over time 
(dp/dtmin, mmHg/s) were measured.

Histopathology staining. The mouse hearts were fixed in 4% 
formalin for 20 min at room temperature. The heart sections 
were embedded in paraffin and sectioned to a thickness of 
5 µm for staining with hematoxylin and eosin (H&E). Slides 
were stained with hematoxylin (Beijing Solarbio Science & 
Technology Co., Ltd.) for 5 min and washed with tap water for 
2 min at room temperature. The sides were differentiated with 
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1% alcohol for 2 min and washed with tap water for 5 min. 
Subsequently, the slides were stained with eosin at room 
temperature for 2 min (Beijing Solarbio Science & Technology 
Co., Ltd.). The slides were washed with tap water for 2 min 
and 70% alcohol twice, after which the slides were sealed and 
observed under a fluorescence microscope (magnification, 
x20; BX43; Olympus Corporation). For wheat germ agglu‑
tinin (WGA) staining of cardiac muscle cell membrane, the 
tissue sections were stained with 1.0 mg/ml Alexa FluorVR 
488‑conjugated WGA (Molecular Probes) at room tempera‑
ture for 20 min to visualize the size of cardiomyocytes using a 
fluorescence microscope (magnification, x20; IX71; Olympus 
Corporation).

Construction of adenovirus vectors. Adenovirus vectors 
carrying RNA for overexpression of TFEC (rAd‑TFEC) or 
a short hairpin (sh) RNA targeting TFEC (rAd‑sh‑TFEC) or 
a negative control (rAd‑NC) were constructed by Shanghai 
GeneChem Co., Ltd. C57BL/6 mice were injected once with 
vectors at a concentration of 1x109 U/ml (50 µl) through the 
left ventricular chamber after 28 days of treatment with AngII.

Reverse transcription quantitative (RT‑q) PCR. Total RNA 
was extracted from the heart tissues or primary cardio‑
myocytes using TRIzol reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) and reverse transcribed into cDNA using a One 
Step PrimeScriptTM RT‑PCR Kit (Takara Bio, Inc.) according 
to the manufacturers' instructions. RT-qPCR analysis was 
performed using LightCycler 480 SYBR Green 1 Master 
Mix (No. 04707516001; Roche Diagnostics) according to the 
manufacturers' protocol. The relative mRNA expression was 
normalized to that of GAPDH using the 2‑∆∆Cq method (17). 
The sequences of the primers (Sangon Biotech Co., Ltd.) were 
as follows: GAPDH forward, 5'‑TCA​TCA​ACG​GGA​AGC​
CCA​TC‑3', reverse, 5'‑CTC​GTG​GTT​CAC​ACC​CAT​CA‑3'; 
ANP forward, 5'‑ACC​TGC​TAG​ACC​ACCT​GGA​G‑3', reverse, 
5'‑CCT​TGG​CTG​TTA​TCT​TCG​GTA​CCG​G‑3'; BNP forward, 
5'‑GAG​GTC​ACT​CCT​ATC​CTC​TGG​‑3', reverse, 5'‑GCC​ATT​
TCC​TCC​GAC​TTT​TCT​C‑3'; β‑MHC forward, 5'‑CCG​AGT​
CCC​AGG​TCA​ACA​A‑3', reverse, 5'‑CTT​CAC​GGG​CAC​CCT​
TGG​A‑3'; AMP‑activated protein kinase (AMPK) forward 
5'‑TCA​AGC​CCA​GGA​CAG​GAT​TT‑3', reverse, 5'‑CTC​TTG​
CGT​CTC​CCG​ACT​TG‑3'; acetyl‑CoA carboxylase (ACC) 
forward, 5'‑CCT​GGT​TCC​CTG​CTT​ACC​TG‑3', reverse, 
5'‑GTG​GGA​TTG​GAC​GTG​CTG​TA‑3'; and mechanistic target 
of rapamycin (mTOR) forward 5'‑AGA​GGT​CGG​CAC​TCC​
ACT​AT‑3' and reverse, 5'‑TGG​CCA​GGC​TTC​TGA​ACA​AA‑3'.

Compound C treatment. Primary cardiomyocytes were 
treated with compound C (cat. no. 62749‑26‑2; Sigma‑Aldrich; 
Merck KGaA) at a concentration of 20 µM or PBS for 24 h 
at 37˚C. Subsequently, rAd‑NC or rAd‑sh‑TFEC was trans‑
fected into primary caridomycytes for 24 h and cells were 
collected for further study.

