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The study on the role 
of O‑GlcNAcylation of SIRT3 
in regulating mitochondrial 
oxidative stress during simulate 
myocardial ischemia‑reperfusion
Han Zhou 1,2, Yingjie Ji 1,2, Jingjie Li 1* & Lin Sun 1*

Myocardial ischemia‑reperfusion injury (MIRI) is a significant complication following reperfusion 
therapy after myocardial infarction. Mitochondrial oxidative stress is a critical factor in MIRI, and 
Sirtuin 3 (SIRT3), as a major mitochondrial deacetylase, plays a key protective role, with its activity 
potentially regulated by O‑GlcNAcylation. This study used the H9C2 cell line to establish a simulated 
ischemia/reperfusion (SI/R) model, we utilized co‑immunoprecipitated to validate the relationship 
between O‑GlcNAc transferase (OGT) and SIRT3, demonstrated SIRT3 O‑GlcNAcylation sites through 
LC–MS/MS, and performed site mutations using CRISPR/Cas9 technology. The results were validated 
using immunoblotting. SIRT3 and superoxide dismutase 2 (SOD2) activities were detected using a 
fluorometric assay, while mitochondrial reactive oxygen species (MROS) levels and cellular apoptosis 
were assessed using immunofluorescence. We have identified an interaction between SIRT3 and OGT, 
where SIRT3 undergoes dynamic O‑GlcNAcylation at the S190 site, facilitating SIRT3 deacetylase 
activity. During SI/R, elevated levels of O‑GlcNAcylation activate SOD2 by promoting SIRT3 enzyme 
activity, thereby inhibiting excessive MROS production. This significantly mitigates the occurrence 
of malignant autophagy in myocardial cells during reperfusion, promoting their survival. Conversely, 
blocking SIRT3 O‑GlcNAcylation at the S190 site exacerbates SI/R injury. We demonstrate that 
O‑GlcNAcylation is a crucial post‑translational modification (PTM) of SIRT3 during SI/R, shedding light 
on a promising mechanism for future therapeutic approaches.
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Acute myocardial infarction (AMI) is a serious cardiovascular disease that poses a significant threat to human 
health 1,2. Reperfusion therapy is currently the most effective treatment method for reducing ischemic damage 3. 
Unfortunately, myocardial ischemia-reperfusion (MI/R) can lead to additional myocardial injury 4,5. Therapeutic 
strategies aimed at reducing MIRI have been found to be significantly limited in their effectiveness 6,7. Targeted 
reperfusion therapy has been a focal point and bottleneck of research.

Autophagy is believed to play a crucial role in MIRI 8. Autophagy acts as a protective mechanism during car-
diac ischemia by rapidly releasing energy substrates into the cytoplasm, generating ATP through the tricarboxylic 
acid cycle, thereby reducing cellular metabolic burden and providing energy 9. Many studies have demonstrated 
the protective role of autophagy during the ischemic process 10,11. However, continuous expression of autophagy 
during ischemic organ reperfusion may cause damage or even cell death 12–14. Extensive research has been 
conducted on the molecular mechanisms of excessive autophagy during myocardial reperfusion. Some studies 
suggest that excessive MROS generated during reperfusion can significantly induce autophagy and exacerbate 
myocardial injury 15–17. MROS are primarily degraded by SOD2, whose activity is mainly influenced by its acety-
lation level 18. SIRT3 is a member of the class III histone deacetylases (HDACs) and is the main deacetylase of 
mitochondria. SIRT3 regulates the antioxidant enzyme activity of SOD2 through deacetylation 19. Studies have 
shown that SIRT3 plays a crucial role in cardiac ROS regulation and can thereby modulate autophagy levels 
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during reperfusion, alleviating reperfusion injury 20–22. Therefore, elucidating the activity regulation mechanism 
of SIRT3 during MI/R is crucial, yet relevant research remains scarce.

In recent years, O-GlcNAcylation has emerged as a PTM that links changes in cellular metabolism with 
protein function, becoming a regulatory factor in cardiovascular homeostasis 23. Protein O-GlcNAcylation is a 
highly dynamic and reversible nutrient-driven process 24, controlled by OGT and O-GlcNAcase (OGA), where 
OGT catalyzes the attachment of a single sugar to target proteins, while OGA reverses this process 25. One of the 
earliest cellular responses to various stresses is a rapid increase in O-GlcNAcylation rates 26. Numerous studies 
have shown that this adaptive increase contributes to enhanced cell survival during MI/R, exerting a protective 
effect 27–29. However, the specific mechanisms remain unclear.

