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Abstract. Extracellular acidification leads to cardiac dysfunc-
tion in numerous diseases. Mitochondrial dysfunction plays 
an important role in this process. However, the mechanisms 
through which extracellular acidification induces mitochon-
drial dysfunction remain unclear. Tumor necrosis factor 
receptor‑associated protein 1 (TRAP1) maintains mitochon-
drial function and cell viability in tumor and non‑tumor cells. 
In the present study, extracellular acidification was found to 
induce H9C2 cell apoptosis, mitochondrial dysfunction and 
TRAP1 expression. The overexpression of TRAP1 attenuated 
H9C2 cell injury, while the silencing of TRAP1 exacerbated it. 
Moreover, mitochondrial permeability transition pore (MPTP) 
opening, which is associated with the mitochondrial apoptotic 
pathway and cell death, was also increased in acidic medium. 
The overexpression of TRAP1 inhibited MPTP opening, while 
the silencing of TRAP1 promoted it. The protective effect 
of TRAP1 on cardiomyocytes was abolished by the addition 
of a specific MPTP opening promoter. Similarly, a specific 

MPTP opening inhibitor reversed cell injury by silencing 
TRAP1. Taken together, the findings of the present study 
demonstrate that TRAP1 attenuates H9C2 cell injury induced 
by extracellular acidification by inhibiting MPTP opening.

Introduction

Extracellular acidosis is a common abnormality of the cellular 
microenvironment, and can be caused by various pathological 
states, including hypoxia, ischemia reperfusion, severe infec-
tion and renal dysfunction  (1). Extracellular acidosis may 
reduce tissue pH to 6.5 or even 6.0 (2). Cardiomyocytes are 
sensitive to extracellular acidosis, since they become prone to 
apoptosis, which leads to cardiac dysfunction (3‑5). Previous 
studies have indicated that mitochondrial damage caused by 
extracellular acidosis plays an important role in cell death (6).

Tumor necrosis factor receptor‑associated protein 1 
(TRAP1) belongs to the heat shock protein 90 family and 
is located in the mitochondria. It was first identified for its 
role in anti‑oxidative stress and maintaining mitochondrial 
integrity (7,8). TRAP1 is widely distributed in various types 
of cells, including cardiomyocytes. Previous studies have 
demonstrated that the expression of TRAP1 is increased by 
multiple pathological stimuli, such as hypoxia, ischemia, 
glucose deprivation and oxidative stress, in order to prevent 
cell death in vital organs (9‑11). However, whether the expres-
sion of TRAP1 is protectively increased in cardiomyocytes 
under extracellular acidosis remains unknown (7,12,13).

The present study thus aimed to investigate whether 
TRAP1 protects cardiomyocytes in acidic medium, and 
whether mitochondrial permeability transition pore (MPTP) 
opening is involved in this process.

Materials and methods

Cell culture and acidosis treatment. Cell culture methods 
were performed as previously described (14). The rat heart 
cell line, H9C2, was purchased from Cell Bank of the Chinese 
Academy of Sciences (cat. no.  GNR 5). The cells were 
cultured in Dulbecco's modified Eagle's medium (DMEM; cat. 
no. 11965175; Gibco; Thermo Fisher Scientific, Inc.) with high 
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glucose supplemented with 10% fetal bovine serum (BSA; 
cat. no. 10099141C Gibco; Thermo Fisher Scientific, Inc.) and 
1% penicillin/streptomycin (cat. no. 516106; Sigma‑Aldrich; 
Merck KGaA). After two passages and at 60‑70% conflu-
ency, cells were transferred to 96‑ or 6‑well plates or other 
dishes according to different assays. The pH of the cell culture 
medium was adjusted to the desired values (7.4, 7.0, 6.5 or 6.0) 
using 2‑(N‑morpholino)ethanesulfonic acid (MES) buffer (cat. 
no. M8010; Beijing Solarbio Science & Technology Co., Ltd.).