Western blotting. Proteins isolated from heart tissue or primary 
cardiomyocytes were extracted using a total protein extraction 
kit (Beijing Solarbio Science & Technology Co., Ltd.) at room 
temperature. A BCA protein assay kit (Pierce; Thermo Fisher 
Scientific, Inc.) was used to determine the protein concentration. 

Proteins (40 µg) were separated by 12% SDS‑PAGE and trans‑
ferred onto PVDF membranes. The membranes were blocked 
with 5% fat‑free milk (Pierce; Thermo Fisher Scientific, Inc.) 
at room temperature for 2 h. Membranes were incubated with 
primary antibodies against GAPDH (cat. no. ab8245; 1:3,000), 
phosphorylated (p)‑AMPK (cat. no. ab133448; 1:1,000), AMPK 
(cat. no. ab131357; 1:1,000), p‑ACC (cat. no. ab173583; 1:1,000), 
ACC (cat. no. ab222774; 1:1,000), p‑mTOR (cat. no. ab109268; 
1:1,000), mTOR (cat. no. ab134903; 1:1,000) (all from Abcam) 
and TFEC (cat. no. ab116167; 1:1,000; Abcam) overnight at 4˚C. 
The membranes were then washed with 0.1% TBST and incu‑
bated with horseradish peroxidase‑conjugated goat anti‑rabbit 
IgG (1:5,000; cat. no. ZB‑2301; Beijing Zhongshan Golden 
Bridge Biotechnology Co., Ltd.) for 2 h at room temperature. 
Enhanced chemiluminescence reagent (GE Healthcare) was 
used to detect the signal on the membrane. Signals were 
detected using a Super ECL Plus kit (Nanjing KeyGen Biotech 
Co., Ltd.) and quantitative analysis was performed using 
UVP 7.0 software (UVP, LLC). Relative protein expressions 
were normalized to GAPDH. All experiments were repeated 
three times. ImageJ 1.43b software (National Institutes of 
Health) was used for densitometry analysis.

Statistical analysis. Prism 7.0 (GraphPad Software, Inc.) was 
used for the quantification of all data. In all experiments, each 
measurement was performed at least in triplicate. The data 
were presented as the means ± the standard error of the mean. 
Two‑tailed unpaired Student's t‑test was used for compari‑
sons between two groups. Comparisons between more than 
three groups were made by one‑way ANOVA followed by 
Bonferroni post hoc test for multiple comparisons. P<0.05 
was considered to indicate a statistically significant differ‑
ence.

Results

TFEC is upregulated in the hypertrophic myocardium of 
mice subjected to TAC. Compared with the sham control, 
TAC increased the size of mouse hearts, but no significant 
changes in body weight were observed (Fig.  1A  and  B). 
Furthermore, the HW/BW ratio was significantly increased in 
TAC mice compared with those of the sham control (Fig. 1B). 
Furthermore, the cardiomyocyte size was significantly 
increased in the hypertrophic myocardia of mice subjected to 
TAC compared with sham control mice (Fig. 1C). An echo‑
cardiography study indicated that the left ventricular posterior 
wall diameter (LVPWd) and dp/dtmin were increased in 
mice subjected to TAC compared with the sham control mice 
(Fig. 1D, E and H); however, LVEF (%) and dp/dtmax were 
decreased in mice subjected to TAC compared with sham 
control mice (Fig. 1F and G). The results from western blot‑
ting demonstrated that TFEC expression was significantly 
increased in the hypertrophic myocardia of mice subjected to 
TAC compared with the sham control mice (Fig. 1I).

TFEC is upregulated in the hypertrophic myocardia of mice 
treated with AngII. The weight of the hypertrophic myocardia 
was significantly increased in the AngII‑treated group 
compared with the control group, but no significant changes 
were observed in the body weight of mice between the two 
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groups (Fig. 2A and B). As presented in Fig. 2B, the HW/BW 
ratio was increased in the AngII treatment and control groups. 
The relative cardiomyocyte size was increased compared 
with that of the control group (Fig. 2C). Echocardiographic 
assays indicated that cardiac function was impaired in 
the hearts of AngII‑treated mice, as indicated by elevated 
LVPWd and dp/dtmin and decreased LVEF (%) and dp/dtmax 
(Fig. 2D‑H). The results from western blotting demonstrated 
that TFEC expression was significantly increased in the hearts 
of AngII‑treated mice compared with those of the control 
mice (Fig. 2I).