The overlapping roles of SIRT3 and O-GlcNAcylation in MIRI protection have led us to consider the pos-
sibility of O-GlcNAcylation modifying SIRT3. In recent years, several members of the Sirtuins family have been 
found to possess O-GlcNAcylation sites, significantly regulating their activity and involvement in physiological 
and pathological processes. For instance, SIRT1 is O-GlcNAcylated at Ser 549 at its carboxyl terminus, enhancing 
its deacetylase activity and protecting cells from stress-induced apoptosis 30. Similarly, O-GlcNAcylation modi-
fication at Ser 136 of SIRT7 is crucial for maintaining its protein stability and deacetylase ability, and blocking 
SIRT7 O-GlcNAcylation can delay tumor progression 31. Therefore, we speculate that SIRT3 may also possess 
O-GlcNAcylation sites and significantly regulate its deacetylation ability.

In this study, we established an SI/R model to confirm that O-GlcNAcylation of SIRT3 enhances its deacety-
lase activity, thereby activating SOD2 activity, promoting the degradation of MROS during SI/R, and inhibiting 
maladaptive autophagy. During SI/R, the loss of SIRT3 O-GlcNAcylation suppresses the SIRT3-SOD2-MROS 
axis, exacerbating cell apoptosis. These data elucidate a novel molecular mechanism of SIRT3, which may offer 
new insights and approaches for the clinical treatment of myocardial infarction in the future.

Methods
Cell culture
The cell lines H9C2 were obtained from Procell and cultured in H9C2-specific growth medium (Procell, 
CM-0089) at 37 °C with 5% carbon dioxide in a cell culture incubator (Thermo). The medium was changed 
based on the cell growth and adherence status. During medium change, the old medium was first discarded, 
followed by washing with PBS (Sevenbiotech, SC106) for 2–3 times, and then fresh complete medium was added. 
If drug stimulation was applied, the drug was added after medium change.

PUGNAC drug intervention
When H9C2 cells reach 80% confluence in the culture flask, PUGNAC (Santa Cruz Biotechnology, sc-204415A; 
1.25 μl/ml) is added, and the cells are further cultured for 16 h. For H9C2 cells requiring SI/R treatment, PUG-
NAC is added to the medium 16 h before ischemia induction. During ischemia, ischemic medium is used instead 
of regular medium. After ischemia, the medium is switched back to H9C2 cell-specific medium, and PUGNAC 
is added for an additional 2 h of incubation.

Plasmids
The siRNA-SIRT3 plasmid and siRNA-OGT plasmid were both purchased from Sevenbiotech company. The 
sequence of siRNA-SIRT3 from 5′ to 3′ end is GCG UUG UGA AAC CUG ACA U. The sequence of siRNA-OGT 
from 5′ to 3′ end is GCU GAU GCU UAU UCC AAU A. The point mutation plasmid  (SIRT3S190A) was obtained from 
FENGHUI Biological Technology company, and plasmid identification was conducted by the same company. 
According to the manufacturer’s instructions, Lipofectamine 3000 (Invitroge; L3000015) transfection reagent 
was used for plasmid transfection of H9C2 cells.

Immunoprecipitation (IP) and CoIP
Collect the cells and add cell lysis buffer containing RIPA buffer (Beyotime Biotechnology; P0013B), phos-
phatase inhibitors (Beyotime Biotechnology; P1045), and PMSF (Beyotime Biotechnology; ST505). Incubate 
with respective protein antibodies by vertical rotation at 4 °C overnight. Add protein A + G agarose beads (Santa 
Cruz Biotech; sc-2003) and continue shaking for 8 h. Collect the precipitate and add 5 × loading buffer (Beyotime 
Biotechnology; P0015) for protein denaturation (100 °C, 10 min). Centrifuge to collect the supernatant and store 
the samples at − 80 °C for subsequent analysis.

