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Targeting translocator protein protects against
myocardial ischemia/reperfusion injury by
alleviating mitochondrial dysfunction
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Abstract. Ischemic heart disease (IHD) remains a leading
cause of mortalities worldwide, necessitating timely reperfu-
sion to reduce acute mortality. Paradoxically, reperfusion
can induce myocardial ischemia/reperfusion (I/R) injury,
which is primarily characterized by mitochondrial dysfunc-
tion. Translocator protein (TSPO) participates in multiple
cellular events; however, its role in IHD, especially in the
process of myocardial I/R injury, has not been well deter-
mined. The aim of the present study was to investigate the
functional role of TSPO in myocardial I/R injury and dissect
the concomitant cellular events involved. This study utilized
small interfering RNA (siRNA) technology to knock down
TSPO expression. The I/R process was simulated using an
anoxia/reoxygenation (A/R) model. The role of TSPO in
HO9c2 cardiomyocytes was assessed using various techniques,
such as Western blotting, Flow cytometry, Reverse transcrip-
tion-quantitative PCR (RT-qPCR), Immunofluorescence,
Co-immunoprecipitation (co-IP) and similar methods. It
was found that A/R markedly upregulated the expression
of TSPO in cardiomyocytes. Inhibition of TSPO improved
myocardial cell apoptosis and damage following A/R stimula-
tion. Additionally, targeting TSPO alleviated mitochondrial
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damage, reduced mitochondrial ROS release and enhanced
ATP synthesis following A/R stimulation. It was further
confirmed that A/R stimulation induced a significant increase
in the expression of pivotal markers [phosporylated-PKR-like
ER kinase (PERK)/PERK, activating transcription factor
6 (ATF6) and inositol-requiring enzyme 1] involved in the
adaptive unfolded protein response, which is accompanied
by downstream signaling during endoplasmic reticulum (ER)
stress. Notably, 7SPO knockdown increased the expression
of the aforementioned markers and, subsequently, TSPO was
confirmed to interact with ATF6, suggesting that TSPO might
play a role in ER stress during myocardial I/R injury. Finally,
inhibition of TSPO upregulated mitophagy, as indicated by
further decreases in P62 and increases in Parkin and PINK1
levels following A/R stimulation. Together, the results suggest
that TSPO plays a multifaceted role in myocardial I/R injury.
Understanding TSPO-induced cellular responses could inform
targeted therapeutic strategies for patients with IHD.

Introduction

Ischemic heart disease (IHD) is a major cause of global
mortality and is a substantial burden on individuals and
healthcare systems (1). Conventional clinical strategies for
treating acute myocardial infarction include coronary artery
intervention and other reperfusion therapies to minimize the
ischemic time (2). Although timely reperfusion significantly
reduces acute mortality in patients with ST-segment eleva-
tion myocardial infarction (3), partial cell damage occurs
during the reperfusion phase, known as ischemia/reperfusion
(I/R) injury, which has garnered significant attention (4). The
mechanisms underlying myocardial I/R injury are intricate,
involving multiple cellular events such as oxidative stress,
intracellular calcium overload cell apoptosis (5). Notably, the
excess generation of reactive oxygen species (ROS) by mito-
chondria during I/R is a crucial trigger of the aforementioned
cellular events (6). The mitochondrial electron transport chain
(ETC), which is damaged during ischemia, is associated
with mitochondrial dysfunction and excessive production of
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ROS. During reperfusion, damaged mitochondria undergo
further injury, activating programmed cell death pathways in
cardiomyocytes (7,8).

Translocator protein (TSPO) is an 18 kDa protein located
on the outer mitochondrial membrane (OMM) (9). It is found in
the cardiovascular system and is associated with both myocar-
dial injury and protection (10,11). TSPO was first discovered
in human cortical tissues (12), and its primary function had
been revealed to involve the transport of cholesterol from
the OMM to the inner mitochondrial membrane (13). TSPO
actively participates in ATP and ROS production in mito-
chondria and triggers cell apoptosis (14). Gatliff ez al (15) and
Meng et al (16) reported that TSPO overexpression reduces
mitochondrial coupling and promotes the overproduction
of ROS in canine mammary gland epithelia. TSPO has also
been shown to inhibit mitophagy, preventing the clearance of
damaged mitochondria (17). It is apparent that a severe conse-
quence of myocardial I/R is oxidative injury, which leads to
mitochondrial dysfunction (18). Based on the aforementioned
observations, it has been hypothesized that TSPO may play a
vital role in myocardial I/R injury by regulating mitochondrial
homeostasis.

In the present study, an in vitro model of anoxia/reoxygen-
ation (A/R) injury was established using H9¢2 cardiomyocytes
to simulate myocardial I/R injury. It was observed that TSPO
expression was significantly increased following A/R injury.
This study aims to explore the function and mechanisms of
TSPO in myocardial ischemia-reperfusion injury. Taken
together, targeting TSPO could be a potential strategy for
alleviating myocardial I/R injury.

