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SIRT5 induces autophagy and alleviates
myocardial infarction via desuccinylation
of TOM1
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Abstract

Myocardial infarction (MI) is a prevalent form of ischemic heart disease, significantly contributing to heart disease-
related deaths worldwide. This condition is primarily caused by myocardial ischemic-reperfusion injury (MIRI). Sirtuin
5 (SIRT5) is a desuccinylase known for its ability to reduce protein succinylation. Recent studies have highlighted
the potential role of SIRT5 in various human diseases, including MIRI. This study aims to investigate the specific role
of SIRT5 in modulating autophagy and cardiomyocyte death in a MIRI model, as well as to identify the downstream
protein targets of SIRTS. Initially, we established a hypoxia/reoxygenation (H/R)-induced MIRI cell model to measure
SIRT5 expression and assess its functions. Our results indicated that H/R induction led to a downregulation of

SIRT5 expression, decreased autophagy, and increased cell death. Notably, overexpression of SIRT5 effectively
promoted autophagy and inhibited cell death in the MIRI cell model. Mechanistically, SIRT5 was found to directly
interact with the target of myb1 membrane trafficking protein (TOM1) at the K48 site, inducing its desuccinylation

therapeutic strategies for MI.
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and stabilization. Further rescue assays revealed that TOM1 knockdown reversed the changes in autophagy

and apoptosis caused by SIRT5 overexpression in the MIRI cell model. In vivo experiments demonstrated that
SIRT5 alleviated myocardial injury in Ml models. In conclusion, this study uncovers the role of SIRT5-mediated
desuccinylation of TOM1 in regulating autophagy-related cell death in MIRI, providing new insights into potential

Introduction

Myocardial infarction (MI) is a common ischemic heart
disease and a leading cause of death worldwide [1].
Pathologically, MI is characterized by ischemic necro-
sis of myocardial tissues [2]. Early restoration of blood
supply, known as reperfusion, is crucial for reducing
infarct size and preserving cardiac function [3]. However,
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reperfusion often exacerbates myocardial tissue injury, a
phenomenon referred to as myocardial ischemic-reper-
fusion injury (MIRI) [4, 5]. Autophagy is a conserved
and tightly regulated intracellular catabolic process. It
facilitates the degradation and recycling of damaged and
dysfunctional macromolecules or organelles, thereby
maintaining cellular homeostasis [6]. In the heart,
autophagy plays a vital role in preserving cardiac func-
tion by executing various physiological processes. Abnor-
mal autophagy, however, can negatively impact cardiac
functions in various heart diseases, including cardiac
hypertrophy [7], heart failure [8], and MIRI [9]. There-
fore, understanding the specific molecular mechanisms
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that modulate autophagy-mediated MIRI is crucial for
developing new insights and therapeutic strategies for MI
treatment.

Succinylation is a post-translational modification that
influences protein expression and stability [10]. Current
research has highlighted the involvement of succinylation
in various human diseases, including malignant tumors
[11, 12] and stroke [13]. Studies have revealed the role
of succinylation-mediated post-translational modifica-
tions in myocardial injury. For instance, MG53 amelio-
rates myocardial ischemia-reperfusion injury (MIRI) via
succinylation [14], and the SIRT5-SDH-succinate path-
way affects I/R-induced myocardial injury [15]. Sirtuin 5
(SIRTS5) is a desuccinylase that catalyzes the removal of
succinyl groups, thereby reducing protein succinylation.
Recent studies have shown that SIRT5-mediated desuc-
cinylation is associated with diverse biological activi-
ties, including fatty acid metabolism [16], mitochondrial
metabolism [17], cardiomyocyte pyroptosis [18], and
mitochondrial surveillance [19]. However, whether
SIRT5-mediated protein desuccinylation can regulate
autophagy-related cardiomyocyte death in MIRI remains
unclear.

The purpose of this study is to investigate the specific
role of SIRT5-mediated desuccinylation in modulating
autophagy and cardiomyocyte death in a MIRI model
and to explore the downstream protein targets of SIRT5.

