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Abstract 

Liver diseases present a formidable global health challenge and rank among the leading causes of 
morbidity and premature mortality worldwide. Silent information regulator 1 (SIRT1), a nicotinamide 
adenine dinucleotide (NAD⁺)-dependent histone deacetylase, has emerged as a crucial regulator of 
various pathophysiological processes, including metabolic homeostasis, inflammatory responses and 
apoptosis. This evolutionarily conserved enzyme exhibits a disease‑specific expression profile and is 
subject to tightly regulated mechanisms in diverse liver diseases. In recent years, accumulating evidence 
has highlighted the critical involvement of SIRT1 dysregulation in the pathogenesis of various liver 
diseases. In this review, we provide a comprehensive overview of the roles of SIRT1 in multiple liver 
diseases, including metabolic dysfunction-associated steatotic liver disease (MASLD), alcohol-associated 
liver disease (ALD), liver fibrosis, and hepatocellular carcinoma (HCC). We further explore the 
underlying regulatory mechanisms, aiming to establish a rigorous framework to facilitate the clinical 
translation of SIRT1-targeted therapeutic strategies. 

Keywords: SIRT1; liver disease; MASLD; liver fibrosis; HCC 

Introduction 
Liver diseases are conditions that disrupt the 

basic physiological processes and normal functions of 
the human liver, encompassing both acute and 
chronic liver diseases. Based on etiology, common 
liver diseases primarily include infectious liver 
diseases, metabolic liver diseases (e.g., metabolic 
dysfunction-associated steatotic liver disease 
(MASLD) and alcohol-associated liver disease (ALD), 
and immune-related liver diseases[1, 2]. A 2025 
epidemiological study revealed that over 1.72 billion 
people worldwide suffer from liver diseases, resulting 
in more than 2 million deaths each year, with 
disability-adjusted life years (DALYs) attributable to 

ALD and MASLD on an upward trend[3]. Although 
ongoing advancements in clinical research have 
brought about improved clinical outcomes for a 
broader range of liver diseases, as evidenced by the 
fact that direct-acting antiviral agents (DAAs) have 
successfully eradicated the virus in over 98% of 
hepatitis C virus (HCV) patients, effective therapeutic 
strategies for conditions such as ALD and 
hepatocellular carcinoma (HCC) remain limited[3-5]. 
In recent years, promising biomarkers and therapeutic 
targets have garnered increasing attention, with the 
aim of enhancing early diagnostic capabilities and 
paving the way for novel therapeutic approaches. 
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Silent information regulator 1 (SIRT1), also 
known as Sirtuin 1, is an NAD⁺-dependent 
deacetylase that regulates a variety of biological 
processes by deacetylating multiple proteins, 
including both histones and non-histone proteins[6, 
7]. Due to its deacetylase activity, SIRT1 plays a 
crucial role in regulating cellular metabolism, 
oxidative stress, aging, inflammation, and genomic 
stability. Numerous studies have evidenced its 
connection with multiple clinical disorders, including 
neurodegenerative diseases (e.g., Alzheimer's disease 
and Parkinson's disease)[8, 9], inflammatory 
demyelination[10], osteoarthritis[11], and metabolic 
diseases[12]. Notably, in the liver, SIRT1 regulates 
genes involved in both lipogenesis and lipid 
catabolism, thereby preventing excessive lipid 
accumulation[13]. It can also upregulate the 
expression of antioxidant genes, such as heme 
oxygenase-1 (HO-1) and NAD(P)H quinone 
dehydrogenase 1 (NQO1), thereby alleviating liver 
oxidative stress. Consequently, the investigation of 
SIRT1 in liver pathophysiology has gradually 
emerged as a focal point of research. 

Even though SIRT1 has undergone 
comprehensive research in aging and metabolic 
modulation, its specific functions and regulatory 
mechanisms in various liver disease settings remain 
incompletely understood. This review provided a 
comprehensive summary of the pivotal role of SIRT1 
in various liver diseases, elucidates its molecular 
regulatory mechanisms, and highlights the 
application of advanced technologies in related 
research, ultimately aiming to link these insights to 
potential therapeutic opportunities. 

Overview of SIRT1 

SIRT1 is the first discovered evolutionarily 
conserved member of the mammalian sirtuin family 
(SIRT1–SIRT7), initially discovered in humans by Frye 
in 1999[14]. It is predominantly localized in the 
nucleus while also capable of shuttling between the 
nucleus and the cytoplasm[15]. The human SIRT1 
gene is located at chromosome 10q21.3 and encodes a 
protein consisting of 747 amino acids. This protein 
architecture features a C-terminal elongation, an 
N-terminal segment containing two functional 
nuclear localization signals (NLSs) and two nuclear 
export signals (NESs), along with a central catalytic 
domain[16]. The catalytic core, composed of 277 
residues, is partitioned into two distinct subdomains. 
The larger subdomain features a Rossmann fold 
structure, which facilitates NAD⁺ binding. 
Conversely, the smaller subdomain consists of two 

insertions within the NAD+-binding region, 
comprising a helical module (residues 269–324) and a 
Zn2+-binding module (residues 362–419)[17]. Within 
the cleft between the two subdomains, the substrate’s 
acetylated residue binds to NAD+, initiating the 
catalytic reaction. During this process, NAD⁺ 
undergoes hydrolysis, facilitating the transfer of the 
acetyl moiety to the 2'-hydroxyl group of ADP-ribose. 
This biochemical process culminates in the generation 
of nicotinamide and 2'-O-acetyl-ADP-ribose as the 
end products[18]. Furthermore, the NES and NLS are 
essential for nucleocytoplasmic shuttling of SIRT1, 
with its translocation between the nucleus and 
cytoplasm that governs both its subcellular 
distribution and its action on histone and non-histone 
targets (Figure 1)[19].  

