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Abstract 
Background and Purpose: Spinal cord injury (SCI) manifests as a central 
nervous system disorder causing sensory and motor impairments. Preventing 
an overabundance of microglial activation is crucial in managing SCI. SIRT1 
as a NAD-dependent deacetylase has the effect of ameliorating SCI, but its 
mechanism of action in microglia activation is still poorly understood. The 
objective of this research was to explore the role and process of SIRT1 in acti-
vating microglia during SCI. Methods: Laminectomy was conducted on the 
thoracic T10 region of rats, followed by striking the revealed spinal cord using 
an IH-0400 spinal cord impactor to create a model for SCI animals (n = 30). 
To create a model of BV2 inflammation, BV2 cells underwent a 24 h treatment 
with 1 μg/mL LPS. The expression of related proteins was detected by Western 
blot. Immunofluorescence staining, HE staining and Nissl staining were used 
to evaluate BV2 cell activation and spinal cord tissue injury in rats. Results: 
The research indicated minimal expression of SIRT1 in SCI cases, with its 
heightened expression ameliorating pathological damage and boosting neu-
ron survival rates in SCI rats. Conversely, treatment with LPS markedly re-
duced autophagy in BV2 cells. Elevated levels of SIRT1 enhanced the produc-
tion of autophagy-associated proteins LC3-II/I and Beclin1, reduced p62 ex-
pression, and curtailed the expression of the activation indicator IBA-1 in BV2 
cells. Mechanistically, overexpression of SIRT1 inhibits the expression of 
TRIB3 by inhibiting Smad3 nuclear metastasis, thereby activating autophagy, 
inhibiting microglial overactivation and alleviating the development of SCI. 
Conclusion: Enhancing SIRT1 expression could reduce SCI progression by 
curbing the overactivation of microglia. 
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1. Introduction 

An injury to the spinal cord injury (SCI) may lead to significant damage to the 
central nervous system (CNS), potentially resulting in serious neurological im-
pairments such as paralysis, incontinence, chronic pain, among others, and is 
marked by a high rate of morbidity and mortality [1]. A multitude of research 
indicates that SCI frequently coincides with intricate pathological and physiolog-
ical alterations, primarily comprising two phases: the initial injury and the subse-
quent one, where the latter is crucial in restoring neurological abilities post-SCI 
[2] [3]. Multiple factors contribute to secondary injuries, primarily including 
blood-brain barrier malfunctions, neuroinflammatory reactions, activation of mi-
croglia, and neuronal demise [4] [5]. Microglia, residing in the CNS, play a role in 
sustaining CNS equilibrium through their interactions with both neurons and 
nonneuronal cells [6] [7]. Nonetheless, post-SCI, external triggers activate micro-
glia, leading to the release of substantial quantities of inflammatory agents and 
mediators, thereby exacerbating the impairment of neurons’ biological roles [8]. 
Consequently, exploring the processes that control the activation of microglia is 
crucial in treating SCI. 

Lately, a growing body of research has been dedicated to examining autophagy’s 
function in SCI [9] [10]. Autophagy is an important defense and protection mech-
anism of the body, preserving metabolism and equilibrium through the elimina-
tion of protein clusters and impaired organelles, and is involved in the emergence 
and progression of CNS disorders [11]. Earlier research has indicated that curcu-
min therapy can diminish neuronal cell death, enhance the health of the spinal 
cord, and curb inflammation through the initiation of autophagy, thus aiding in 
the restoration of spinal cord functionality in SCI model rats [12]. The enzyme 
SIRT1, belonging to the sirtuin family, is a well-preserved type of nicotinamide 
adenine dinucleotide-dependent class III protein deacetylase. Research indicates 
that SIRT1 is crucial in a range of metabolic and pathological functions, including 
controlling inflammation, autophagy, cell death, stress, differentiation, and the 
aging process [13] [14]. During SCI, MSC-sEVs triggered by microelectric fields 
can initiate autophagy via the MALAT1/miR-22-3p/SIRT1/AMPK pathway, thus 
reducing the rate of neuronal cell death [1]. Yet, research has not indicated any 
impact of SIRT1-regulated autophagy on microglia activation.  