SI/R model
H9c2 cells were exposed to ischemia by replacing H9C2-specific growth medium with ischemic buffer (pH 6.3), 
which contained 137 mM NaCl, 15.8 mM KCl, 0.49 mM MgCl2, 0.9 mM CaCl2, 4 mM HEPES, 10 mM 2-deoxy-
glucose, 20 mM sodium lactate and 1 mM sodium dithionite. Subsequently, cells were incubated in a self-made 
sealing box in an atmosphere of 95% nitrogen and 5% CO2 at 37 °C for 4 h. Following ischemia, reperfusion was 
initiated by incubating in H9C2-specific growth medium at 37 °C with 5% CO2 for a further 2 h.

O‑GlcNAc site mapping of SIRT3
This experiment was conducted by Beijing BiotechPack company to analyze the PTMs of SIRT3 protein in H9C2 
cells (Project No.: BTP-20230804-07). Firstly, proteins were extracted from the samples, followed by CO-IP and 
subsequent trypsin digestion. The processed samples were then subjected to liquid chromatography-tandem 
mass spectrometry (LC–MS/MS) analysis to obtain raw mass spectrometry data files. The data were analyzed 
using the Byonic software to match and identify the results.
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Western blotting
The cells were lysed thoroughly using cell lysis buffer. If mitochondrial proteins (SIRT3) needed to be collected, 
the cell lysate was sonicated for 10 min using an ultrasonic cell disruptor (Thermo) before the lysis process. The 
supernatant was collected after centrifugation, and 5 × loading buffer was added for protein denaturation. Sub-
sequently, SDS-PAGE gel separation was performed, followed by the transfer of proteins onto a polyvinylidene 
difluoride (PVDF) membrane. The primary antibody data is presented in Supplementary Table 1.

SIRT3 and SOD2 activity assay
SIRT3 deacetylase activity was measured with a SIRT3 Direct Fluorescent Screening Assay Kit (Cayman; 
10011566). SOD2 activity was measured with a SOD activity assay kit (Boxbio; AKAO001M) according to the 
manufacturer’s protocol.

TUNEL assay
Using a One-Step TUNEL Apoptosis Assay Kit (Beyotime Biotechnology; C1088), cells were fixed with an 
immunostaining fixative solution (Beyotime Biotechnology; P0098) for 30 min. Immunostaining permeabili-
zation buffer (Beyotime Biotechnology; P0097) was then added and incubated for 5 min. Subsequently, 100 µl 
of TUNEL staining solution was added to the samples and incubated in the dark for 60 min. The samples were 
then sealed with an antifade mounting medium (Beyotime Biotechnology; P0126) and observed under a fluo-
rescence microscope.

MROS detection
MROS was measured using the Mitochondrial ROS Detection Assay Kit (Cayman; 701600). Each well was 
incubated with 100 μL of pre-warmed Mitochondrial ROS Detection Reagent staining solution at 37 °C in the 
dark for 20 min. For the positive control, antimycin A working solution was added to the designated wells at a 
concentration of 8 μM and incubated at 37 °C for 1 h. Fluorescence was read under a fluorescence microscope 
with an excitation wavelength of 480–515 nm and an emission wavelength of 560–600 nm.

Statistical analysis
The data are shown as the means ± SD. We used the Shapiro–Wilk test to analyze the normality of the data. For 
comparisons between two groups, statistical analysis was performed using an unpaired t-test. For multiple group 
comparisons, the Brown-Forsythe and Welch ANOVA tests were used. A value of P < 0.05 was statistically sig-
nificant. All statistical analyses were performed using GraphPad Prism Version 7.0 (GraphPad Prism Software).

Results
OGT can interact with SIRT3
Since OGT is the sole enzyme responsible for protein O-GlcNAcylation within cells, we initially investigated 
whether OGT could interact with SIRT3 to assess potential associations between O-GlcNAcylation and SIRT3. 
H9C2 cell extracts were CoIP with anti-SIRT3 antibody or control immunoglobulin (IgG). As anticipated, 
immunoblot analysis revealed a prominent detection of OGT in the immunoprecipitates obtained with anti-
SIRT3 antibody, whereas no OGT was detected in the control antibody group (Fig. 1a). To confirm the specific-
ity of the SIRT3 antibody, SIRT3 expression in H9C2 cells was silenced using SIRT3-specific siRNA. OGT was 
barely detected in the CoIP from SIRT3-silenced cells (Fig. 1a). Additionally, reciprocal CoIP experiments were 