Western blot analysis. Western blot analysis was conducted 
as previously described  (15). Cell lysates were prepared 
with radioimmunoprecipitation assay lysis buffer (cat. 
no. P0013B; Beyotime Institute of Biotechnology) in the 
presence of a protease inhibitor cocktail (cat. no. CW2200S; 
Cwbio). Protein concentrations of cell lysates were quantified 
using a Pierce BCA Protein assay kit (cat. no. 23227; Thermo 
Fisher Scientific, Inc.). A total of 30 µg total proteins were 
loaded onto each lane and separated via 10% sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS‑PAGE). 
After the proteins were transferred to a PVDF membrane 
(cat. no. IPVH00010; Milipore; Merck KGaA), the membrane 
were blocked in 5% non‑fat milk (cat. no. P0216; Beyotime 
Institute of Biotechnology) in TBST (150 mM Tris‑HCl, 
pH  7.4, 1.5  M NaCl, 0.5% Tween‑20) for 1  h at room 
temperature, incubated with primary antibodies in blocking 
solution at 4˚C overnight, washed with TBST (five times, 
5 min each), incubated with secondary antibodies for 1 h at 
room temperature and washed again with TBST (5 times, 
5 min each). Antibodies against TRAP1 (1:1,000) and Bcl‑2 
(1:1,000) were purchased from Abcam (cat. nos. ab64182 and 
ab196495, respectively). Antibodies against Bax (1:1,000), 
cleaved caspase‑3 (1:1,000) and caspase‑3 (1:1,000) were 
purchased from Cell Signaling Technology, Inc. (cat. 
nos. 5023, 9661 and 9662, respectively). Antibody against 
GAPDH (1:1,000) was purchased from ProteinTech Group, 
Inc. (cat. no. 10494‑1‑AP). HRP‑conjugated secondary anti-
body (1:5,000) was obtained from Cwbio (cat. no. CW0103; 
Cwbio). Bands were visualized by chemiluminescence with 
Immobilon Western Chemiluminescent HRP Substrate 
(cat. no. WBKLS; Millipore; Merck KGaA) and ChemiDoc 
Imaging System (Bio‑Rad Laboratories, Inc.). Blots were 
semi‑quantified using ImageJ (v2.1.4.8; National Institute of 
Health).

Mitochondrial membrane potential (MMP) assay. MMP was 
detected with tetramethylrhodamine, methyl ester (TMRM; 
cat. no. I34361; Thermo Fisher Scientific, Inc.) according to 
the manufacturer's instructions. Briefly, cells were cultured 
with 50 nmol/l TMRM in serum‑free medium at 37˚C for 
30 min, washed with PBS 3 times and then observed under 
a laser scanning confocal microscope (Leica TCS SP8; 
Leica Microsystems, Inc.) or analyzed by flow cytometry 
(FACSCanto II; BD Biosciences).

Cell viability detection. Cell viability was quantified using a 
Cell Counting kit‑8 (CCK‑8; cat. no. CK04; Dojindo Molecular 
Technologies, Inc.) as previously described (16). Cells were 
seeded into 96‑well plates at a density of 2,000 cells per well 
in complete culture medium. Three replicates were set up for 

each group. After 24 h, the culture media were changed to 
DMEM with different pH values (7.4 and 6.5), and the cells 
were cultured for the required time according to the corre-
sponding experimental group settings. Subsequently, 10 µl 
CCK‑8 was added to each well and incubated for an additional 
1.5 h. Optical density values were measured at a 450‑nm 
wavelength on a microplate reader (Multiskan™ FC; Thermo 
Fisher Scientific, Inc.).

Cell apoptosis detection. 7‑Aminoactinomycin D (7‑AAD) 
and Annexin V‑allophycocyanin (APC) flow cytometry assay 
(cat. no. 70‑AP105‑100; MultiSciences) were used to detect cell 
apoptosis according to the manufacturer's instructions. Briefly, 
cells were incubated in media at different pH values (7.4, 7.0, 
6.5 and 6.0) for a certain periods of time (0, 2, 4, 8, 12 and 24 h) 
and harvested in PBS. The cell pellet was then resuspended in 
binding buffer and stained with APC‑conjugated Annexin V 
and 7‑AAD for 10  min. The cells were then analyzed 
using a flow cytometer (FACSCanto II; BD Biosciences) and 
the apoptotic rate of the cells was analyzed using FLOWJO 
(v10; BD Biosciences).