Sirt1 has been shown to mediate the deacetylation of Smad3 and inhibit TGF-
β1-induced fibrosis [15]. In addition, recent studies have identified a potential role 
for Smad3 in autophagy [16]. As an illustration, Smad3 suppresses the TFEB-
driven creation of lysosomes, leading to disrupted autophagy in DKD patients 
[17]. Furthermore, by blocking neuronal pyroptosis, Smad3 inhibitors are capable 
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of mitigating the onset of SCI in mice [18]. Conversely, TRIB3, a pseudokinase 
and part of the mammalian Tribbles analogs, is also crucial in controlling autoph-
agy [19]. Earlier research indicates that TRIB3 enhances the growth and move-
ment of glioblastoma cells by hindering autophagy [20]. Crucially, Smad3 plays a 
role in controlling the expression of TRIB3 [21]. Therefore, this study will explore 
the role of Smad3/TRIB3 signaling pathway in microglial autophagy and activa-
tion. 

To sum up, the objective of this research was to thoroughly explore SIRT1’s role 
and interplay in controlling microglial activation in SCI, and to offer innovative 
concepts and techniques for SCI therapy. 

2. Materials and Methods 
2.1. Construction of the Animal Model 

For this research, thirty male SD rats, aged between 7 and 8 weeks and weighing 200 
to 220 g, were acquired from Kunming Medical University’s Animal Experiment 
Center. After 1 week of adaptive feeding, the experimental animals were randomly 
divided into 3 groups: Sham group, SCI group and SCI + OE-SIRT1 group, with 10 
mice in each group. According to the previous research methods [22], rats’ ventral 
areas were secured in a U-shaped stabilizer, anesthetized using 4% isoflurane, their 
back hair at T9 - T10 points was shaved using an electric shaver, followed by a T10 
laminectomy. The modified Allen method was employed to induce SCI. A contu-
sion was inserted into the T10 spinous process of the spinal cord using a specially 
designed IH-0400 spinal impactor (PSI, Lexington, KY, USA). In the sham group, 
rats underwent solely laminectomy without any contusions. Post-surgery, each rat 
was positioned on a heating pad until their complete recovery from anesthesia. To 
explore the effect of SIRT1 on rats with SCI, 3 days after SCI modeling, the lentivirus 
(2 µL) carrying OE-SIRT1 was diluted in PBS and then intrathecally injected using 
a glass micropipette. The injection was performed once a day for 3 consecutive days. 
The lentivirus carrying OE-SIRT1 was packaged by co-transfecting the plasmid en-
coding OE-SIRT1 and packaging plasmids (pMD2.G and psPAX2) into 293T cells. 
Subsequently, the cell supernatant containing the lentivirus was collected, and the 
lentivirus was concentrated and purified by ultracentrifugation. The titer of the pu-
rified lentivirus was determined by qPCR, and the concentration of the lentivirus 
used for intrathecal injection was 1 × 108 TU/mL. Finally, the successful transfection 
of the lentivirus in the spinal cord was verified by detecting the expression level of 
SIRT1 in the spinal cord tissue. The rats were sacrificed 28 days after surgery, and 
then a 10 mm long spinal cord (or the same spinal cord segment of normal rats) 
including the injury center was removed to detect the relevant indicators. 

2.2. HE Staining 

Tissues from the spinal cord, preserved in 4% paraformaldehyde, were encased in 
paraffin and sliced into sections 5 μm in thickness. Subsequently, the tissue sam-
ples underwent dewaxing in xylene for five minutes and were rehydrated using 
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gradient alcohols. Subsequently, the samples underwent a 15-minute staining pro-
cess using hematoxylin (Solarbio, China), followed by two washes with tap water 
and a 2-minute eosin staining. After being dehydrated, transparent, and sealed 
with neutral resin (Sigma-Aldrich, USA), the stained spinal cord tissue was ob-
served with a microscope (Nikon, Tokyo, Japan). 

2.3. Nissl Staining 

Spinal cord paraffin sections were deparaffinized by xylene, gradient alcohol hy-
dration, washed with distilled water, stained with Nissl staining solution (Be-
yotime, China) for 5 min, then washed twice with distilled water, and the stained 
spinal cord tissue was observed with a microscope (Nikon, Tokyo, Japan). 