Materials and methods

H9c2 cardiomyocyte culture. H9c2 cardiomyocytes
were cultured following the methodology described by
Pooja et al (19). Briefly, H9c2 cardiomyocytes were obtained
from The Cell Bank of Type Culture Collection of The Chinese
Academy of Sciences and cultured in DMEM supplemented
with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and
1% penicillin/streptomycin solution (Gibco; Thermo Fisher
Scientific, Inc.). The cells were maintained in a humidified
incubator at 37°C supplied with 5% CO, air (Thermo Fisher
Scientific, Inc.), and the culture medium was replaced every
2 days.

RNA interference. In the present study, three small inter-
fering (si)RNA constructs were obtained from Shanghai
GenePharma Biotechnology Co., Ltd. and transfected using
siRNA-Mate (Shanghai GenePharma Biotechnology Co.,
Ltd.). After confirmation of knockdown using western blot-
ting, the si-RNA3-TSPO sequence, which exhibited the best
knockdown efficiency, was selected for further experiments.
Briefly, for si-TSPO and A/R-si-TSPO group, 3 ul siRNA and
4 pul siRNA-mate were diluted in 200 ul Opti-MEM (Gibco;
Thermo Fisher Scientific, Inc.). For si-NC and A/R-si-NC
group, 3 il siRNA-negative control and 4 ul siRNA-mate were
diluted in 200 p1 Opti-MEM (Gibco; Thermo Fisher Scientific,
Inc.), incubated at room temperature for 5 min, mixed thor-
oughly and incubated for 15 min. H9¢2 cardiomyocytes were
treated with the mixture and incubated at 37°C for 72 h.

After incubation, cells in the si-TSPO group and si-NC group
were replaced with complete culture medium and placed in
a culture incubator for cultivation. Cells in the A/R-si-TSPO
group and A/R-si-NC group were immediately subjected to
anoxia/reoxygenation stimulation and were then used together
for subsequent experiments. The sequences of these siRNA
fragments are shown in Table I, and the knockdown efficiency
is shown in Fig. S1.

Establishment of the in vitro anoxia/reoxygenation (A/R)
model. The A/R model was established following a procedure
described by Tong et al (20) with modifications. Briefly, cells
in the A/R group were subjected to anoxic treatment for 3 h
in glucose-free DMEM (cat. no. 11966-025; Gibco; Thermo
Fisher Scientific, Inc.) under oxygen-depleted conditions. For
Hypoxia, the cells were placed in an anoxic chamber with a
deoxygenation bag (AnaeroPack™, Mitsubishi Gas Chemical
Company, Inc.) and then reoxygenated for 2 h with complete
medium in a humidified incubator at 37°C supplied with 5%
CO, air. After 2 h of reoxygenation treatment, the cells were
harvested and the medium was collected immediately for
subsequent analysis.

Flow cytometry. According to the instructions of the reagent
kit (cat. no. WLAOOla; Wanleibio Co., Ltd.), flow cytometry
was used to detect cell apoptosis. After specific treatment, the
cells were digested with 0.25% trypsin-EDTA (1x) (Gibco;
Thermo Fisher Scientific, Inc.) and collected by centrifuga-
tion at 100 x g for 5 min at room temperature. Subsequently,
the cells were resuspended in 500 ul binding buffer (cat.
no. WLAOOla; Wanleibio Co., Ltd.). Propidium iodide and
annexin V conjugated with fluorescein isothiocyanate (cat.
no. WLAOOIa; Wanleibio Co., Ltd.) were added to the cells
and incubated in the dark at room temperature for 15 min.
A flow cytometer (model no. B73613, DxFLEX; Beckman
Coulter, Inc.) was then used for analysis, The flow cytometry
results were analyzed using FlowJo™ Software (version
10.8.1; BD Life Sciences); three independent experiments were
performed, and samples were assessed in triplicate.

Detection of mitochondrial membrane potential. A
Mitochondrial Membrane Potential Assay Kit with JC-1
(cat. no. C2006; Beyotime Institute of Biotechnology) was
used according to the manufacturer's protocol. JC-1 working
solution was added to H9c2 cells at a dilution of 1:1,000,
and the cells were incubated at 37°C for 20 min. Cells were
subsequently washed three times with the JC-1 buffer and then
observed using a fluorescence microscope.

ROS staining. Intracellular ROS levels and mitochondrial
ROS (mtROS) generation were detected using DCFH-DA
(cat. no. S0033S; Beyotime Institute of Biotechnology) and
MitoSOX, respectively (cat. no. M36008; Invitrogen; Thermo
Fisher Scientific, Inc.). Cells on slides were treated with 10 M
DCFH-DA for 20 min at 37°C in the dark in a humid chamber.
Subsequently, they were treated with MitoSOX red mitochon-
drial superoxide indicator at a dilution of 1:1,000 in a dark and
humid room at 37°C for 10 min. The number of ROS-positive
cells in four randomly selected fields of view was observed
using a fluorescence microscope.
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Table I. Sequences of three pairs of TSPO gene interference fragments and negative control.

siRNA

Sequence (5'-3")

siRNA1-TSPO-sense
siRNA1-TSPO-anti-sense
siRNA2-TSPO-sense
siRNA2-TSPO-anti-sense
siRNA3-TSPO-sense
siRNA3-TSPO-anti-sense
siRNA-negative control-sense
siRNA-negative control-anti-sense

GCUCCUACAUAAUCUGGAATT
UUCCAGAUUAUGUAGGAGCTT
CCAUGCUCAACUACUAUGUTT
ACAUAGUAGUUGAGCAUGGTT
GGGCCUUUAAAGCUAAAUATT
UAUUUAGCUUUAAAGGCCCTT
UUCUCCGAACGUGUCACGUTT
ACGUGACACGUUCGGAGAATT

siRNA, small interfering RNA; TSPO, translocator protein.