Fig. 1.  (a) Using SIRT3-silenced H9C2 cells as the negative control, immunoblotting was employed to examine 
whole-cell lysates (input), immunoprecipitates with anti-SIRT3 antibody, and control immunoglobulins (n = 3). 
(b) Immunoblotting was utilized to compare the CoIP induced by anti-OGT antibody in whole-cell lysates of 
control and OGT-silenced H9C2 cells (n = 3). siCtrl: Non-targeting plasmid; siOGT: OGT silenced; siSIRT3: 
SIRT3 silenced.
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performed, as depicted in Fig. 1b, showing that SIRT3 could also be CoIP with OGT-specific antibody, and OGT 
silenced significantly abolished the CoIP of SIRT3.

SIRT3 is O‑GlcNAcylated at Serine 190
CoIP results indicate that SIRT3 can interact with OGT, suggesting a potential presence of O-GlcNAcylation 
modification on SIRT3. To determine the precise site of O-GlcNAcylation, LC–MS/MS analysis was performed. 
O-GlcNAcylation was localized to Serine 190 (S190) within the peptide region 184–191 of SIRT3 (Fig. 2a). 
Comparison of the S190 O-GlcNAcylation site of rat SIRT3 with the corresponding region in other mammals 
revealed a high degree of conservation (Fig. 2b). These findings suggest that SIRT3 O-GlcNAcylation may be 
highly conserved throughout mammalian evolution.

To validate whether SIRT3 primarily undergoes O-GlcNAcylation at this site, we constructed a single-point 
mutation plasmid in which SIRT3 Serine 190 was mutated to Alanine (S190A) for subsequent studies. CoIP 
results showed that SIRT3 could undergo O-GlcNAcylation and the O-GlcNAcylation of SIRT3 significantly 
decrease significantly in S190A group compared with WT (Fig. 2c). Simultaneously, treatment of H9C2 cells 
with the OGA inhibitor PUGNAC significantly promoted O-GlcNAcylation of SIRT3 in the WT group and had 
a certain impact on the S190A group (Fig. 2c). However, statistical analysis indicated that this impact was more 
significant in the WT group (Fig. 2d), indicating that O-GlcNAcylation at S190 is highly dynamic. These results 
suggest that S190 is the primary O-GlcNAcylation site of SIRT3.

The O‑GlcNAcylation of SIRT3 at S190 can enhance its deacetylase activity
To investigate the effect of O-GlcNAcylation on SIRT3 deacetylase activity, we measured the activity of SIRT3 
in H9C2 cells after different treatments using a SIRT3 activity assay kit. We first assessed the O-GlcNAcylation 
levels in each group (Fig. 3a), and the results showed that the O-GlcNAcylation level in the S190A group was 
significantly lower than that in the WT group (P < 0.01), while PUGNAC treatment significantly increased the 
O-GlcNAcylation level in the WT group (P < 0.05), with no significant effect on the S190A group (P > 0.05) 
(Fig. 3b). Next, we characterized the activity of SIRT3 in each group by fluorescence intensity. Compared with 
the WT group, the SIRT3 enzyme activity decreased in the S190A group (P < 0.001), while PUGNAC treatment 
significantly enhanced the activity of SIRT3 in the WT group (P < 0.0001), with no significant effect on the S190A 
group (P > 0.05) (Fig. 3c). These results indicate that O-GlcNAcylation of SIRT3 at S190 significantly enhances 
SIRT3 deacetylase activity.