2.4. BV2 Cell Culture and Treatment 

BV2 mouse microglia, acquired from Shenzhen OTWO Biotech, were grown in 
cells enriched with 10% fetal calf serum (Gibco, Billings, MT, USA) and 100 
U/mL of penicillin/streptomycin (Sigma, Saint Louis, MO, USA), using DMEM 
(Gibco, USA) in a standard incubator at 37˚C and 5% CO2. Following earlier 
techniques [23], for creating the BV2 inflammation model, 1 μg/mL LPS (Solar-
bio, China) was introduced into the BV2 cell culture medium for a day. For 
evaluating autophagy in BV2 cells pre-LPS treatment, 5 mM autophagy inhibi-
tor 3-MA (MedChem Express, USA) was introduced into the medium for two 
hours. 

BV2 cells, once cultured, were grown in 24-well plates for an entire night. Upon 
achieving a cell density near 60% - 70%, there was an overexpression of SIRT1 (OE-
SIRT1) and TRIB3 (OE-SIRT1), as per the guidelines provided by the Lipofec-
tamine 3000 reagent (Invitrogen, USA). TRIB3) along with its negative control 
(OE-NC) (GenePharma, China) underwent transfection into BV2 cells, followed 
by cultivation at 37˚C in an incubator with 5% CO2 for 48 hours, post which the 
efficiency of the transfection was assessed. 

2.5. Western Blot Analysis 

The complete protein was extracted from both rat spinal cord tissues and BV2 
cells. Following the processes of lysis and centrifugation, proteins were col-
lected. Protein concentrations were measured using a BCA protein concentra-
tion assay kit (Beyotime, China). Post mixing with a 5× concentration buffer 
(Beyotime, China), the samples underwent boiling at 100˚C for 10 minutes. 
Samples of protein (100 μg) underwent separation via SDS-PAGE and were then 
moved onto polyvinylidene fluoride membranes (Millipore, Billerica, MA). Fol-
lowing a 1-hour block using 5% milk at ambient temperature, the cells under-
went an overnight incubation with the primary antibody at 4˚C. Subsequently, 
the membrane underwent incubation with a secondary antibody (1:4000, ab97051, 
Abcam, UK) at ambient temperature for an hour. The images were captured 
using a Fluor Chem E system (Protein Simple, San Jose, CA) and examined 
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through ImageJ software. Utilized primary antibodies included: SIRT1 (1:1000, 
ab110304, Abcam, UK), LC3B (1:2000, ab192890, Abcam, UK), Beclin1 (1:1000, 
ab210498, Abcam, UK), p62 (1:1000, ab109012, Abcam, UK), TRIB3 (1:2000, 
PA5-15480, Thermo Fisher Scientific, USA), and β-actin (1:1000, ab8226, 
Abcam, UK). 

2.6. Immunofluorescence 

BV2 cells underwent fixation in 4% paraformaldehyde, were made permeable us-
ing 0.5% Triton X-100 for a duration of 10 minutes, and then treated with bovine 
serum albumin for an hour. Following this, they were subjected to an overnight 
incubation at 4˚C with primary antibodies targeting IBA-1 (1:200, ab178846, 
Abcam, UK) or Smad3 (1:200, ab84177, Abcam, UK). Following a 1-hour incuba-
tion with the respective secondary antibody, the sections were marked with DAPI 
(Thermo Fisher Scientific, USA) for five minutes and examined using a fluores-
cence microscope (NiKon, Japan). 

2.7. Statistical Analysis 

The analysis and graphical representation of data were conducted using the 
GraphPad Prism version 8 software (GraphPad, USA). Data are expressed as 
mean ± standard deviation (SD), with each experiment being conducted a mini-
mum of three times. Statistical analysis used t-test to evaluate the difference be-
tween the two groups of data. One-way ANOVA or two-way ANOVA were used 
to assess differences between multiple sets of data, and multiple comparisons were 
performed using Tukey’s post-hoc test. A P-value below 0.05 was deemed to hold 
statistical significance. 