Recombinant lentivirus vector for TRAP1 overexpression 
and silencing. The recombinant lentivirus vector for the 
overexpression and silencing of TRAP1 was purchased 
from GeneCopoeia, Inc. The targeting sequence of the small 
interfering RNA (siRNA) against rat TRAP1 was 5'‑AGA​
CCA​AGG​CTA​CGG​ATA​T‑3'. A green fluorescent protein 
(GFP)‑expressing sequence and an anti‑puromycin sequence 
were also constructed into all vectors. The multiplicity of 
infection in H9C2 myocardial cells was 10. As 1x106 cells were 
seeded for transfection, 107 vg lentivirus and 5 µg/ml poly-
brene (GeneCopoeia, Inc.) were added to the culture medium 
without fetal bovine serum. At 72 h post‑infection, the cells 
were selected by puromycin to obtain H9C2 cells stably 
overexpressing TRAP1 or cells in which TRAP1 was silenced.

Immunofluorescence. Immunofluorescence assay was 
performed as previously described (17). Cells were seeded 
and proliferated for 24 h until 50% confluence. The cells 
were then treated with media at different pH values (7.4 and 
6.5) for the required periods of time (12 h) and fixed with 
4% paraformaldehyde (cat. no. P0099; Beyotime Institute of 
Biotechnology) for 15 min. Subsequently, 0.1% Triton X‑100 
(cat. no. T9284; Sigma‑Aldrich; Merck KGaA) was used for 
cell permeabilization. The cells were then blocked with 3% 
BSA (cat. no. ST023; Beyotime Institute of Biotechnology) for 
1 h. After washing with PBS 3 times, a primary anti‑TRAP1 
rabbit antibody (1:300; cat. no. ab64182; Abcam) was incu-
bated with the cells at 4˚C overnight, and then a secondary 
antibody conjugated to Cy3 (1:200; cat. no.  93‑6903‑250; 
MultiSciences) was incubated with the cells at room tempera-
ture for 1 h. The fluorescence intensity was observed using a 
laser scanning confocal microscope (Leica TCS SP8; Leica 
Microsystems, Inc.).

Reactive oxygen species (ROS) assay. Cell ROS levels were 
detected using CellROS Oxidative Stress Reagents (cat. 
no. C10443; Thermo Fisher Scientific, Inc.) as previously 
described (18). The cells were cultured in media with different 
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pH values (7.4 and 6.5) for the corresponding time periods 
(12 and 24 h). The cells were then incubated with serum‑free 
medium containing 5 µm CellROX reagent for 30 min at 
37˚C and washed with PBS 3 times. Subsequently, the cells 
were analyzed using a flow cytometer (FACSCanto II; BD 
Biosciences) and FLOWJO (v10; BD Biosciences).

ATP assay. Cell ATP levels were detected using an Enhanced 
ATP Assay kit (cat. no.  S0027; Beyotime Institute of 
Biotechnology) according to the manufacturer's instructions. 
Briefly, the cells were cultured in media with different pH 
values (7.4 and 6.5) for the corresponding time periods (12 h). 
Subsequently, every 106 cells in different groups were added to 
100 µl lysis buffer provided with the kit and the cell superna-
tant was centrifuged at 12,000 x g for 5 min at 4˚C to remove 
cell debris. A total of 10 µl of supernant was then mixed with 
100 µl of ATP detection solution diluted 4 times with dilution 
buffer and the luminescence was measured using a lumi-
nometer (Varioskan Flash; Thermo Fisher Scientific, Inc.). 
The luminescence values of ATP standards were determined 
in a similar manner. The ATP concentration was calculated 
according to an ATP‑standard curve and normalized to protein 
concentration of the supernatant.