Fig. 2.  (a) LC–MS/MS detected the O-GlcNAcylation peptide of SIRT3(184–191). (b) Comparison of the S190 
site of rat SIRT3 with the corresponding region in other mammals. (c) Verification of the O-GlcNAcylation of 
the SIRT3 S190 site using PUGNAC and point mutation plasmids (n = 3). (d) Comparison of O-GlcNAcylation 
changes after the addition of PUGNAC in WT and S190A groups. (n = 3).
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SI/R activates SIRT3 by upregulating the O‑GlcNAcylation in H9C2 cells
We conducted in vitro studies using H9C2 cells to SI/R according to previously established methods 32, to inves-
tigate whether SIRT3 is activated by upregulating myocardial cell O-GlcNAcylation levels under SI/R conditions. 
First, we recorded the temporal changes in O-GlcNAcylation levels in H9C2 cells during the SI/R process.. We 
standardized the ischemia time to 4 h. During the first hour of reperfusion, O-GlcNAcylation levels were sig-
nificantly elevated, reaching a peak at the second hour of reperfusion, and then slowly returned to baseline levels 
(Fig. 4a,b). Therefore, we selected the 2 h reperfusion time point for further study.

Fig. 3.  (a) Validation of changes in SIRT3 O-GlcNAcylation levels using point mutation plasmids and 
PUGNAC. (b) Statistical graphs obtained by calculating the corresponding results (n = 3). (c) Statistical graphs 
of changes in SIRT3 enzymatic activity in each group detected using point mutation plasmids and PUGNAC 
(n = 3). (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

Fig. 4.  (a) The trend of SIRT3 O-GlcNAcylation levels with the duration of SI/R, with an ischemic time of 
4 h and reperfusion times at 0 h, 1 h, 2 h, 4 h, 8 h, 10 h, 12 h, 14 h, and 16 h. (b) Statistical graphs obtained by 
calculating the corresponding time curve results (n = 3). (c) Detection of changes in SIRT3 O-GlcNAcylation 
levels in each group using point mutation plasmids and PUGNAC. (d) Statistical graphs obtained by calculating 
the corresponding results from (c) (n = 3). (e) Statistical graphs of changes in SIRT3 enzymatic activity in 
each group detected using point mutation plasmids and PUGNAC (n = 3). (*P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001).
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Compared with the WT group, the SI/R group exhibited an upregulation in O-GlcNAcylation levels (P < 0.01) 
(Fig. 4c,d), but SIRT3 activity showed a slight decrease (P < 0.01) (Fig. 4e). Interestingly, we observed a further 
significant decrease in SIRT3 activity in the S190A + SI/R group compared with the SI/R group alone (P < 0.05) 
(Fig. 4e). Additionally, the O-GlcNAcylation levels of SIRT3 in the S190A + SI/R group were significantly lower 
than those in the SI/R group (P < 0.01) (Fig. 4c,d), suggesting that O-GlcNAcylation may be a key factor pro-
moting SIRT3 activity under SI/R conditions. To further validate this notion, we treated cells after SI/R with 
PUGNAC. The PUGNAC + SI/R group showed a significant increase in SIRT3 O-GlcNAcylation levels (P < 0.05) 
(Fig. 4c,d) as well as SIRT3 enzyme activity (P < 0.0001) (Fig. 4e) compared with the SI/R group. These results 
indicate that O-GlcNAcylation dynamically positively regulates SIRT3 activation during SI/R, and O-GlcNAcyla-
tion of SIRT3 enhances its deacetylase activity under SI/R conditions.

O‑GlcNAcylation of SIRT3 can inhibit SI/R‑induced cellular autophagy
Existing research suggests that SIRT3 regulates MROS by deacetylating SOD2, thereby modulating autophagy 
levels. Based on our results which we found that O-GlcNAcylation can enhance SIRT3 activity, we hypothesized 
that the upregulation of SIRT3 O-GlcNAcylation levels may inhibit SI/R-induced autophagy. Firstly, we exam-
ined the acetylation levels of SOD2 in each group (Fig. 5a), SOD2 activity (Fig. 5c), and MROS levels (Fig. 5d). 
We found that compared with the WT group, the SI/R group exhibited decreased SOD2 activity (P < 0.0001), 
increased acetylation levels (P < 0.05), and corresponding elevation in MROS levels (P < 0.01). Additionally, in the 
S190A + SI/R group, SOD2 activity was further decreased compared with the SI/R group (P < 0.01), acetylation 
levels were further elevated (P < 0.01), and MROS levels were significantly increased (P < 0.0001) (Fig. 5b,c,e). 
This suggests that the level of SIRT3 O-GlcNAcylation may regulate an active axis such as SIRT3-SOD2-MROS. 
Furthermore, when we treated the SI/R group with PUGNAC, we found that the SOD2 activity in the PUG-
NAC + SI/R group was higher compared with the SI/R group (P < 0.0001), with lower acetylation levels (P < 0.05), 
and a corresponding decrease in MROS levels (P < 0.05) (Fig. 5b,c,e).These results correspond to the previous 
SIRT3 activity results (Fig. 4e). To exclude the potential impact of the PUGNAC drug itself on the experi-
ments, we found that the SOD2 activity and SOD2 acetylation levels in the PUGNAC + S190A + SI/R group were 
like those in the S190A + SI/R group (P > 0.05) (Fig. 5b,c). Interestingly, we found that the intervention of the 
PUGNAC drug had a suppressive effect on the MROS levels in both the SI/R group and the S190 + SI/R group. 
However, the inhibitory effect of PUGNAC on the S190 + SI/R group was significantly weaker than that on the 
SI/R group (P < 0.0001) (Fig. 5e).