3. Results 
3.1. Overexpression of SIRT1 Improves Neural Recovery after SCI 

We first examined the expression of SIRT1 in animal and cell models of SCI. The 
Western blot test showed a decrease in SIRT1 expression in SCI rats and LPS-
stimulated BV2 cells relative to the control group (Figure 1(A), Figure 1(B)). To 
detect the effect of SIRT1 on SCI rats, we overexpressed SIRT1 in rats. The results 
showed that the expression of SIRT1 in the SCI + OE-SIRT1 group was signifi-
cantly up-regulated compared with the SCI group (Figure 1(C)). HE staining out-
comes showed that the SCI group, in contrast to the sham group, exhibited spinal 
cord hemorrhage and structural harm, with SIRT1 overexpression lessening the 
extent of hemorrhage and damage in the affected spinal cord tissue (Figure 1(D)). 
Nissl staining outcomes showed a notable reduction in neuron count in the SCI 
group compared to the control group, with SIRT1 overexpression boosting neu-
ron survival rates (Figure 1(E)). The above results showed that SIRT1 was under-
expressed in SCI, and overexpression of SIRT1 could improve the neurological 
recovery after SCI in rats. 
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(A): Western blot was used to detect the expression of SIRT1 in rat spinal cord tissues; (B): 
Western blot was used to detect the expression of SIRT1 in BV2 cells; (C): Western blot 
was used to detect the expression of SIRT1 in rat spinal cord tissues; (D): HE staining was 
used to detect the histopathology of rat spinal cord; (E): Nissl staining was used to detect 
the survival of neurons in the spinal cord of rats. **P < 0.01, ***P < 0.001 vs. Sham or NC; 
###P < 0.001 vs. SCI. 

Figure 1. Overexpression of SIRT1 improves neural recovery after SCI. 

3.2. Overexpression of SIRT1 Inhibits Excessive Activation of BV2 
Cells by Promoting Autophagy 

As previously stated, triggering autophagy may facilitate the restoration of spinal 
cord activity in SCI model rats [12]. Investigating if SIRT1 influences BV2 cell 
activation through autophagy regulation, we increased SIRT1 levels in BV2 cells 
and added the autophagy inhibitor 3-MA. First, the transfection efficiency of 
SIRT1 was measured, and the results showed that the expression of SIRT1 in the 
OE-SIRT1 group was significantly increased (Figure 2(A)). Subsequently, the de-
tection of autophagy markers was made. In contrast to the NC group, treatment 
with LPS notably enhanced p62 expression while suppressing LC3-II/I and Be-
clin1 expression. Overexpression of SIRT1 markedly reduced p62 expression 
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while enhancing LC3-II/I and Beclin1 levels. Further addition of 3-MA partially 
weakened the effect of overexpression of SIRT1 (Figure 2(B)). Finally, the expres-
sion of IBA-1, a marker of BV2 cell activation, was detected by immunofluores-
cence, and the results showed that compared with the NC group, LPS treatment 
significantly promoted the expression of IBA-1, overexpressed SIRT1 inhibited 
the expression of IBA-1, and further addition of 3-MA partially weakened the 
overexpression of SIRT1 (Figure 2(C)). These results suggest that overexpression 
of SIRT1 inhibits BV2 cell overactivation by promoting autophagy. 

 

 
(A): The transfection efficiency of SIRT1 in BV2 cells was detected by Western blot; (B): 
Identification of autophagy-associated proteins p62, LC3-II/I, and Beclin1 in BV2 cells 
through Western blot; (C): Identification of the activation indicator IBA-1 in BV2 cells via 
immunofluorescence. ***P < 0.001 vs. NC; ###P < 0.001 vs. LPS; &P < 0.05, &&P < 0.01, &&&P 
< 0.001 vs. LPS + OE-SIRT1. 

Figure 2. Overexpression of SIRT1 inhibits excessive activation of BV2 cells by promoting 
autophagy. 

3.3. SIRT1 Represses TRIB3 Expression by Inhibiting Smad3  
Nuclear Translocation 

Subsequently, we delve into the subsequent control process of SIRT1 and reveal 
that Smad3 and TRIB3 both play roles in autophagy regulation [17] [20]. Further-
more, SIRT1 is capable of controlling Smad3 [24]. Consequently, the regulatory 
influence of SIRT1 on the Smad3/TRIB3 signaling pathway was observed. The re-
sults of immunofluorescence showed that compared with the NC group, LPS 
treatment could promote the nuclear metastasis of Smad3, and further overex-
pression of SIRT1 inhibited the nuclear metastasis of Smad3 (Figure 3(A)). The 
results of Western blot showed that compared with the NC group, LPS treatment 
significantly promoted the expression of TRIB3, and further overexpression of 
SIRT1 inhibited the expression of TRIB3 (Figure 3(B)). The findings revealed that 
SIRT1 suppressed TRIB3 expression by hindering the nuclear transfer of Smad3. 
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(A): Identification of Smad3 nuclear transfer in BV2 cells through immunofluorescence; 
(B): Identification of TRIB3 expression in BV2 cells via Western blot. ***P < 0.001 vs. NC; 
##P < 0.01 vs. LPS. 