Cell viability assay. After specific treatments, the cells were
digested as above, counted, and then transferred to a 96-well
plate. A total of 10 1 CCKS reagent (cat. no. K1018; APExBIO
Technology LLC) was added to each well, and the plate was
incubated at 37°C for 1 h. The enzymatic activity was then
measured using a microplate reader at a wavelength of 450 nm.

Determination of LDH, SOD, MDA, and ATP levels. For
determination of lactate dehydrogenase (LDH) levels, 0.1 ml
culture medium was collected from each experimental group
immediately following A/R treatment and analyzed according
to the manufacturer's protocol (cat. no. A020-2; Nanjing
Jiancheng Bioengineering Institute). Subsequently, the cells
were washed twice with PBS and, after complete removal of
PBS, lysed with RIPA lysis buffer (cat. no. PO013D; Beyotime
Institute of Biotechnology). The lysates were then incubated in
an ice bath for 10 min, followed by centrifugation at 13,400 g
for an additional 10 min at 4°C to obtain the supernatant.
The resulting supernatant was used to measure the levels
of superoxide dismutase (SOD; cat. no. A001-3-2; Nanjing
Jiancheng Bioengineering Institute), malondialdehyde (MDA,
cat. no. AOO3-1-1; Nanjing Jiancheng Bioengineering Institute),
and ATP (cat. no. A095-1-1; Nanjing Jiancheng Bioengineering
Institute) according to the manufacturer's instructions.

Immunofluorescence (IF) staining. Slides with cells were
fixed with 4% neutral formaldehyde for 20 min at 4°C. After
washing with 1x PBS, the cell slides were treated with 0.1%
Triton X-100 and 3% goat serum (cat. no. ZLI-9022; OriGene
Technologies, Inc.) for 5 min at 4°C. All antibodies were
diluted using an antibody dilution buffer (cat. no. ZLI-9030;
OriGene Technologies, Inc.) at a ratio of 1:200. The cells
were then incubated with antibodies against ATP synthase
F1 B subunit (ATP5B; cat. no. CL594-6660; ProteinTech
Group, Inc.), activating transcription factor 6 (ATF6;
cat. no. 66563-1-Ig; ProteinTech Group, Inc.), TSPO (cat.
no. ab109497; Abcam) and LC3B (cat. no. ab51520; Abcam)
overnight at 4°C. Subsequently, the slides were incubated with
chicken anti-rabbit IgG (H+L) cross-adsorbed secondary anti-
body (Alexa Fluor™ 488; cat. no. A21441; Invitrogen, Thermo
Fisher Scientific, Inc.) or F(ab')2-goat anti-mouse IgG (H+L)
cross-adsorbed secondary antibody (Alexa Fluor™ 546;
cat. no. A11018; Invitrogen Thermo Fisher Scientific, Inc.) at

room temperature for 1 h. Finally, the coverslip was sealed
with DAPI Fluoromount-G™ (cat. no. 36308ES20, Shanghai
Yeasen Biotechnology Co., Ltd.), and the cells were observed
using a fluorescence microscope.

Co-immunoprecipitation (Co-IP). Co-IP was performed using
a rProtein A/G Magnetic IP/Co-IP Kit (cat. no. AM001-01;
ACE Biotechnology) according to the manufacturer's instruc-
tions. ATF6 (cat. no. 24169-1-AP; ProteinTech Group, Inc.),
TSPO (cat. no. abl09497; Abcam), rabbit IgG control poly-
clonal antibody (cat. no. 30000-0-AP; ProteinTech Group,
Inc.), and 20 ul magnetic beads each groups were mixed at 4°C
for 10 h. The mixture was then placed on a magnetic stand,
and after separation, the supernatant was discarded. The
magnetic beads were washed with 500 ul lysis buffer. After
subjecting H9¢2 cardiomyocytes to A/R, a lysis buffer was
used to extract total protein. The protein concentration was
determined using a BCA protein assay kit (cat. no. KGP902;
Nanjing KeyGen Biotech Co., Ltd.). A portion of the extracted
protein, approximately 100 pug, was used as the input group.
Divide the remaining protein into groups of 400 ug, add
them to EP tubes containing magnetic beads incubated with
antibodies, and incubate them in a mixed spin at 4°C for 6 h.
The supernatant was then discarded, and the magnetic beads
were washed twice with 500 gl lysis buffer. Finally, 5x loading
buffer (cat. no. PO0O15; Beyotime Institute of Biotechnology)
was diluted to 1x with lysis buffer, and the magnetic beads
were heated in 1x loading buffer at 100°C for 5 min. Western
blotting was then performed for detection.