Transmission electron microscopy. The mitochondrial 
ultrastructure were observed using a transmission electron 
microscope (Transmission Electron Microscope HT7700; 
Hitachi). H9C2 cells were collected and fixed in 4% glutaral-
dehyde for 1 h at room temperature and left at 4˚C overnight. 
The samples were dehydrated through a graded ethanol series, 
then incubated in 100% ethanol and propylene oxide as well as 
2 exchanges of pure propylene oxide. Samples were embedded 
in epoxy resin and polymerized at 60˚C for 48 h. Specimens 
were cut into 70‑80‑nm ultra‑thin sections, then mounted on 
300‑mesh copper grids. Sections were stained with uranyl 
acetate and leas citrate, then subjected to observation.

Detection of MPTP opening. The MPTP opening of the H9C2 
cells was detected using a MitoProbe Transition Pore assay kit 
(cat. no. M34153; Thermo Fisher Scientific, Inc.) according to 
the manufacturer's instructions. Briefly, cells were seeded in 
a 6‑well plate (cat. no. 354773; Corning Inc.) and cultured in 
media with different pH values (7.4 and 6.5) for the required 
time period (12 h) after reaching 50‑60% confluence. The cells 
were then collected and resuspended in Hanks' Balanced Salt 
Solution (HBSS)/Ca buffer. Subsequently, 5 µl Calcein AM 
working buffer (cat. no. M34153; Thermo Fisher Scientific, 
Inc.) and CoCl2 were added to the cell suspension solution, 
which was subsequently incubated for 30 min at 37˚C. After 
staining, the samples were analyzed using a flow cytometer 
(FACSCanto II; BD Biosciences) with 488‑nm excitation 
and 517‑nm emission wavelengths and FLOWJO (v10; BD 
Biosciences).

Chemical reagents. Mitochondrial permeabolity transi-
tion pore (MPTP) opening inhibitor, cyclosporin A (cat. 
no.  HY‑B0579; MedChemExpress), was used to inhibit 
MPTP opening (19). And MPTP opening promoter, atrac-
tyloside (cat. no. HY‑N0237; MedChemExpress), was used 
to promote MPTP opening (20). Briefly, 5 mg cyclosporin 

A powder were dissolved in 0.4158 ml dimethyl sulfoxide 
(DMSO) to prepare stock solutions (10  mM). A total of 
5 mg atractyloside power was dissolved in 1.1148 ml DMSO 
to prepare a stock solution (10 mM). Subsequently, 1 µl 
stock solution (cyclosporin A or atractyloside respectively) 
was added to 1 ml culture medium (pH 6.5) as a working 
solution (10 µM), and the cells were then cultured for 12 h, 
respectively.

Statistical analysis. Data represent the means ± SD from 3 
independent experiments and were analyzed using SPSS v25.0 
(IBM Corp.). The Student's t‑test was used to analyze the 
results of CCK‑8 assay at each time point between the 2 groups 
in Fig. 1C. One‑way analysis of variance followed by Tukey's 
post hoc test was carried out to measure differences between 
groups. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Extracellular acidification induces H9C2 cell apoptosis, 
decreases cell viability and causes mitochondrial dysfunction. 
To investigate whether metabolic acidosis induces cell 
apoptosis and decreases cell viability, CCK‑8 assay and 
Annexin V‑APC/7‑AAD apoptosis kit were used. The results 
revealed that H9C2 cell apoptosis was increased in lower pH 
culture medium (pH 6.5 or 6.0) or longer acidic culture time 
(Fig. 1A and B), and cell viability decreased in acidic medium 
(Fig. 1C). The MMP of the H9C2 cells was also decreased in 
acidic medium, which indicated that mitochondrial function 
was damaged (Fig. 1D).

Extracellular acidification increases TRAP1 expression in 
H9C2 cells. Western blot analysis and immunofluorescence 
were used to detect the expression of TRAP1 in acidic medium. 
The results of western blot analysis revealed that the expression 
of TRAP1 increased after 4 h in acidic medium (Fig. 2A and B). 
Immunofluorescence assay also demonstrated that the acidic 
environment increased the expression of TRAP1 (Fig. 2C).