TFEC knockdown improves cardiac function in AngII‑induced 
mice. The expression of TFEC was silenced in AngII‑treated 
mice. As presented in Fig. 3A, compared with rAd‑NC, injec‑
tion with rAd‑sh‑TFEC significantly decreased the expression 
of TFEC in heart tissues. Furthermore, the HW/BW ratio and 
relative cardiomyocyte size were significantly decreased in 
mice injected with rAd‑sh‑TFEC compared with mice injected 
with rAd‑NC (Fig. 3B and C). The expression levels of ANP, 
BNP and β‑MHC were significantly increased in the hearts 
of AngII‑treated mice; however, compared with transfection 
with rAd‑NC, transfection with rAd‑sh‑TFEC decreased 

Figure 1. TFEC expression is increased in the hypertrophic myocardia of mice subjected to TAC. (A) Hematoxylin and eosin staining of heart tissues. (B) HW/BW 
was evaluated in the sham and TAC groups. (C) Wheat germ agglutinin staining showed that the cardiomyocyte size was significantly increased in the hyper‑
trophic myocardia of mice subjected to TAC compared with control mice (magnification, x20). (D) Representative echocardiographic images. (E) LVPWd, 
(F) LVEF (%), (G) dp/dtmax and (H) dp/dtmin were quantified in the hearts of TAC and sham control groups. (I) Western blotting showed that TFEC expression 
was increased in the hypertrophic myocardia of mice subjected to TAC compared with control mice. **P<0.01 and ***P<0.001. TAC, transverse aortic constric‑
tion; TFEC, transcription factor EC; HW/BW, heart weight and body weight ratio; LVEF, left ventricular ejection fractions; LVPWd, left ventricular posterior 
wall diameter; dp/dtmax, maximum change in left ventricular pressure over time; dp/dtmin, minimum change in left ventricular pressure over time. 
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the expression levels of ANP, BNP and β‑MHC (Fig. 3D). 
Echocardiographic assays indicated that transfection with 
rAd‑sh‑TFEC improved cardiac function in the hearts of 
AngII‑treated mice compared with transfection with rAd‑NC, 
as indicated by decreased LVPWd and dp/dtmin and increased 
LVEF (%) and dp/dtmax (Fig. 3E‑I).

Silencing TFEC abolishes AngII‑induced cardiomyocyte 
hypertrophy. A cellular cardiomyocyte model was estab‑
lished. As demonstrated in Fig. 4A, treatment with AngII 
increased the relative cardiomyocyte size. The expression 

levels of ANP, BNP and β‑MHC were significantly increased 
in primary cardiomyocytes treated with AngII compared with 
control cardiomyocytes (Fig. 4B). In primary cardiomyocytes, 
treatment with AngII significantly increased the expression 
of TFEC compared with the control (Fig. 4C). Furthermore, 
transfection with rAd‑sh‑TFEC significantly reduced the 
expression of TFEC, even in primary cardiomyocytes 
treated with AngII (Fig. 4D). In addition, the AngII‑induced 
increase in cardiomyocyte size could be reversed following 
TFEC knockdown in primary cardiomyocytes (Fig. 4E). The 
elevated expression levels of ANP, BNP and β‑MHC induced 

Figure 2. TFEC expression is elevated in the hearts of AngII‑treated mice compared with control mice. (A) Hematoxylin and eosin staining of heart tissues. 
(B) HW/BW was evaluated in control and Ang‑treated mice. (C) Wheat germ agglutinin staining was performed to evaluate the relative cardiomyocyte size 
(magnification, x20). (D) Representative echocardiographic images. (E) LVPWd, (F) LVEF (%), (G) dp/dtmax and (H) dp/dtmin were quantified in the hearts 
of AngII‑treated mice and sham control mice. (I) Western blotting assay demonstrated that TFEC expression was increased in the hearts of AngII‑treated mice 
compared with those of control mice. *P<0.05 and ***P<0.001. AngII, angiotensin II; TFEC, transcription factor EC; HW/BW, heart weight and body weight 
ratio; LVEF, left ventricular ejection fractions; LVPWd, left ventricular posterior wall diameter; dp/dtmax, maximum change in left ventricular pressure over 
time; dp/dtmin, minimum change in left ventricular pressure over time. 
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by AngII could be partially abolished after TFEC knock‑
down (Fig. 4F).