Reverse transcription-quantitative PCR (RT-qPCR).
RT-qPCR analysis for TSPO gene expression: After specific
treatments, samples were collected using Trizol reagent (cat.
no. 10296010CN; Thermo Fisher Scientific, Inc.) to quantify
the TSPO gene expression. The following primers were used for
TSPO: Forward primer (5'-3'), CTGCCCGCTTGCTGTATC
CTTAG,; and the reverse primer (5'-3'), CGACCAGAGTTA
TCACGCCATAC. GAPDH was used as an internal control:
Forward primer (5'-3'), ACAGCAACAGGGTGGTGGAC;
and the reverse primer (5'-3"), TTTGAGGGTGCAGCGAAC
TT. For the isolation of total RNA the RNA GeneJET RNA
Purification kit (cat. no. KO731; Thermo Fisher Scientific, Inc.)
was used, Dilute RNA to 200 ng/ul. And cDNA synthesis was
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used cDNA Synthesis SuperMix (cat. no. 11141ES60; Shanghai
Yeasen Biotechnology Co., Ltd.). Add 5 pul of diluted RNA, 2 1
of RNase free H20, 2 ul of 5x gDNA Eraser buffer, and 1 pl
of gDNA Eraser; Keep at 42°C for 2 min to remove genomic
DNA and then cool to 4°C for cDNA synthesis; Then add 4 ul
of RNA-free H20, 4 ul of 5x PrimeScript Buffer 2, 1 ul of
PrimeScript RT Enzyme Mix, and 1 ul of RT Primer Mix to
the EP tube. Incubate at 37°C for 15 min, followed by 85°C for
5 sec, and finally cool to 4°C for storage to proceed with cDNA
amplification. cDNA amplification using SYBR Green Master
Mix (cat. no. 11200ES08; Shanghai Yeasen Biotechnology Co.,
Ltd.). Dilute the above cDNA from 20 pl to 300 ul using RNase
free H20, take 9.2 ul cDNA, 10 pl Hieff UNICEF Universal
Blue qPCR SYBR Green Master Mix, 0.4 ul Forward Primer
(10 uM), 0.4 ul Reverse Primer (10 M) into EP tubes, and
wait for amplification. The quantitative PCR thermal cycling
program for 40 cycles was: 1 cycle of enzyme activation at
95°C for 15 min, denaturation at 95°C for 30 sec, annealing
at 60°C for 30 sec and extension at 72°C for 30 sec. Relative
quantification was calculated using the 24 method (21).

Western blotting. H9c2 cardiomyocytes were lysed with RIPA
buffer on ice, and the protein concentration was determined
using a BCA protein assay kit (cat. no. KGP902; Nanjing
KeyGen Biotech Co., Ltd.). Equal amounts of protein (20 ug
per lane) were loaded using 8-12% SDS-PAGE and then
transferred to a PVDF membrane. Membranes were blocked
with 5% skimmed milk at room temperature for 1 h, then
incubated with the following primary antibodies overnight at
4°C: GAPDH (cat. no. HRP-60004; ProteinTech Group, Inc.),
cleaved-caspase-3 (cat. no. 9661S; Cell Signaling Technology,
Inc.), caspase-3 (cat. no. 66470-1-Ig; ProteinTech Group, Inc.),
Bax (cat. no. 2772S; Cell Signaling Technology, Inc.), Bcl-2
(cat. no. 26593-1-AP; ProteinTech Group, Inc.), TSPO (cat.
no. ab109497; Abcam), LC3B (cat. no. ab51520; Abcam), ATG5
(cat. no. 12994S; Cell Signaling Technology, Inc.), Beclin 1
(cat. no. 66665-1-Ig; ProteinTech Group, Inc.), P62 (23214S;
ProteinTech Group, Inc.), PINKI1 (cat. no. 23274-1-AP;
ProteinTech Group, Inc.), Parkin (cat. no. 66674-1-Ig;
ProteinTech Group, Inc.), Mfn2 (cat. no. 12186-1-AP;
ProteinTech Group, Inc.), Drpl (cat. no. 12957-1-AP;
ProteinTech Group, Inc.), ATP5B (cat. no. 17247-1-AP;
ProteinTech Group, Inc.), PI3K (cat. no. 4257S; Cell Signaling
Technology, Inc.), phosphorylated (p)-PI3K (cat. no. 4228S;
Cell Signaling Technology, Inc.), Akt (cat. no. 92728, Cell
Signaling Technology, Inc.), p-Akt (cat. no. 4060S; Cell
Signaling Technology, Inc.), mTOR (cat. no. 2983S; Cell
Signaling Technology, Inc.), p-mTOR (cat. no. 2971S; Cell
Signaling Technology, Inc.), PKR-like ER kinase (PERK; cat.
no. ab229912; Abcam), p-PERK (cat. no. 3179S; Cell Signaling
Technology, Inc.), ATF6 (cat. no. 24169-1-AP; ProteinTech
Group, Inc.) and inositol-requiring enzyme 1 (IREI; cat.
no. bs16696R, BIOSS). All primary antibodies were diluted
using an antibody dilution buffer (cat. no. PO023A-500ml;
Beyotime Institute of Biotechnology) at a ratio of 1:1,000.
After incubation with the primary antibody, the membrane was
washed three times with Tris-buffered saline and 0.1% Tween
20 (cat. no. 1247ML500; Biofroxx, Inc.) and then according to
the primary antibody species incubated with rabbit secondary
antibodies (cat. no. 7074P2; Cell Signaling Technology,