Figure 3. SIRT1 represses TRIB3 expression through the inhibition of Smad3 nuclear 
translocation. 

3.4. SIRT1 Inhibits Excessive Activation of BV2 Cells through the  
TRIB3 Autophagy Pathway 

To verify whether SIRT1 inhibits BV2 cell activation via the TRIB3 autophagy 
pathway, we transfected OE-TRIB3 into BV2 cells. The results showed that the 
expression of TRIB3 in the OE-TRIB3 group was significantly up-regulated (Fig-
ure 4(A)). Autophagy marker detection results showed that overexpression of 
TRIB3 could partially weaken the effect of overexpression of SIRT1, promote the 
expression of p62, and inhibit the expression of LC3-II/I and Beclin1 (Figure 
4(B)). The immunofluorescence analysis of IBA-1, an activation marker, in BV2 
cells showed that TRIB3 overexpression notably enhanced IBA-1 expression, in 
contrast to the LPS + OE-SIRT1 group (Figure 4(C)). The findings suggest that 
SIRT1 enhances autophagy by suppressing TRIB3 expression, thus preventing the 
overactivation of BV2 cells. 
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(A): Efficiency of TRIB3 transfection in BV2 cells via Western blot; (B): Identification of autophagy-associated proteins p62, 
LC3-II/I, and Beclin1 in BV2 cells through Western blot; (C): Identification of the activation indicator IBA-1 in BV2 cells 
via immunofluorescence. **P < 0.01, ***P < 0.001 vs. NC; ##P < 0.01, ###P < 0.001 vs. LPS; &P < 0.05, &&&P < 0.001 vs. LPS + 
OE-SIRT1. 

Figure 4. SIRT1 inhibits excessive activation of BV2 cells through the TRIB3 autophagy pathway. 

4. Discussion 

SCI, a central nervous system injury condition characterized by minimal reversi-
bility, significant morbidity, and a high rate of disability, imposes a substantial 
strain on patients, families, society, and a high consumption of medical resources 
[25]. SCI results in oxidative stress, inflammation, ischemia, and neuronal death, 
significantly influencing patient prognoses. Consequently, it’s critically important 
to discover an innovative and efficient strategy to decelerate the advancement of 
SCI. Latest research indicates a strong connection between SIRT1 and various 
neurodegenerative disorders, such as Alzheimer’s, ischemic stroke, and CNS trau-
matic brain injury [26] [27]. Chen [28] et al. have been documented that the sup-
pression of miR-138-5p curtails cellular apoptosis and diminishes inflammation 
through the elevation of SIRT1 expression, thus enhancing the progression of SCI. 
In addition, Chen [29] et al. documented that hyperbaric oxygen treatment cur-
tailed the inflammatory sequence and cellular death by stimulating SIRT1, thus 
aiding in the recuperation of motor impairments in SCI rats. In this study, we also 
found that SIRT1 expression was down-regulated in SCI rats and LPS-induced 
BV2 cells, and overexpression of SIRT1 could improve neural recovery after SCI 
in rats. Our study further confirms the important role of SIRT1 in SCI recovery. 

In contrast to primary irreversible SCI, secondary injury can be reversed as a 
pathological condition [30]. The primary factors exacerbating nerve damage and 
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leading to unfavorable neurological outcomes post-SCI are secondary injuries 
such as neuroinflammation, oxidative stress, lipid peroxidation, and electrolyte 
imbalance [31] [32]. Consequently, the crucial aspect in managing SCI lies in the 
methods of intervening and alleviating subsequent injuries. Microglia, as protec-
tors of the nervous system, are rapidly stimulated following a spinal cord injury. 
Stimulated microglia emit substantial quantities of inflammatory agents and ROS, 
exacerbating the neuroinflammatory reaction and resulting in ROS buildup, 
which in turn leads to mitochondrial harm and oxidative stress [33] [34]. Further-
more, numerous deceased cells emit harmful substances, intensifying the neuroin-
flammatory reaction [35] [36]. The relentless sequence of neuroinflammation, ox-
idative stress, and mitochondrial harm significantly complicates the management 
of SCI. Therefore, intervening the activation of microglia is a key method to im-
prove SCI. Research indicates that SIRT1 could suppress the activation of micro-
glia by reducing Wnt/β-catenin signals post-SCI, thus serving a neuroprotective 
function [37]. Similarly, inhibition of HDAC3 can inhibit microglial activation by 
activating the SIRT1/Nrf2 signaling pathway, thereby improving SCI progression 
[38]. In this study, we also found that overexpression of SIRT1 inhibited LPS-in-
duced BV2 cell activation. This study focused on the effect of SIRT1 overexpres-
sion on SCI rats, but the importance of its potential side effects on clinical trans-
formation cannot be ignored. In this study, although the basic physiological indi-
cators of the rats were monitored, there may still be some subtle changes that were 
not detected. In order to achieve clinical translation, more comprehensive safety 
assessments are needed in the future. 