TRAP1 inhibits acid‑induced H9C2 cell apoptosis and 
increases cell viability. Considering the increase observed 
in TRAP1 expression in acidic medium, the present study 
aimed to confirm that TRAP1 is a protective factor for 
H9C2 cells in acidic medium. TRAP1‑GFP lentiviral vector 
was constructed for TRAP1 overexpression (ov‑TRAP1) 
or TRAP1 silencing (sh‑TRAP1). At 5 days post‑transfection, 
H9C2 cells expressing a high level of green fluorescence were 
observed (Fig. 3A). The results of western blot analysis further 
confirmed that the expression of TRAP1 was significantly 
increased by Lenti‑TRAP1 and decreased by Lenti‑TRAP1 
siRNA (Fig. 3B). Following culture in acidic medium for 12 
or 24 h, TRAP1 overexpression inhibited H9C2 cell apoptosis 
(Fig. 3C and D) and increased cell viability (Fig. 3E) in acidic 
medium, while TRAP1 silencing aggravated the damage to 
the cells induced by acidic medium (Fig. 3C and E).

TRAP1 reverses the acid‑induced mitochondrial dysfunction 
of H9C2 cells. H9C2 cell mitochondrial function was detected 
by ATP assay and MMP assay. The results revealed that the 
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H9C2 cell MMP (Fig. 4A and B) and ATP levels (Fig. 4D) 
in acidic medium were significantly lower than those in the 
cells in neutral pH medium. TRAP1 overexpression reverse 

the decrease in MMP and the ATP level induced by acidic 
medium (Fig. 4A, B and D). However, the levels of ROS were 
not markedly altered (Fig. 4E).

Figure 1. Extracellular acidification induces H9C2 cell apoptosis and decreases MMP. (A) H9C2 cell apoptosis induced by extracellular acidification. H9C2 
cells were cultured in different pH media (7.4, 7.0, 6.5 and 6.0) for 0, 2, 4, 8, 128 or 24 h. (B) Quantitative analysis of the results shown in (A). (C) CCK‑8 
assay of H9C2 cells in different pH media. (D) MMP of H9C2 cells in different pH media. TMRM (green) is a type of mitochondrial dye, and the fluorescence 
intensity is positively associated with the cell MMP. Original magnification, x100. #P<0.05 and ##P<0.01 vs. 0 h group. *P<0.05 and **P<0.01 vs. pH 7.4 group. 
MMP, mitochondrial membrane potential; TMRM, tetramethylrhodamine, methyl ester.
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TRAP1 inhibits the acid‑induced mitochondrial apoptotic 
pathway and maintained normal mitochondrial ultrastruc‑
ture of H9C2 cells. The mitochondrial apoptotic pathway 
is an important pathway of cell apoptosis and is activated 
following mitochondrial injury. The pro‑apoptotic factor, Bax, 
and the anti‑apoptotic factor, Bcl‑2, are currently recognized 
as important components of the mitochondrial apoptotic 
pathway. They activate caspase‑3 (forming cleaved caspase‑3) 
to regulate mitochondrial apoptosis and eventually lead to cell 
apoptosis. The present study demonstrated that the expression 
levels of Bax and Bcl‑2 increased under extracellular acidifi-
cation, and the levels of cleaved caspase‑3 exhibited a similar 
trend (Fig. 4F). TRAP1 overexpression significantly inhibited 
the expression of Bax and cleaved caspase‑3, and maintained 
the Bax/Bcl‑2 ratio (Fig. 4F). The mitochondrial ultrastruc-
ture of H9C2 cells was severely damaged under extracellular 
acidification, including the reduction of mitochondrial cristae 
and mitochondrial vacuolization. TRAP1 overexpression 
significantly reversed the damage to the normal ultrastructure 
of the mitochondria (Fig. 4G).