This may be attributed to the regulation of MROS by other mechanisms as well. However, it is undeniable that 
SOD2 is one of the most significant antioxidant enzymes. This further supports the notion that O-GlcNAcylation 
of SIRT3 can reduce MROS generation by upregulating SOD2 activity.

Next, we investigated whether O-GlcNAcylation of SIRT3 could inhibit SI/R-induced MROS-related 
autophagy (Fig. 5f). We found that compared with the WT group, the SI/R group exhibited an upregulation in 
the autophagy-related protein Lc3II/Lc3I levels (P < 0.05). Furthermore, the S190A + SI/R group showed a further 
significant increase in autophagy levels (P < 0.05), while the PUGNAC + SI/R group showed no significant differ-
ence in autophagy levels compared with the SI/R group (P > 0.05) (Fig. 5g). We speculate that this may be due to 
the lack of sufficient sample size resulting in non-significant differences. Similarly, the PUGNAC + S190A + SI/R 
group showed a trend of decreased autophagy levels compared with the S190A + SI/R group, but no significant 
difference was observed (P > 0.05). However, it is noteworthy that the protective effect of PUGNAC on the SI/R 
group was significantly superior to that of the S190A + SI/R group (P < 0.05) (Fig. 5g). These results indicate that 
O-GlcNAcylation of SIRT3 can inhibit SI/R-induced autophagy.

O‑GlcNAcylation of SIRT3 can reduce the rate of cell apoptosis after SI/R injury
We used the TUNEL assay to detect apoptosis in H9C2 cells after different treatments (Fig. 6a). As expected, 
compared with the WT group, SI/R treatment resulted in increased apoptosis in H9C2 cells (P < 0.01), while 
cells in the S190A + SI/R group were more prone to cell death (P < 0.0001) (Fig. 6b). More importantly, PUGNAC 
treatment significantly protected SI/R cells from death (P < 0.05), but its effect on S190A + SI/R was relatively 
weaker (P < 0.0001) (Fig. 6b). In summary, O-GlcNAcylation of SIRT3 can to some extent protect myocardial 
cells from SI/R injury.

Discussion
This experiment contributes to two main aspects: Firstly, through mass spectrometry analysis, it was clearly 
demonstrated that SIRT3 protein can undergo O-GlcNAcylation. Additionally, S190 was identified as the site 
of O-GlcNAcylation in rat cardiomyocyte SIRT3, establishing a pivotal foundation for future scientific inves-
tigations. Secondly, employing a cell-based SI/R model, we elucidated the critical protective mechanism of 
O-GlcNAcylation in myocardial cells during the pathological process of I/R. Specifically, O-GlcNAcylation 
of SIRT3 activated its deacetylase activity, subsequently activating the SIRT3-SOD2-MROS axis, mitigating 
the early accumulation of MROS during reperfusion, inhibiting cellular autophagy, and reducing SI/R injury 
(Fig. 7). Furthermore, we elucidated for the first time the relationship between O-GlcNAcylation and cellular 
autophagy in the pathological process of SI/R, thus paving the way for novel approaches in the reperfusion 
therapy of coronary heart disease.