Materials and methods

Establishment of animal model

Eight-weeks old Sprague-Dawley (SD) rats used for all
animal experiments were provided by SJA Laboratory
Animal Co., Ltd (Hunan, China) commercially. All pro-
cedures of animal study were performed after being
approved by Institutional Animal Care and Use Commit-
tee of Nanjing Medical University (2023-12-13; IACUC-
2312031). Rats were assigned into four groups with equal
numbers (n=5 per group): Sham, MIRI, MIRI+IvNC, and
MIRI+IVSIRT5. Synthesis of lentivirus packaging SIRT5
expression vector (IvVSIRT5) and negative control (lvNC)
were completed by Hanheng Biotechnology Co., Ltd.
(Shanghai, China). After lentivirus injection, rats in the
later three groups were subjected to MIRI in accordance
with methods described in a previous study [20]. In brief,
rats were injected with 3% pentobarbital sodium (Sigma-
Aldrich) for anesthesia. The left anterior descending cor-
onary artery was then ligated with a braided silk suture
to produce myocardial ischemia. Half an hour after isch-
emia, the myocardium was subjected to six-hours’ reper-
fusion. Rats underwent the same surgical procedures but
without ligation of the left coronary artery were defined
as Sham group. After that, all rats were euthanized for
collection of their corresponding heart samples.
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Triphenyltetrazolium chloride (TTC) staining

To assess myocardial infarction in MIRI rats, TTC stain-
ing was utilized. After sacrifice, hearts were quickly
excised and washed in ice-cold saline. Transverse
Sect. (2 mm thick) were prepared and immersed in 1%
TTC solution (pH 7.4) at 37 °C for 20 min in the dark.
TTC stains viable myocardium brick-red, while necrotic
tissue remains unstained and appears white or pale. The
sections were then fixed in 10% formalin, and digital
images were captured. Infarct size was calculated as a
percentage of the left ventricle using image analysis soft-
ware, providing a quantitative measure of I/R-induced
damage.

Haematoxylin and eosin (H&E) staining

Cardiac tissue was harvested from the four groups of rats
mentioned above under pentobarbital sodium anesthe-
sia (35 mg/kg, i.p.) and washed in PBS. The tissue was
then fixed in 4% paraformaldehyde for 24 h and embed-
ded in paraffin. Next, samples were sectioned into 4.0 um
slices and stained with H&E for 5 min. The stained sec-
tions were observed using a Zeiss confocal microscope
(Oberkochen, Germany).

Cell culture and cell model establishment

Human cardiomyocytes (AC16 cells) were purchased
from ATCC (Manassas, VA, USA) and cultured in
DMEM supplemented with 10% fetal calf serum (FCS)
and penicillin-streptomycin. The cells were maintained in
a humidified incubator set at 37 °C with 5% CO2.

To establish the hypoxia/reoxygenation (H/R)-induced
myocardial ischemia-reperfusion injury (MIRI) cell
model, AC16 cells were incubated under hypoxic con-
ditions (95% N2+5% CO2) for 3 h. Subsequently, the
cells were transferred to a reoxygenation incubator (95%
02+5% CO2) for another 3 h. Cells cultured under nor-
moxic conditions served as the control group.

Cell transfection and treatment

Short hairpin RNAs (shRNAs) targeting SIRT5 (shSIRT5)
or TOM1 (shTOM1) as well as their corresponding nega-
tive controls (shNC) were all synthesized by Ribobio
(Guangzhou, China). The whole length of SIRT5 was
sub-cloned into the pcDNA3.1 vector to construct SIRT5
overexpression vector (named SIRT5), and the empty
vector was defined as the negative control (named vec-
tor). All plasmids were transfected into AC16 cells using
Lipofectamine 3000 transfection Kit (Invitrogen, Carls-
bad, CA, USA).

To evaluate TOM1 protein stability under different
conditions, AC16 cells with SIRT5 overexpression or
knockdown were treated with 50 pug/ml of cyclohexane
(CHX; MCE, NJ, USA) for 0, 6, 12, and 24 h.
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RT-qPCR
Total RNA extracted from indicated AC16 cells using
TRIzol™ reagent (Invitrogen) was then subjected to
reverse transcription to generate ¢cDNA with Prime-
Script® 1st Strand Synthesis Kit (TaKaRa, Tokyo, Japan).
QuantiTect SYBR® Green RT-PCR Kit (QIAGEN, Dussel-
dorf, Germany) was applied for performing the real-time
RT-qPCR. Relative SIRT5 mRNA expression was deter-
mined by using 27%4“* calculation method by normalizing
to GAPDH.