Inc.) or mouse secondary antibodies (cat. no. 7076S; Cell
Signaling Technology, Inc.) at room temperature for 1 h. All
secondary antibodies were diluted using an antibody dilu-
tion buffer (cat. no. PO023A-500ml; Beyotime Institute of
Biotechnology) at a ratio of 1:5,000. Signals were visualized
using Immobilon western chemiluminescence HRP substrate
(cat. no. WBKLS0500, MilliporeSigma) and imaged using
a ChemiScope (Clinx Science Instruments). Densitometry
analysis was performed using chemical analysis software
(version 2017.12.6.0; Clinx Science Instruments).

Statistical analysis. Data are presented as the mean =+ the stan-
dard error of the mean. The distribution of data was assessed
using a Shapiro-Wilk test. For comparisons between two
groups, a independent sample t-test was used. Comparisons
between multiple groups were assessed using a one-way
ANOVA followed by a post hoc Tukey's test. All statistical
analysis was performed using GraphPad Prism version 9.0
(GraphPad Software, Inc.; Dotmatics). P<0.05 was considered
to indicate a statistically significant difference.

Results

TSPO knockdown alleviates myocardial apoptosis and
damage following A/R stimulation. To investigate the impact
of TSPO on myocardial I/R, an A/R model was established
using the H9¢2 myocardial cells. The western blotting results
showed a significant increase in the protein expression levels
of TSPO following anoxia. Knockdown of 7SPO using siRNA
led to a significant reduction in TSPO levels following A/R
stimulation compared with the control group (Fig. 1A and B).
Moreover, the results showed that the levels of proapoptotic
molecules Bax and cleaved-caspase-3/caspase-3 were signifi-
cantly increased in H9c2 si-NC-transfected cardiomyocytes
following A/R stimulation compared with the si-NC-trans-
fected control cells; subsequently, the levels of proapoptotic
molecules Bax and cleaved-caspase-3/caspase-3 were signifi-
cantly decreased following 7SPO knockdown. By contrast,
in H9¢2 si-TSPO-transfected cardiomyocytes following A/R
stimulation compared with si-NC-transfected cardiomyocytes
following A/R stimulation the show that 7SPO knockdown
resulted in a slight upregulation of the antiapoptotic molecule
Bcl-2 (Fig. 1A and B). Consistently, FACS-based apoptosis
analysis revealed that the knockdown of TSPO decreased
the levels of apoptosis induced by A/R (Fig. 1C and D).
Furthermore, LDH levels were assessed as a marker of cell
damage and quantified using an enzymatic activity assay. The
results showed that cell damage was significantly increased
following A/R stimulation and was reduced following 7SPO
knockdown (Fig. 1E). In agreement with the aforementioned
observations, CCK-8 analysis revealed a significant decrease
in myocardial cell activity in response to A/R stimulation,
but this decrease was attenuated following 7SPO knockdown
(Fig. 1F). The aforementioned results suggest that inhibiting
TSPO may be a potential strategy for mitigating myocardial
I/R injury by decreasing cell apoptosis and damage.

Targeting TSPO improves mitochondrial dysfunction in
myocardial cells following A/R stimulation. Considering the
cellular location and previously reported functions of TSPO,
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Figure 1. Targeting TSPO alleviates myocardial apoptosis and damage in an in vitro A/R model. (A and B) Western blotting and densitometry analysis of
TSPO, Bcl2, Bax and cleaved-caspase-3/caspase-3 expression levels in si-NC and si-TSPO H9c2 cells with or without A/R stimulation. (C) Representative flow
cytometry results showing the apoptosis of H9c2 cells determined using Annexin V-FITC/PI double-staining assay. (D) Quantification of the percentage of late
apoptotic H9¢2 cells. (E) Cell damage was measured using an LDH assay. (F) Cell viability was measured using a Cell Counting Kit-8 assay. n=4 per group.
“P<0.05, “P<0.01, ""P<0.001, “""P<0.0001. TSPO, translocator protein; A/R, anoxia/reoxygenation; si, small interfering; NC, negative control; LDH, lactate

dehydrogenase; FITC, fluorescein isothiocyanate; PI, propidium iodide.

the interplay between TSPO and mitochondrial dysfunction
was next explored. A JC-1 assay kit was used to detect the mito-
chondrial membrane potential, as indicated by the red/green
fluorescence ratio. The results revealed a significant decrease
in the membrane potential of myocardial cells following A/R
stimulation, which was significantly attenuated following
TSPO knockdown (Fig. 2A and B). Notably, ATP production
can reflect mitochondrial function. The results further showed
that after 7SPO knockdown, ATP production was significantly
increased (Fig. 2C). Consistent with these findings, ATP5B, a
crucial subunit of mitochondrial ATP synthase, was upregu-
lated following the knockdown of 7SPO and A/R stimulation
(Figs. 2D, E and S2).