Furthermore, autophagy, crucial for the body’s defense and defense, signifi-
cantly contributes to the activation of microglia. As an illustration, blocking the 
PI3K/AKT/mTOR pathway may enhance autophagy, consequently preventing the 
activation of microglia [39]. In this study, we also found that overexpression of 
SIRT1 could inhibit the expression of autophagy marker p62 and promote the 
expression of LC3-II/I and Beclin1, while the addition of 3-MA partially weakened 
the overexpression of SIRT1 and promoted the activation of BV2 cells. In sum-
mary, we found that overexpression of SIRT1 inhibits BV2 cell overactivation by 
promoting autophagy. The results of this study further enrich the understanding 
of the role of SIRT1 in SCI. The new mechanism of action we discovered provides 
a new perspective for further understanding the pathophysiological processes and 
therapeutic targets of SCI. 

Studies correlating SIRT1 reveal that SIRT1 has the ability to attach to Smad3, 
and SSR may amplify CKD’s antifibrotic impact through the enhancement of the 
SIRT1/Smad3 deacetylation pathway [24]. Smad3, playing a crucial role in the 
TGF-β signaling pathway, has a close connection to biological mechanisms like 
inflammation, oxidative stress, and cellular apoptosis [40]. Li [41] et al. docu-
mented that stromal cells originating from adipose tissue can diminish the area of 
injury and aid in functional recuperation post-SCI through the activation of the 
TGF-β1/Smad3/PLOD2 pathway in spinal cord neurons. Liu [22] et al. docu-
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mented that miR-10b-5p has the potential to alleviate SCI through the activation 
of the TGF-β1/Smad3 pathway. Furthermore, Smad3 influences the development 
of adipocytes linked to cancer through the activation of TRIB3 [21]. Furthermore, 
TRIB3 is significantly involved in controlling autophagy. As an illustration, cephar-
antine hampers autophagy by focusing on the TRIB3-FOXO3-FOXM1 pathway 
and makes gastric cancer cells more susceptible to chemotherapy [42]. The inter-
action between TRIB3 and SQSTM1 fosters tumor growth and advancement by 
hindering autophagy and proteasomal breakdown [43]. Therefore, we hypothe-
sized that the Smad3/TRIB3 signaling pathway may be involved in SIRT1-regu-
lated BV2 cell activation. We found that LPS treatment promoted Smad3 nuclear 
transfer and TRIB3 expression, while overexpression of SIRT1 inhibited TRIB3 
expression by inhibiting Smad3 nuclear metastasis. In addition, overexpression of 
TRIB3 can promote the overactivation of BV2 cells by inhibiting autophagy, and 
partially weaken the effect of overexpression of SIRT1. Our study confirms the 
facilitating role of the Smad3/TRIB3 signaling pathway in BV2 cell activation. 

In conclusion, our study demonstrated that overexpression of SIRT1 inhibits 
the expression of TRIB3 by inhibiting Smad3 nuclear metastasis, which in turn 
activates autophagy, inhibits microglial overactivation, and alleviates the develop-
ment of SCI. Our study provides new ideas and targets for the treatment of SCI. 
However, there are some limitations to this study. First, the study was only con-
ducted in rat models, and there are certain differences between animal models and 
human SCI, and the applicability of the results in humans needs to be further val-
idated. Second, while the potential side effects of SIRT1 overexpression have been 
initially explored, the evaluation has not been comprehensive. In future studies, 
we are committed to validating it in larger-scale animal experiments to provide a 
more reliable basis for clinical translation. It is also necessary to further improve 
the safety evaluation system of SIRT1 overexpression to fully understand its po-
tential side effects. 
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