Flag HA Co-IP

pcDNA3.1 vectors encoding Flag-SIRT5 and HA-TOM1
were constructed using standard molecular cloning tech-
niques. Sequence verification was performed to confirm
correct insertion and reading frame. At 70-80% conflu-
ence, AC16 cells were transfected with Flag-SIRT5 and
HA-TOM1 plasmids, either individually or co-trans-
fected, using lipofectamine-based reagent following the
manufacturer’s instructions. Cells were incubated for
48 h post-transfection to allow protein expression. Next,
transfected cells were harvested and lysed in ice-cold IP
lysis buffer (containing protease and phosphatase inhibi-
tors) using gentle agitation. Lysates were centrifuged to
remove debris. Cleared lysates were incubated over-
night at 4°C with anti-Flag magnetic beads to pull down
Flag-SIRT5 along with any interacting proteins. Control
samples included beads incubated with lysate from cells
expressing HA-TOM1 alone to assess nonspecific bind-
ing. After that, beads were washed extensively with lysis
buffer to remove unbound proteins. Next, interacting
proteins were eluted using Flag peptide or denaturing
conditions, depending on downstream analysis require-
ments. Eluates were subjected to SDS-PAGE and trans-
ferred to PVDF membranes for Western blot analysis.

Determination of autophagic cells

The mCherry-GFP-LC3 adenovirus (Beyotime, Shanghai,
China) was transfected into AC16 cells (1x10° cells/well)
cultured in a 24-well plate at a multiplicity of infection
(MOI) of 40 at 37 °C in a 5% CO, incubator for 24 h. Fol-
lowing transfection, the cells were incubated with fresh
medium for an additional 12 h at 37 °C. Thereafter, the
cells underwent H/R treatment and transfection experi-
ments. For imaging, three random fields per cell were
selected under a confocal laser scanning microscope
(Carl Zeiss, Jena, Germany) to quantify the number of
autophagosomes (mCherry+GFP yellow) and autolyso-
somes (mCherry red) per cell.

Cell death detection

PI staining was used to evaluate cell death. Briefly, AC16
cells with indicated transfections or treatments were cul-
tured in a 12-well plate at a density of 10° cells per well.
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Cells were then incubated in a solution mixed with DAPI
and PI for 25 min. Finally, PI-positive cells were moni-
tored and imaged under a fluorescence microscope.

Western blot
Total protein was extracted using RIPA lysis buffer (Beyo-
time, Beijing, China). Total protein (50 pg) was separated
by 10% SDS-PAGE, followed by transferring onto a PVDFE
membrane. The membrane was then blocked with 5%
milk in TBST, followed by incubation with primary anti-
bodies against LC3BII/I (1: 2000), p62 (1: 1000), SIRT5
(1:1000), TOM1 (1:1000), GAPDH (1:1000) at 4 °C over-
night. After that, the membrane was washed in TBST and
then treated with the secondary antibody (1:5,000) for
further incubation. All antibodies were purchased from
Santa Cruz Biotechnology (Dallas, TX, USA). Protein
bands were visualized by exposing to ECL (Beyotime).
The succinylation level was detected by western blot
analysis using l-lactyllysine antibody (PTM Biolabs, Chi-
cago, IL, USA) as mentioned previously [21].

Immunoprecipitation assay

AC16 cells were harvested by gentle trypsinization,
washed in ice-cold PBS, and pelleted by low-speed cen-
trifugation. The cell pellets were then lysed in ice-cold
IP lysis buffer supplemented with protease inhibitors.
Lysates were incubated on ice for 30 min and subse-
quently centrifuged at 16,000 x g for 15 min at 4 °C to
remove cellular debris. The supernatants were incubated
overnight at 4 °C with an anti-TOM1 antibody pre-bound
to protein A/G agarose beads, allowing specific complex
formation between the antibody and target protein. Fol-
lowing incubation, the bead-antibody-protein complex
was thoroughly washed with cold lysis buffer to elimi-
nate non-specifically bound proteins. The bound proteins
were then eluted from the beads by boiling in reducing
sample buffer for succinylation determination by West-
ern blot assay.