SIRT3 is highly expressed in tissues with high metabolic rates, such as the mitochondria of the heart and brain, 
where it serves as the primary deacetylase of acetyl-lysine residues, playing crucial roles in various physiological 
and pathological processes in the heart 33,34. Recently, PTMs of SIRT3 have become a focus of research interest. 
For instance, SIRT3 can undergo phosphorylation, and phosphorylation of SIRT3 at Thr150/Ser159 mediated 
by Cyclin B1-CDK1 in mitochondria further enhances its enzymatic activity, potentially serving as an effective 
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target for inhibiting tumor growth through radiotherapy 35. Additionally, SIRT3 has been found to undergo 
SUMOylation, with SUMOylation inhibiting its catalytic activity. During fasting in mice, SENP1 activates SIRT3 
deacetylase activity by deSUMOylating SIRT3, promoting fatty acid oxidation and energy utilization, thereby 
controlling mitochondrial metabolic responses to stress 36. These findings underscore the critical importance of 
PTMs in regulating the activity of SIRT3 under stress conditions. O-GlcNAcylation is a pivotal PTM that con-
tributes to the regulation of various biological functions, including the cell cycle, transcription and translation, 
mitochondrial function, and protein synthesis 23,37. Recently, members of the Sirtuin family have been discovered 
to possess O-GlcNAcylation sites, significantly modulating their activity and involvement in physiological and 
pathological processes, such as SIRT1 30 and SIRT7 31. The Sirtuin family proteins are highly conserved NAD+-
dependent deacetylases 38. Given the consistent protective roles of SIRT3 and O-GlcNAc in MIRI it is plausible 
to speculate that SIRT3 also harbors O-GlcNAcylation sites and significantly regulates its deacetylation activity.

Our study investigated the role of O-GlcNAcylation modification of SIRT3 in mediating MIRI response. 
Through CoIP, we found that SIRT3 interacts with OGT. Mass spectrometry analysis led us to identify S190 as a 
potential primary regulatory O-GlcNAcylation site, which, upon comparison with other mammals, showed high 

Fig. 5.  (a) Detection of changes in SOD2 and Ac-SOD2 levels in each group using point mutation plasmids 
and PUGNAC. (b) Statistical graphs obtained by calculating the corresponding results from (a) (n = 3). (c) 
Detection of changes in SOD2 enzymatic activity in each group using point mutation plasmids and PUGNAC 
(n = 3). (d) Fluorescence images of MROS changes in each group detected using point mutation plasmids and 
PUGNAC. (e) Statistical graphs obtained by calculating the corresponding results from (d) (n = 3). (f) Detection 
of trends in Lc3II and LC3I protein levels in each group using point mutation plasmids and PUGNAC, along 
with the assessment of β-tubulin differences in each group. (g) Statistical graphs obtained by calculating the 
corresponding results from (f) (n = 4). (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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conservation. Using plasmid technology, we mutated the serine residue at this site to alanine (S190A), resulting in 
a significant decrease in SIRT3 O-GlcNAcylation levels, accompanied by a decline in SIRT3 activity. Additionally, 
the OGA inhibitor PUGNAC showed no significant rescue effect on this change, indicating that S190 is the main 
O-GlcNAcylation site of SIRT3, and O-GlcNAcylation at S190 significantly enhances SIRT3 deacetylase activ-
ity. Consistent with other studies, we found that overall O-GlcNAcylation levels were significantly upregulated 
during SI/R. We attempted to determine whether this upregulation of O-GlcNAcylation could activate SIRT3. 
We first measured the time course of O-GlcNAcylation levels in H9C2 cells under SI/R conditions and found 
that SIRT3 O-GlcNAcylation levels peaked at 2 h of reperfusion, prompting us to select the 2 h reperfusion time 
point for subsequent experiments. We found that the level of SIRT3 O-GlcNAcylation increased during the SI/R 
process, but the activity of SIRT3 decreased, which seems to be inconsistent with our previous experimental 
results. We believe that this may be due to the interference with SIRT3 activity by other inhibitory factors dur-
ing SI/R in addition to O-GlcNAcylation. For instance, studies have shown that following SI/R in H9C2 cells, 
the expression of AMP-activated protein kinase (AMPK) decreases. AMPK can directly bind to and activate 
SIRT3, so its downregulation can lead to a reduction in SIRT3 activity 39. Additionally, during SI/R in H9C2 cells, 
SIRT3 activity is regulated by melatonin membrane receptor 2 (MT2), which leads to its reduction. Exogenous 
melatonin administration can rescue this process 40. Therefore, although O-GlcNAcylation levels increase after 
SI/R, this may not be sufficient to prevent the decline in SIRT3 activity, and higher levels of O-GlcNAcylation 
may be needed to rescue it. However, after adding PUGNAC to further enhance SIRT3 O-GlcNAcylation, we 
found a significant increase in SIRT3 activity, which is consistent with our speculation. Meanwhile, we found 