Subsequently, the effect of TSPO on the oxidative stress
levels of myocardial cells following A/R stimulation. Notably,
a significant increase in ROS and mtROS levels was observed

in si-NC-transfected myocardial cells following A/R stimula-
tion, and these changes were significantly decreased following
TSPO knockdown (Fig. 2F and G). Moreover, the levels of
SOD, a marker of antioxidant enzymes, significantly decreased
in si-NC-transfected myocardial cells in response to A/R stim-
ulation and increased after 7SPO knockdown (Fig. 2H). By
contrast, the levels of MDA, a marker of cell membrane lipid
oxidation, were significantly increased in si-NC-transfected
myocardial cells following A/R stimulation and decreased
following TSPO knockdown (Fig. 2I). These results indicate
that targeting TSPO could efficiently improve mitochondrial
function and concomitantly alleviate oxidative stress.

ER stress and mitophagy may mediate TSPO-driven mitochon-
drial dysfunction following A/R stimulation. To investigate how
TSPO knockdown protected against mitochondrial dysfunction
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induced by A/R stimulation, the impact of TSPO on ER stress
was explored. ER stress is closely associated with mitochon-
drial dysfunction by transferring stress signals from the ER to
the mitochondria (22). Western blotting confirmed that A/R
stimulation resulted in a significant increase in the expression
of key markers (p-PERK/PERK, ATF6 and IRE1) involved in
the adaptive unfolded protein response (UPR), accompanied
by downstream signaling during ER stress (23). However,
TSPO knockdown further increased the expression of the
aforementioned markers compared with the si-NC A/R group
(Fig. 3A and B). Subsequently, Co-IP results show that there
is a protein interaction between TSPO and ATF6 (Fig. 3C). In
addition, immunofluorescence co-staining showed an increase
in ATF6 expression in the nucleus following A/R stimulation.
The localization of ATF6 in the cytoplasm overlapped with
TSPO (Fig. 3D). These results indicate that TSPO may play

a role in ER stress by interacting with ATF6 during myocar-
dial I/R injury.

ER stress is also a potent trigger for autophagy, which
typically serves an adaptive protective function during
myocardial I/R injury (24). Paradoxically, the results
showed that TSPO knockdown reduced the expression
of autophagy-related markers following A/R stimulation
compared with si-NC A/R cells (Fig. 4A-C). Notably, the
PI3K-Akt-mTOR pathway participates in inhibiting the
activation of autophagy (25). In the present study, following
TSPO knockdown, the ratios of p-PI3K/PI3K, p-Akt/Akt and
p-mTOR/mTOR were significantly increased compared with
si-NC A/R cells (Fig. 4D and E). These results suggest that
targeting TSPO may inhibit myocardial cell autophagy by
promoting the activation of the PI3K-Akt-mTOR signaling
pathway.


https://www.spandidos-publications.com/10.3892/etm.2024.12638

8 WEN et al: MITOCHONDRIAL PROTECTION THROUGH TSPO-TARGETING MITIGATES MYOCARDIAL I/R INJURY

A si-NC si-TSPO

LC3B

B 2

0 B
p=4

A/R-si-TSPO

o
<
- -
==

" si-TSPO

»
-~
LC3B - - 15 kDa

Beclin 1 | esw® g z : 60 kDa
ATGS | B B s 0a

CDH [ - - - 57 02

D

si-NC
si-TSPO
A/R-si-NC
A/R-si-TSPO

p-PI3K (Tyr458) T 85 kDa

PIK [ M s W |55 kDa
p-AKT (Serd73) [# & | . s 60 kDa

AKT | D @ 60 kDa
p-mTOR (Ser2448) | -— enmn GEER T |289 kDa

MTOR W s e w— 250 kDa

GAPDH | s e @D |37 Da

£
O

F g = E

QO » ‘o g

= B & ¢

R T <
Poz [N N W B | 2 0
PINKI [ Wy g sl 45 D
Parkin [We W swew s 5) (Do
GAPDH 7 koa