Statistical analysis

Experimental data obtained from three independent
samples were graphed as meantstandard deviation.
According to group number, statistical analysis of all
data was completed using SPSS v17.0 (IBM, Chicago,
IL, USA) with two different methods (student’s t test for
two groups, and one-way ANOVA for multiple groups).
P<0.05 was a threshold of being statistically significant.

Results

SIRT5 is downregulated in H/R-indued MIRI cell model
Initially, AC16 cells underwent hypoxia/reoxygenation
(H/R) to mimic the myocardial ischemia-reperfusion
injury (MIRI) cell model. After H/R induction, autophagy
and cell death conditions in AC16 cells were monitored.



Li et al. BMC Cardiovascular Disorders (2024) 24:464 Page 4 of 11

Observations of mCherry-GFP-LC3  fluorescence  cells exhibited elevated levels of p62 and a decreased
indicated a significant decrease in GFP-LC3-positive = LC3BII/I ratio (Fig. 1B). PI-positive cell detection sug-
autophagosomes in H/R-injured AC16 cells (Fig. 1A). gested that cell death was promoted in AC16 cells post-
Western blot analysis revealed that H/R-induced AC16  H/R induction (Fig. 1C). Subsequently, changes in SIRT5
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Fig. 1 SIRT5 is downregulated in H/R-indued MIRI cell model. (A) mCherry-GFP-LC3 fluorescence was detected to show the autophagy condition in
cardiomyocytes before or after H/R induction. (B) The autophagy-related protein markers were assessed by western blot in cardiomyocytes before or after
H/R induction. (C) Pl positive cells were detected to observe the cell death before or after H/R induction. D-E. SIRT5 expression changes were evaluated
through measuring both mRNA and protein levels with RT-gPCR and western blot. “P<0.01: H/R vs. CON
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expression were evaluated by measuring both mRNA and
protein levels. RT-qPCR and Western blot results dem-
onstrated a notable decrease in SIRT5 mRNA and pro-
tein expression in H/R-induced AC16 cells (Fig. 1D-E).
These findings collectively indicate that SIRT5 is down-
regulated in H/R-induced injured cardiomyocytes.
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Overexpression of SIRT5 promotes autophagy while
inhibits cell death of MIRI cell model

To analyze whether SIRTS5 is involved in autophagy and
cell death in the H/R-induced MIRI cell model, a vector
expressing SIRT5 was transfected into model cells. The
overexpression efficiency was confirmed by RT-qPCR
(Fig. 2A). Analysis of mCherry-GFP-LC3 fluorescence
showed that SIRT5 overexpression promoted autophagy,
which was otherwise blocked by H/R induction in cardio-
myocytes (Fig. 2B). Additionally, SIRT5 overexpression
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Fig. 2 Overexpression of SIRT5 promotes autophagy while inhibits cell death of MIRI cell model. (A) The vector expressing SIRT5 was transfected into
model cells and the overexpression efficiency was indicated by RT-qPCR data. (B) The autophagy was detected in H/R induced cardiomyocytes after
SIRT5 overexpression through mCherry-GFP-LC3 fluorescence analysis. (C) Cell death in H/R induced cardiomyocytes after SIRTS overexpression. (D) The

autophagy-related protein markers were assessed by western blot in H/R induced cardiomyocytes after SIRT5 overexpression.

#p<0.01: H/R+SIRT5 vs. H/R + vector

"P<0.01: H/R vs. CON;
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prevented H/R-induced cell death (Fig. 2C). Next,
autophagy-related protein markers were detected. As
shown in Fig. 2D, the elevated level of p62 and the
decreased LC3BII/I ratio caused by H/R induction were
reversed by SIRT5 overexpression. These data suggest
that SIRTS5 plays a crucial role in promoting autophagy to
repair myocardial cell damage induced by H/R.