TFEC inactivates AMPK/mTOR signaling. AMPK/mTOR 
signaling is suggested to play a key role in the AngII‑induced 
cardiac hypertrophy model  (18). Hence, we evaluated the 

effect of TFEC on AMPK/mTOR signaling. The results from 
western blotting demonstrated that TFEC expression was 
significantly increased in primary cardiomyocytes transfected 
with Ad‑TFEC compared with that transfected with Ad‑NC 
(Fig. 5A), indicating that transfection with rAd‑TFEC over‑
expression vector was successful. The results from RT‑qPCR 

Figure 3. TFEC knockdown improves cardiac function in AngII‑treated mice compared with NC mice. (A) Western blotting analysis showed that injection 
with rAd‑sh‑TFEC significantly decreased the expression of TFEC in heart tissues compared with injection with rAd‑NC. (B) Knockdown of TFEC reduced 
the HW/BW compared with NC group. (C) Relative cardiomyocyte size was decreased in mice injected with rAd‑sh‑TFEC compared with those injected with 
rAd‑NC (magnification, x20). (D) Transfection with rAd‑sh‑TFEC reduced the relative mRNA levels of ANP, BNP and β‑MHC compared with transfection 
with rAd‑NC. (E) Representative echocardiographic images. (F) LVPWd, (G) LVEF (%), (H) dp/dtmax and (I) dp/dtmin were quantified in the hearts of 
rAd‑sh‑TFEC and rAd‑NC‑treated mice. *P<0.05, **P<0.01 and ***P<0.001. TFEC, transcription factor EC; sh, short hairpin; NC, negative control; HW/BW, 
heart weight and body weight ratio; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; β‑MHC, β‑myosin heavy chain; LVEF, left ventricular 
ejection fractions; LVPWd, left ventricular posterior wall diameter; dp/dtmax, maximum change in left ventricular pressure over time; dp/dtmin, minimum 
change in left ventricular pressure over time. 
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demonstrated that transfection with rAd‑TFEC did not change 
the expression levels of AMPK, ACC and mTOR, compared 
with transfection with rAd‑NC (Fig. 5B). The results from 
western blotting showed that TFEC overexpression decreased 
the expression of p‑AMPK and p‑ACC but increased the 

expression of p‑mTOR in primary cardiomyocytes (Fig. 5C). 
Conversely, silencing TFEC increased the expression of 
p‑AMPK and p‑ACC but decreased the level of p‑mTOR 
(Fig. 5D). Furthermore, treatment with Compound C, which 
is an AMPK inhibitor, significantly inhibited the activation of 

Figure 4. Silencing TFEC abolishes AngII‑induced cardiomyocyte hypertrophy. (A) Compared with the control, treatment with AngII increased the relative 
cardiomyocyte size (magnification, x40). (B) mRNA levels of ANP, BNP and β‑MHC were significantly increased in primary cardiomyocytes treated with 
AngII compared with the control. (C) In primary cardiomyocytes, treatment with AngII significantly increased the expression of TFEC compared with treat‑
ment with the control. (D) Transfection with rAd‑sh‑TFEC significantly decreased the expression of TFEC even in primary cardiomyocytes treated with AngII. 
(E) AngII‑induced increase in cardiomyocyte size could be reversed by TFEC knockdown in primary cardiomyocytes (magnification, x40). (F) Elevated 
mRNA levels of ANP, BNP and β‑MHC induced by AngII could be partially abolished following TFEC knockdown in primary cardiomyocytes. *P<0.05, 
**P<0.01 and ***P<0.001. AngII, angiotensin II; Con, control; NC, negative control; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; β‑MHC, 
β‑myosin heavy chain; TFEC, transcription factor EC; sh, short hairpin. 



ZHAO et al:  TFEC PROMOTES CARDIAC HYPERTROPHY VIA AMPK SIGNALING8

AMPK/ACC but increased the activation of mTOR, even in 
primary cardiomyocytes transfected with rAd‑TFEC (Fig. 5D).

Discussion

Cardiac hypertrophy and fibrosis can be induced by many 
factors, including mechanical pressure overload and AngII (19). 
The present study explored therefore the expression of TFEC 
in a TAC‑induced mouse model and a AngII‑induced cardiac 
hypertrophy model. Elevated expression of TFEC was found in 
the hearts of mice with pressure overload‑ and AngII‑induced 
hypertrophy. These observations suggested a potential detri‑
mental role of TFEC in the pathology of cardiac hypertrophy.