si-NC
si-TSPO

' A/R-si-NC
' A/R-si-TSPO

Min2 |s— e— | 86 kDa

Drpt [ - - - | 70 kDa

GAPDH |(llD NS @IS @B |37 Da

m si-NC
o si-TSPO
A/R-si-NC A/R-si-TSPO 2 60 —
o 2
w2
O c
$ 3 40
> c
&3 20
&3
2o
Control AR
C - si-NC
o si-TSPO
*kk
_as 157 _w =
m 2.0 wks I = o
3 €10l m <
915 1. &
= 1.0 9 =
Q05 2 =
- < CCB
0.0 0.0 .0
Control A/R Control  A/R Control  A/R
m si-NC
E o si-TSPO
1.5 * 2.0 *
*kkk g
10 18
S T 1.0
O
$ 05 =4
o £ 0.5
. a
0.0 ; 0.0
Control AR Control  A/R Control  A/R
G = Si-NC
= si-TSPO
* %k * k% 1.5
L T * *okk
g £ 10
< s <
o o
N £ 05
‘
f 0.0
Control  A/R Control  A/R Control  A/R
I m Si-NC
o si-TSPO
ns
1.0 . 1.5 *
I 0. I
8 ° £ 1.0
& 0.6 <
Qo4 g
3> 505
£02 a
0.0 0.0
Control AR Control  A/R
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Subsequently, the expression of mitophagy-related proteins  the levels of these mitophagy markers, as indicated by further
(P62, PINK1 and Parkin) were assessed. A/R stimulation  decreases in P62 expression and increases in Parkin and
induced a significant decrease in mitophagy-related markers, ~PINKI1 expression compared with si-NC A/R controls
while TSPO knockdown following A/R treatment upregulated  (Fig. 4F and G). Furthermore, 7SPO knockdown resulted in
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a significant decrease in the expression of the mitochondrial
fusion protein Mfn2 following A/R stimulation compared
with si-NC A/R controls. However, the protein levels of
Drpl, a typical marker of mitochondrial fission, significantly
increased following TSPO knockdown compared with si-NC
A/R controls (Fig. 4H and I). These results suggest that inhib-
iting TSPO may decrease the fusion of damaged and healthy
mitochondria in myocardial cells, promote mitochondrial
fission, and facilitate the clearance of damaged mitochondria
through the Parkin/PINK1-mediated mitophagy pathway
following A/R stimulation. This process may help alleviate
mitochondrial dysfunction during myocardial I/R injury.

Discussion

Myocardial I/R injury is a significant complication that occurs
following a myocardial infarction (26). Despite significant
research efforts to identify therapeutic targets to address this
condition, advancements in the clinical management of this
disease have proven to be challenging. In the present study, it was
demonstrated that TSPO was significantly induced following
A/R injury. Knockdown of TSPO led to reduced apoptosis
and a simultaneous reduction in mitochondrial dysfunction
following A/R injury. Furthermore, it was found that ER stress
persisted in cells subjected to A/R and was intensified further
in the 7SPO knockdown cells. The interaction between TSPO
and the ER stress-related protein ATF6 suggested that ER
stress may play a role in mediating TSPO-driven mitochon-
drial dysfunction following A/R stimulation, highlighting the
need for further investigations. Taken together, these results
suggest that targeting TSPO may be a promising strategy for
alleviating myocardial I/R injury. TSPO may thus function as
a potential mediator of the relationship between ER stress and
mitochondrial dysfunction.

Emerging evidence has confirmed that apoptosis in
cardiomyocytes may result from mitochondrial injury,
autophagy, oxidative stress and ER stress (27). However, the
underlying link between the aforementioned cellular events
remains elusive. Since TSPO is an OMM protein expressed
in the heart (11), and the TSPO ligand 4'-chlorodiazepam has
been shown to reduce infarct size and enhance mitochondrial
function post-ischemia-reperfusion (28), a focus was placed
on assessing the impact of TSPO on myocardial I/R injury.
The results of the present study revealed that following A/R
stimulation, TSPO expression significantly increased, as
did cardiomyocyte apoptosis, which was notably reduced
following 7SPO knockdown.

The role of mtROS production and related pathways
in myocardial I/R injury has been extensively studied (7).
Myocardial ischemia hinders the mitochondrial ETC due to
oxygen deprivation, leading to excessive ROS production and
consequent cellular damage during reperfusion, ultimately
resulting in apoptosis (6). However, the exact mechanism of
myocardial I/R injury has not been fully determined, and
relevant clinical trials have proven to be ineffective (5). These
findings support previous research indicating that T7SPO
knockdown alleviates oxidative stress and consequent apop-
tosis in cardiomyocytes during A/R.

To further clarify the underlying mechanisms of TSPO in
myocardial I/R injury, its regulatory effect on mitochondrial
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function was investigated. Liu er al (14) demonstrated the
involvement of TSPO in the regulation of ATP synthesis.
The authors noted that overexpression of 7SPO in Jurkat
cells increases mitochondrial ATP production and cellular
excitability. Paradoxically, Gatliff er al (15) reported that
TSPO overexpression, in conjunction with its interaction
with voltage-dependent anion channel 1, enhances mtROS
synthesis while inhibiting mitophagy and ATP production in
canine mammary epithelial cells. In the present study, it was
confirmed that targeting TSPO facilitated ATP synthesis in
cardiomyocytes following A/R stimulation. This effect was
likely attributed to reduced ROS production and efficient clear-
ance of damaged mitochondria (29). Moreover, the decrease in
the mitochondrial membrane potential was mitigated following
TSPO knockdown. Thus, TSPO may participate in myocardial
I/R injury by regulating energy synthesis and ROS generation.