TRAP1 inhibits the MPTP opening of H9C2 cells in acidic 
medium. The MPTP is an important component of the mito-
chondrial membrane and is an initiator of the mitochondrial 
apoptotic pathway. Thus, the present study aimed to inves-
tigate the effects of TRAP1 on MPTP opening. The results 
revealed that the MPTP opening of H9C2 cells was increased 
in acidic medium compared with normal pH medium (Fig. 5). 
The overexpression of TRAP1 decreased MPTP opening, 
while the silencing of TRAP1 further increased MPTP 
opening (Fig. 5).

TRAP1 inhibits the mitochondrial apoptotic pathway, stabi‑
lizes mitochondrial function, and thus inhibits apoptosis, 
via the inhibition of MPTP opening. After identifying that 
TRAP1 decreased acid‑induced MPTP opening, atractyloside 
(Atr, 10 µM, a specific MPTP opening promoter) and cyclo-
sporin A (CysA, 10 µM, a specific MPTP opening inhibitor) 
were used to further identify whether TRAP1 protects H9C2 
cells in acidic medium by inhibiting MPTP opening. It was 
observed that the MPTP opening promoter abolished the 

Figure 2. Extracellular acidification increases TRAP1 expression. (A) Western blot analysis of TRAP1 at different pH values for 12 h or at pH 6.5 for 
different time periods. (B) Semi‑quantitative analysis of the results shown in (A). (C) Immunofluorescence of TRAP1 at different pH values for 12 h. Original 
magnification, x100. #P<0.01 vs. pH 7.4 group. *P<0.05 vs. 0 h group. TRAP1, tumor necrosis factor receptor‑associated protein 1.
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protective effects of TRAP1 on H9C2 cells (Fig. 6A and C‑F). 
On the other hand, the MPTP opening inhibitor reversed the 
increased expression of Bax, caspase‑3 and cleaved caspase‑3, 
further reversing mitochondrial dysfunction and cell apoptosis 
induced by the silencing of TRAP1 (Fig. 6A and C‑F). The 
normal mitochondrial ultrastructure maintained by TRAP1 
overexpression was abolished following Atr treatment. 

Unexpectedly, it was not observed that CysA significantly 
reversed the mitochondrial ultrastructure damage induced by 
TRAP1 silencing, which may indicate that TRAP1 maintained 
mitochondrial ultrastructure in a mPTP‑independent manner 
(Fig. 6G). On the whole, TRAP1 protected mitochondrial 
function and attenuated cell apoptosis under extracellular 
acidification via the inhibition of MPTP opening (Fig. 7).

Figure 3. TRAP1 inhibits H9C2 cell apoptosis induced by extracellular acidification. (A) GFP expression of H9C2 cells after 5 days of transfection. Original 
magnification, x100. (B) Western blot analysis of TRAP1 to identify transfection efficiency. (C) H9C2 cell apoptosis induced by extracellular acidification 
after transfection. (D) Quantitative analysis of the results shown in (C). (E) CCK‑8 assay of H9C2 cells in acidic medium following transfection. *P<0.05 and 
**P<0.01. ov‑Con, H9C2 cells transfected with vector; ov‑TRAP1, H9C2 cells overexpressing TRAP1; sh‑Con, H9C2 cells transfected with scrambled siRNA; 
sh‑TRAP1, H9C2 cells transfected with siRNA; TRAP1, tumor necrosis factor receptor‑associated protein 1.
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Figure 4. Effect of the overexpression or silencing of TRAP1 on the mitochondrial function. (A) MMP of H9C2 cells in pH 6.5 at 12 h following transfection. 
TMRM (red) is a type of mitochondrial dye, and the fluorescence intensity is positively associated with the cell MMP. Original magnification, x100. (B) MMP 
of H9C2 cells detected using a flow cytometer. After staining cells for 45 min with TMRM, the fluorescence intensity was detected by flow cytometry. 
(C) Quantitative analysis of the results shown in (B). (D) ATP levels of H9C2 cells in pH 6.5 at 12 h post‑transfection. (E) ROS levels of H9C2 cells in pH 6.5 
at 12 h following transfection. (F) Western blot analysis of Bax, Bcl‑2, caspase‑3 and cleaved caspase‑3, and semiquantitative analysis of the protein levels. 
(G) Mitochondrial ultrastructure of H9C2 cells was severely damaged under extracellular acidification, including the reduction of mitochondrial cristae and 
mitochondrial vacuolization. TRAP1 overexpression significantly reversed the damage to the normal ultrastructure of the mitochondria. **P<0.01. ov‑Con, 
H9C2 cells transfected with vector; ov‑TRAP1, H9C2 cells overexpressing TRAP1; sh‑Con, H9C2 cells transfected with scrambled siRNA; sh‑TRAP1, H9C2 
cells transfected with siRNA; C3, caspase‑3; CC3, cleaved caspase‑3; TRAP1, tumor necrosis factor receptor‑associated protein 1.
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Discussion