SIRT5 interacts with TOM1 and decreases the succinylation
of TOM1 protein at site K48

Since SIRT5 can exert its role in various biological pro-
cesses through succinylation modification, we further
analyzed the correlation between SIRT5 and its down-
stream target, TOM1. We measured the levels of TOM1
and succinylated TOML1 in cardiomyocytes with either
SIRT5 overexpression or knockdown. The results showed
that SIRT5 overexpression increased TOM1 levels while
reducing succinylated TOM1 levels. Conversely, SIRT5
silencing led to opposite results (Fig. 3A). The physical
interaction between SIRT5 and TOM1 was confirmed by
both exogenous (Fig. 3B) and endogenous (Fig. 3C) co-
immunoprecipitation (CO-IP). We then predicted the
potential site of TOM1 succinylation and identified the
K48 site (Fig. 3D). To verify whether K48 was the actual
succinylation site, we mutated the K48 site (K48R) and
performed further Western blot analysis. The results
indicated that mutating the K48 site abolished the effects
of SIRT5 overexpression or knockdown on TOM1 and
succinylated TOM1 levels (Fig. 3E). Finally, we investi-
gated whether SIRT5-mediated desuccinylation altered
TOM1 protein stability in cycloheximide (CHX)-treated
cardiomyocytes. The results suggested that SIRT5 over-
expression hampered CHX-induced TOMI1 protein
destabilization, while SIRT5 knockdown had the opposite
effect (Fig. 3F). Collectively, these findings confirm that
SIRT5 enhances TOM1 protein expression by interacting
with it to induce its desuccinylation.

Silencing of TOM1 reverses the tendencies of autophagy
and cell death altered by SIRT5 overexpression in MIRI cell
model

Rescue assays were performed in the H/R-induced cell
model to demonstrate the role of the SIRT5/TOM1 axis
in mediating autophagy and cell death. TOM1 expression
was interfered with before all experiments, as validated
by RT-qPCR (Fig. 4A). By analyzing mCherry-GFP-LC3
fluorescence, we determined that the autophagy recov-
ery induced by SIRT5 overexpression in the H/R-induced
MIRI cell model was inhibited again after TOM1 knock-
down (Fig. 4B). Similarly, the reduction in cell death
due to SIRT5 overexpression in the H/R-induced MIRI
cell model was reversed following TOM1 knockdown
(Fig. 4C). Lastly, changes in autophagy-related protein
markers were observed under the same conditions. The
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results indicated that the decreased level of p62 and the
increased LC3BII/I ratio, both induced by SIRT5 over-
expression, were reversed after TOM1 knockdown
(Fig. 4D). Therefore, we conclude that SIRT5 increases
TOM1 expression to induce autophagy and suppress
myocardial damage in MIRL

SIRTS5 alleviates myocardial injury in in vivo Ml models

The role of SIRT5 in ameliorating myocardial injury was
further validated using an in vivo MIRI model. TTC
staining results showed that SIRT5 overexpression sig-
nificantly decreased the infarct area of myocardial tis-
sues in MIRI rats (Fig. 5A). HE staining results indicated
no apparent pathological changes in the Sham group. In
contrast, myocardial tissues in the MIRI group exhib-
ited significant fractures of myocardial fibers, which
were loosely and irregularly arranged. These pathological
changes were alleviated following SIRT5 overexpression
(Fig. 5B). Additionally, protein levels of SIRT5, TOMI,
and the LC3II/I ratio, which were decreased in the MIRI
model, were restored after SIRT5 overexpression. Con-
versely, levels of succinylated TOM1 and p62, which were
increased in the MIRI model, were reduced following
SIRT5 overexpression (Fig. 5C). Based on these findings,
we conclude that SIRT5 ameliorates myocardial injury in
MIRI animal models.