Mitochondria and the ER play a fundamental role in
controlling cellular physiology and regulating diverse
signal transduction pathways. The mitochondria-associated
membranes (MAMs) represent the first discovered connec-
tion between these two organelles, forming specialized lipid
raft-like structures (30). MAMs possess distinct structures
and serve as platforms for various signal transduction func-
tions, including lipid synthesis, transport and calcium transfer
from the ER to the mitochondria (31). Consequently, they
regulate crucial signaling pathways and maintain cellular
homeostasis. During myocardial I/R, an extensive UPR
occurs (32). ER stress, triggered by the accumulation of
unfolded or misfolded proteins in the ER, activates various
cellular processes, including oxidative stress leading to mito-
chondrial dysfunction (33). Evidence suggests that myocardial
cells experience increased ER stress following I/R, with ATF6
knockdown exacerbating heart damage and functional decline
post-I/R (34). The present study showed that targeting TSPO
triggered ER stress in cardiomyocytes following A/R stimu-
lation, and Co-IP analysis revealed an interaction between
TSPO and ATF6. Notably, ER stress-induced autophagy is a
compensatory response to cellular stress; however, prolonged
or severe ER stress can precipitate cell death (35). The activa-
tion of the UPR can lead to apoptosis, but it can also trigger
protective mechanisms, such as autophagy (36). According to
Vanhoutte ef al (37), the Thbsl-mediated PERK-elF2a-ATF4
signaling pathway plays a crucial role in inducing autophagy
and regulating cardiomyocyte size in the stressed heart.
Margariti et al (38) identified the IRE1a-XBPI1-S axis, which
promotes the conversion of LC3 I to LC3 II in endothelial
cells, thereby promoting autophagy. Dang et al (39) found
that under ER stress, ATF6 enhances autophagy and connects
UPR-associated pathways to maintain ER homeostasis.
Overexpression of activated ATF6 also rescues defects in
autophagy regulation (39). These studies substantiate the role
of ER stress in modulating autophagy, in agreement with
the findings of the present study. Autophagy is suppressed
in the myocardium during I/R (40). This process maintains
cardiomyocyte function by removing damaged organelles and
proteins. Appropriate levels of autophagy are essential for
myocardial recovery (41); however, excessive autophagy can
lead to cardiomyocyte death and reduced myocardial func-
tion. In the present study, following A/R, autophagy in H9c2
cardiomyocytes was significantly decreased, and autophagy
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further decreased following TSPO knockdown. Concurrently,
the PI3K-Akt-mTOR pathway was notably activated following
A/R stimulation and further enhanced following TSPO knock-
down, suggesting that TSPO may modulate autophagy via this
pathway.

In prior studies, the role of DRP1 promotes the produc-
tion of ROS (42). During I/R injury, both Fisl and DRP1 are
upregulated in neonatal and adult cardiomyocytes (43,44). In
this scenario, upstream signaling events promote the activation
of DRP1, which then interacts with Fisl at the OMM (45). This
interaction leads to an excessive accumulation of fragmented
and dysfunctional mitochondria, resulting in a redox imbal-
ance (46). Fisl also binds to mitochondrial fusion proteins
(MFN1, MFN2 and OPALl) and inhibits their GTPase activity,
consequently impeding mitochondrial fusion in mammalian
cells (47). The expression of MFN2 and DRP1 shows a nega-
tive correlation and jointly contributes to the regulation of
mitochondrial size (48). In the present study, the inconsistency
in the expression of ROS and DRP1 may be attributed to the
function of TSPO. The interaction between TSPO and VDACI1
can influence ROS production (15,16). Previous studies have
shown that TSPO knockdown significantly reduces ROS
expression (15,16). Hence, it is plausible to suggest that TSPO
knockdown could potentially inhibit the DRP1-mediated
increase in ROS.

Notably, in addition to autophagy, mitophagy, which is
crucial for removing damaged mitochondria and maintaining
cellular homeostasis (49), is inversely associated with TSPO
levels (17). In the present study, it was observed that A/R
treatment significantly reduced mitophagy. Following TSPO
knockdown, the extent of mitophagy significantly increased.
In general, impaired mitochondrial function hampers ATP
synthesis (50). However, the present study revealed that cardio-
myocytes with reduced TSPO expression produced more
ATP following A/R stimulation. This could be attributed to
enhanced clearance of damaged mitochondria and restoration
of mitochondrial function (51). Additionally, the activation
of ER stress may assist in the elimination of accumulated
unfolded proteins, requiring a significant amount of ATP (52).
These findings suggest that mitochondrial function is partially
restored in cardiomyocytes following A/R stimulation with
TSPO expression knocked down. Based on these observations,
it is postulated that 7SPO knockdown would mitigate damage
in cardiomyocytes following A/R stimulation, potentially by
triggering persistent ER stress and concomitant induction
of mitophagy. However, the precise mechanisms of TSPO
warrant further investigation.

It is necessary to acknowledge the limitations of the present
work. This study only used an in vitro model. Although this
provides mechanistic insights, further validation of the reli-
ability and general applicability of the research results using
animal models and clinical samples is required. Furthermore,
other unexplored signaling pathways and mechanisms related
to TSPO in myocardial I/R injury may require further
investigation for clarification in future studies.

In conclusion, the role of TSPO was investigated in an
in vitro model of A/R injury using H9c2 cardiomyocytes. The
results establish a potential mechanistic association between
ER stress and TSPO-induced mitochondrial dysfunction in the
process of myocardial I/R injury. Taken together, these results

suggest that targeting TSPO may be a potential strategy for
alleviating myocardial I/R injury in patients with IHD.
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