AngII is the most important constituent of the renin‑angio‑
tensin aldosterone system, which serves a key role in regulating 
cardiomyocyte growth, cardiac hypertrophy and extracellular 

matrix accumulation  (20‑22). Thus, TFEC expression was 
silenced in the mouse model of AngII‑induced cardiac 
hypertrophy. The results demonstrated that cardiac TFEC 
expression was decreased in rAd‑sh‑TFEC‑transfected mice 
pretreated with AngII. In the process of cardiac remodeling, 
enlargement of the heart is a major and clear change that is 
tightly associated with hypertrophy and fibrosis (23). In the 
mouse model of AngII‑induced cardiac remodeling, TFEC 
knockdown ameliorated cardiac hypertrophy by reducing 
cardiomyocyte enlargement and enhancing the HW/BW ratio. 
In addition, mice transfection with rAd‑sh‑TFEC protected the 
hearts from the pathological hypertrophy induced by AngII, 
since TFEC knockdown partially abolished the effects of 
AngII on cardiac hypertrophy.

AMPK signaling is suggested to be an important regulator 
of different physiological and pathological cellular events that 

Figure 5. TFEC activates AMPK/mTOR signaling in primary cardiomyocytes. (A) Western blotting showed that TFEC expression was significantly increased 
in primary cardiomyocytes transfected with Ad‑TFEC compared with those transfected with Ad‑NC. (B) Reverse transcription quantitative PCR showed that 
transfection with rAd‑TFEC did not change the mRNA levels of AMPK, ACC and mTOR, compared with transfection with rAd‑NC. (C) Western blotting 
showed that TFEC overexpression decreased the expression of p‑AMPK and p‑ACC but increased the level of p‑mTOR. (D) Compound C significantly 
suppressed the activation of AMPK/ACC but increased the activation of mTOR, even in primary cardiomyocytes transfected with rAd‑sh‑TFEC. *P<0.05, 
**P<0.01 and ***P<0.001. AMPK, AMP‑activated protein kinase; mTOR, mechanistic target of rapamycin; ACC, acetyl‑CoA carboxylase; NC, negative control; 
p, phosphorylated; sh, short hairpin; TFEC, transcription factor EC. 
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occur in cardiovascular diseases (24‑26). AMPK is a major 
checkpoint of cellular metabolism that enhances autophagy by 
inhibiting mTOR signaling (18,27). AMPK/mTOR-mediated 
autophagy protects diabetic rats from myocardial damage (24). 
The present study demonstrated that TFEC overexpression 
inhibited AMPK/mTOR signaling in AngII-treated primary 
cardiomyocytes. Conversely, silencing TFEC induced an 
increase in p‑AMPK and p‑ACC expression and a decrease 
in p‑mTOR expression. However, following cotreatment 
with Compound C, the effect of sh‑TFEC on AMPK/mTOR 
signaling was abolished. It is possible that TFEC may induce 
myocardial injury and dysfunction at least in part via inhi‑
bition of AMPK/mTOR signaling. Previous studies have 
also reported that AMPK activation protects against the 
pathological progression of cardiac hypertrophy, ventricular 
remodeling and heart failure (28,29). In the present study, 
we therefore hypothesized that the TFEC‑mediated inactiva‑
tion of AMPK/mTOR signaling may contribute to cardiac 
hypertrophy. However, the precise mechanisms by which 
TFEC-inactivated AMPK signaling could affect cardiac 
hypertrophy are not yet fully understood and require further 
investigation.

This study presented some limitations. It would be inter‑
esting to evaluate the serum concentration of cholesterol, 
triglyceride, HDL and LDL in mice, since these markers 
are known to be associated with heart function. In a future 
study, these biochemical parameters will be determined in the 
serum of pressure‑overload cardiac hypertrophy and AngII 
infusion‑induced cardiac hypertrophy animal models.

In conclusion, the findings from the present study demon‑
strated that TFEC was overexpressed in the hearts of mice with 
cardiac hypertrophy, and that silencing TFEC could improve 
AngII‑induced cardiac hypertrophy and dysfunction by acti‑
vating AMPK/mTOR signaling. These results suggested that 
TFEC may serve important roles in cardiac hypertrophy and 
dysfunction, providing potential therapeutic targets for heart 
failure.
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