Discussion
MIRI is a primary cause of cardiac death in MI patients
[22]. Previous studies have demonstrated that autophagy
can protect against myocardial I/R by regulating cardio-
myocyte death [23]. For example, berbamine pre-treat-
ment induces autophagy, providing protection against
I/R-induced heart injury [24]. Similarly, ALDH2 has been
identified as a therapeutic target for MIRI due to its role
in promoting autophagy during ischemia and reperfusion
[25].0Our study found that autophagy was inhibited, while
cell death increased in H/R-induced cardiomyocytes,
indicating that autophagy-induced suppression of cardio-
myocyte death was impaired in the MIRI cell model.
SIRT5 is a desuccinylase that functions by catalyzing
the removal of succinylation, thereby inhibiting protein
succinylation. Evidence has revealed the potential roles of
SIRT5 in various human heart diseases [26, 27]. Impor-
tantly, SIRT5’s impact on I/R-induced myocardial injury
has been previously documented [15]. However, whether
SIRT5 affects autophagy in myocardial ischemia-reper-
fusion injury (MIRI) through the desuccinylation of its
target proteins remains unclear. In this study, we con-
firmed that SIRT5 was significantly downregulated in
the MIRI cell model. To analyze SIRT5’s involvement in
autophagy and cell death in the H/R-induced MIRI cell
model, we overexpressed SIRT5 and conducted vari-
ous detections. Our experimental results indicated that
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Fig. 4 Silencing of TOM1 reverses the tendencies of autophagy and apoptosis altered by SIRT5 overexpression in MIRI cell model. (A) TOM1 expression
was interfered, as validated by RT-qPCR. P < 0.01: ShTOM1 +vs. shNC. (B) The effect of TOM1 silencing on SIRT5 overexpression-induced autophagy was
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SIRT5 overexpression promoted autophagy, which was
previously blocked by H/R induction in cardiomyocytes,
and prevented H/R-induced cell death. Further measure-
ments of autophagy-related protein markers revealed
that the increased level of p62 and the decreased ratio

of LC3BII/I caused by H/R induction were reversed by
SIRT5 overexpression. These findings confirm the role
of SIRT5 in inducing autophagy, thereby promoting the
repair of myocardial cell damage induced by H/R.
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Fig. 5 SIRT5 alleviates myocardial injury in in vivo MI models. (A) TTC staining for infarct area of myocardial tissues in four different rat models. (B) HE
staining results for pathology of myocardial tissues in four different rat models. (C) The levels of SIRT5, TOM1, TOM1-succ, and autophagic markers (LC3I1/1
and p62) was measured by western blot in myocardial tissues obtained from four groups of rat models

Mechanistically, SIRT5 regulates protein desuccinyl-
ation to exert its functions across different disease mod-
els. For instance, SIRT5 mediates the desuccinylation of
ACOX]1, decreasing its activity in hepatocellular carci-
noma development [28]. In the context of intervertebral
disc degeneration, SIRT5 protects mitochondrial homeo-
stasis via the desuccinylation modification of AIFM1

[29]. Additionally, SIRT5 enhances cellular antioxidant
defense by promoting the desuccinylation of IDH2 [30]
and eliminates reactive oxygen species (ROS) through
desuccinylation-mediated activation of SOD1 [31]. How-
ever, the interaction between SIRT5 and TOM1 had not
been revealed until now. This study demonstrates that
SIRT5 overexpression increases the level of TOM1 while



Li et al. BMC Cardiovascular Disorders (2024) 24:464

reducing the level of succinylated TOM1, indicating a
regulatory interaction between SIRT5 and TOML.

Moreover, SIRT5 was found to directly interact with
TOMI1. The potential site of TOMI1 succinylation was
predicted and identified as K48. Upon mutating the K48
site, the effects of SIRT5 overexpression or knockdown
on the levels of TOM1 and succinylated TOM1 were
abolished. Protein stability assays revealed that SIRT5
overexpression hampered the cycloheximide (CHX)-
induced destabilization of TOM1, whereas SIRT5 knock-
down enhanced TOM1 destabilization. This confirmed
that SIRT5 interacts with TOM1 and decreases the suc-
cinylation of TOM1 at the K48 site to stabilize the pro-
tein. Rescue assays demonstrated that the autophagy
recovered by SIRT5 overexpression in the H/R-induced
MIRI cell model was inhibited again when TOM1 expres-
sion was knocked down. Additionally, TOM1 knockdown
augmented the cell death that was prevented by SIRT5
overexpression in the H/R-induced MIRI cell model.
These results collectively indicate that SIRT5-mediated
desuccinylation of TOM1 at the K48 site is crucial for
stabilizing TOM1, promoting autophagy, and protecting
cardiomyocytes from death in the context of MIRI.

In conclusion, our study validated that SIRT5 induces
autophagy to prevent cell death in MIRI. Additionally,
SIRT5 ameliorated myocardial injury in MIRI rat models.
Mechanistically, SIRT5 enhances TOM1 protein expres-
sion through desuccinylation-mediated stabilization.
These research findings suggest that SIRT5-mediated
protein desuccinylation is a potential therapeutic target
for MIRL
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