The present study firstly reported that extracellular 
acidosis increased the expression of TRAP1 in H9C2 cells, 
which is parallel to other pathological models such as hypoxia 
or ischemia reperfusion injury (21‑23). Subsequently, lentiviral 
vectors were used to overexpress and silence TRAP1 in H9C2 
cells. The overexpression of TRAP1 inhibited cell apoptosis 
and increased cell viability, whereas the silencing of TRAP1 
deteriorated the cell damage induced by extracellular acidosis. 
These results demonstrate that TRAP1 protects H9C2 cells in 
extracellular acidosis, which enhances the protective effects of 
TRAP1 against cell injury (11,13,24).

TRAP1 has been reported to maintain MMP and cell ATP 
production efficiency, and inhibit cell ROS, thus protecting 
cells under pathological conditions (22,25). Zhang et al used 
siRNA to silence TRAP1 expression in H9C2 cells, observing 
that mitochondrial function was deteriorated in high glucose 
medium  (26). Consistent with the findings of previous 

studies, the present study observed that the overexpression of 
TRAP1 maintained MMP and the cellular ATP level, while 
the silencing of TRAP1 decreased MMP and the cellular 
ATP level. Severe mitochondrial damage activates the mito-
chondrial apoptotic pathway and induces cell apoptosis. The 
findings of the present study demonstrated that extracellular 
acidosis activated the cell mitochondrial apoptotic pathway, 
while the overexpression of TRAP1 inhibited this activa-
tion. These results strongly indicate that TRAP1 protects the 
physiological function of the mitochondria under conditions 
of extracellular acidosis, and inhibits the activation of the 
mitochondrial apoptotic pathway, thus preventing cell death. 
Furthermore, TRAP1 overexpression can maintain the normal 
mitochondrial ultrastructure, while TRAP1 silencing leads 
to further damage to the ultrastructure. This indicates that 
TRAP1 protects both mitochondrial function and morphology 
under conditions of extracellular acidification. Moreover, the 
present study did not detect any increase in cell ROS levels 
during extracellular acidosis. The association between ROS 