Fig. 6.  (a) Detection of cellular apoptosis levels in each group using the TUNEL assay. (b) Statistical 
graphs obtained by calculating the corresponding results from (a) (n = 3). (*P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001).

Fig. 7.  Schematic diagram illustrating the potential mechanism of the protective effect of SIRT3 
O-GlcNAcylation against MIRI.
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that the SIRT3 activity in the S190A + SI/R group was further reduced compared to the SI/R group, which led 
to an elevation in SOD2 acetylation levels, a reduction in SOD2 activity, and exacerbated production of MROS 
and subsequent oxidative stress-related malignant autophagy. TUNEL staining showed that the death rate of 
H9C2 cells in the S190A group was significantly higher than that in the control group under SI/R conditions. 
Therefore, we conclude that SIRT3 O-GlcNAcylation reduces oxidative stress damage and malignant autophagy 
through the SOD2-MROS axis, exerting a significant protective effect during SI/R.

In recent years, autophagy has been recognized as a key process in maintaining normal cardiac structure and 
function 8. Autophagy plays a dual role in MIRI. During cardiac ischemia, autophagy is considered a protective 
mechanism, with many studies demonstrating its protective effects during ischemia 10,11. However, when organs 
experience reperfusion, the sustained expression of autophagy may cause cellular damage and even lead to cell 
death 12. Our study indicates that O-GlcNAcylation reduces myocardial autophagic cell death through the SIRT3-
SOD2 pathway dependency. However, the potential myocardial protective mechanisms of O-GlcNAcylation 
remain largely unknown. For instance, some studies suggest that O-GlcNAcylation may exert protective effects 
during I/R by alleviating calcium overload 41. Other research suggests that O-GlcNAcylation protects against I/R 
injury by attenuating the opening of the mitochondrial permeability transition pore (MPTP) 42. Additionally, 
O-GlcNAcylation seems to be involved in reducing endoplasmic reticulum stress-induced damage by weakening 
CHOP induction 43. Hence, the potential endogenous protective mechanisms of O-GlcNAcylation, especially in 
MIRI, warrant further investigation.

Conclusions
In summary, our study revealed that SIRT3 protein undergoes O-GlcNAcylation, and we confirmed S190 as the 
site of O-GlcNAcylation in rat cardiomyocytes. We demonstrated that O-GlcNAcylation increases SIRT3 dea-
cetylase activity, thereby activating the SIRT3-SOD2-MROS axis, reducing the excessive accumulation of early 
reperfusion MROS, and inhibiting cellular autophagy levels, thereby reducing reperfusion injury. Our findings 
elucidate the myocardial protective mechanism triggered by O-GlcNAcylation, providing potential insights for 
identifying new therapeutic targets to prevent MI/R and slow the progression of heart failure.

Limitation
Firstly, this study used H9C2 cell SI/R and did not conduct in vivo whole heart experiments. Secondly, due to 
the lack of a cell culture incubator with relevant conditions, self-made nitrogen filling equipment was used to 
SI/R in the cells of this experiment. Thirdly, we used the MROS assay kit from Cayman in our measurement of 
MROS. However, the relevant literature displayed on the official website does not include any records of the kit’s 
usage, only the principles related to the kit are presented. The reviewer believes that this may lead to insufficient 
credibility of the results. Nonetheless, there are reliable studies that utilize this principle for MROS detection. I 
believe the reviewer’s opinion is valuable, and more research is indeed needed to validate the effectiveness of this 
kit 44. Finally, In the SI/R environment, the regulatory mechanism of cells is very complex. In this experiment, 
it was observed that after SI/R treatment, the O-GlcNAcylation level of SIRT3 was upregulated, but the activity 
was reduced, This experiment did not conduct in-depth mechanism research on this phenomenon.
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