Figure 5. Effect of TRAP1 on MPTP opening. (A) MPTP opening was detected using a flow cytometer. The fluorescence intensity was negatively associated 
with MPTP opening. (B) Quantitative analysis of the results shown in (A). **P<0.01. ov‑Con, H9C2 cells transfected with vector; ov‑TRAP1, H9C2 cells 
overexpressing TRAP1; sh‑Con, H9C2 cells transfected with scrambled siRNA; sh‑TRAP1, H9C2 cells transfected with TRAP1‑siRNA; ov‑TRAP1 + Atr, 
H9C2 cells overexpressing TRAP1 after adding Atr (10 µM) to the culture medium; sh‑TRAP1 + CysA, H9C2 cells transfected with TRAP1‑siRNA in the 
presence of CysA (10 µM) in the culture medium; TRAP1, tumor necrosis factor receptor‑associated protein 1.
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Figure 6. TRAP1 protects H9C2 cells in acidic medium by inhibiting MPTP. (A) H9C2 cell apoptosis induced by extracellular acidification after transfection 
and addition of drugs. (B) MMP of H9C2 cells in pH 6.5 for 12 h after transfection. TMRM (red) is a type of mitochondrial dye, and the fluorescence intensity 
is positively associated with the cell MMP. (C) CCK‑8 assay of H9C2 cells in acidic medium following transfection and addition of drugs. (D) MMP of H9C2 
cells was detected using a flow cytometer. After staining the cells for 45 min with TMRM, the fluorescence intensity was detected by flow cytometry. Original 
magnification, x100. (E) ATP levels of H9C2 cells in pH 6.5 and 12 h following transfection and the addition of drugs. (F) Western blot analysis of Bax, Bcl‑2, 
caspase‑3 and cleaved caspase‑3, and semi‑quantitative analysis of the protein levels. (G) Mitochondrial ultrastructure of the cells following transfection with 
sh‑TRAP1 and CysA. *P<0.05 and **P<0.01. ov‑TRAP1, H9C2 cells overexpressing TRAP1; sh‑TRAP1, H9C2 cells transfected with TRAP1‑siRNA; ov‑TRAP1 
+ Atr, H9C2 cells overexpressing TRAP1 after adding Atr (10 µM) to the culture medium; sh‑TRAP1 + CysA, H9C2 cells transfected with TRAP1‑siRNA after 
adding CysA (10 µM) to the culture medium; C3, caspase‑3; CC3, cleaved caspase‑3; TRAP1, tumor necrosis factor receptor‑associated protein 1.
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and extracellular acidosis remains controversial. Previous 
studies have suggested that there is a positive association. 
Teixeira et al reported that extracellular acidification increases 
cell ROS level and induces protein carbonylation  (27). 
However, few studies, such as the one by Wang et al have 
reported that extracellular acidification directly reconstructs 
acid‑sensing ion channel 1a (ASIC1a) conformation to induce 
cell injury, which was different from the ROS‑dependent cell 
injury pathological model, including hypoxia or ischemia 
reperfusion injury (28). These results suggest that extracellular 
acidosis may exert a ROS‑independent effect on cell damage. 
These results confirmed this hypothesis. Moreover, different 
pathological processes may be involved in different disease 
models may involve, which leads to different phenotypes. 
Therefore, the association between extracellular acidification 
and ROS warrants further investigation.

Furthermore, the present study identified the mechanisms 
underlying the protective effects of TRAP1 on mitochondrial 
function under conditions of extracellular acidosis. MPTP is an 
important channel protein across the mitochondrial inner and 
outer membranes (29‑31). Previous studies have identified that 
MPTP opening is a key step to induce cell mitochondrial damage 
and activates the mitochondrial apoptotic pathway (32‑34). The 
present study revealed that extracellular acidosis increased 
MPTP opening, while the overexpression of TRAP1 reversed this 
effect. The addition of the specific MPTP opening promoter, Atr, 
to increase MPTP opening, abolished the protective effects of 

TRAP1. The specific MPTP opening inhibitor, CysA, alleviated 
cell injury and inhibited the mitochondrial apoptotic pathway in 
acidic medium when TRAP1 was silenced. The present study, to 
the best of our knowledge, is the first to report the TRAP1‑MPTP 
opening‑mitochondrial apoptotic pathway in cardiomyo-
cytes, which may provide a novel approach for extracellular 
acidosis treatment. Previous studies have shown that inhibiting 
MPTP opening can regulate mitochondrial morphology (35). 
Unexpectedly, specific MPTP opening inhibitor CysA did not 
significantly reversed the mitochondrial ultrastructure damage 
induced by TRAP1 silencing under conditions of extracellular 
acidosis. This may indicate that TRAP1 maintained mitochon-
drial ultrastructure in an MPTP‑independent manner; however, 
further studies are required to elucidate the detailed mecha-
nisms involved. In conclusion, the present study demonstrates 
that TRAP1 protects cardiomyocytes against extracellular 
acidification by regulating MPTP opening (Fig. 7).
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