SIRT1 is present in multiple human tissues and 
cells, such as skeletal muscle cells, hepatocytes, 
pancreatic β-cells, white adipocytes, neurons, and 
cardiomyocytes, where it exerts dynamic 
transcriptional regulatory functions[20-24]. The 
expression levels of SIRT1 are modulated by a broad 
range of transcription factors. For instance, 
transcription factors including p53 and 
hypermethylated in cancer 1 (HIC1) have been shown 
to play a role in downregulating SIRT1 transcription, 
whereas E2F transcription factor 1 (E2F1) and c-Myc 
can induce its expression by binding to specific sites 
within the SIRT1 promoter[25-27]. Additionally, 
SIRT1 is subject to post-transcriptional regulation by 
various non-coding RNAs (ncRNAs), particularly 
microRNAs (miRNAs). Several miRNAs, such as 
miR-9, miR-22, miR-34a, miR-143, miR-146 and 
miR-181a, interact with the 3' untranslated region 
(3'UTR) of SIRT1 mRNA, thereby repressing its 
translation or promoting mRNA degradation[28]. 
Certain miRNAs such as miR-34a can also target 
nicotinamide phosphoribosyl transferase (NAMPT), 
thereby reducing SIRT1 activity[29]. Notably, SIRT1 
plays a pivotal role in maintaining normal liver 
physiology. Specifically, SIRT1 can enhance the 
activity of key antioxidant enzymes, including 
superoxide dismutase (SOD), catalase (CAT), and 
glutathione peroxidase (GPX) by deacetylating 
forkhead box O (FOXO) transcription factors and 
peroxisome proliferator-activated receptor γ 
coactivator 1α (PGC-1α), thereby alleviating oxidative 
stress[6]. Besides, SIRT1 is essential for the regulation 
of lipid and glucose metabolism, contributing to the 
maintenance of normal liver metabolic function[13]. 
Consequently, SIRT1 plays a critical role in 
maintaining physiological homeostasis. As research 
advances, SIRT1 has garnered widespread attention 
in the study of various liver diseases. 
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Figure 1. The structure of SIRT1. SIRT1 protein consists of 747 amino acids (aa) and has a highly conserved core catalytic domain (aa 273-517) containing a Rossmann fold 
domain (RFD),zinc-binding domain (ZnF) and a helical module, SIRT1 encompasses 2 nuclear localization signals (NLS, aa 31-38 and 223-230) and 2 nuclear exportation signals 
(NES, aa 138-145 and 425-431), which is essential for the nucleocytoplasmic shuttling of SIRT1. C-terminal regulatory domain (CTR, aa 641-665) is critical to regulate SIRT1 
activity.  

 

 
Figure 2. The function role of SIRT1 in various liver diseases. In MASLD, SIRT1 downregulation exacerbates hepatic lipid accumulation, inflammation, and steatosis. In 
liver fibrosis, reduced SIRT1 expression activates HSCs and promotes the secretion of α-SMA and collagen I. In ALD, SIRT1 downregulation aggravates hepatic steatosis, 
oxidative stress, and inflammation. In HCC, SIRT1 exhibits a dual role by promoting both HCC cell proliferation and apoptosis.  

 

Functional role of SIRT1 in liver diseases 
In recent studies, accumulating data have 

demonstrated that SIRT1 is crucial for preserving 
normal liver function and influencing liver disease 
progression. This section provides a systematic 
overview of the functional roles of SIRT1 in various 
common liver diseases (Figure 2). 

Metabolic dysfunction-associated steatotic 
liver disease 

MASLD is a new term proposed in 2023 by an 
international expert consensus to replace 
non-alcoholic fatty liver disease (NAFLD), with the 
aim of more accurately reflecting the causal 
relationship between the condition and metabolic 
dysregulation[30]. As the primary cause of chronic 
liver disease worldwide, MASLD has become a 
significant public health issue. Recent epidemiological 
investigations revealed that MASLD impacts 
approximately 38% of the adult population and 7 - 
14% of children and adolescents[31, 32]. By 2040, the 
prevalence of this disease among adults is projected to 

exceed 55%, highlighting the need for urgent 
preventive and therapeutic strategies[33]. This 
condition is invariably accompanied by at least one 
metabolic risk factor, such as obesity, type 2 diabetes, 
hypertension, dyslipidemia, or insulin resistance[34]. 
Its pathogenesis involves dysregulation of lipid 
metabolism, ectopic lipid deposition secondary to 
insulin resistance, mitochondrial dysfunction, and 
chronic inflammatory responses[35].  

Emerging evidence indicated that SIRT1 
expression plays a critical role in the progression of 
MASLD, with its suppression correlating with the 
severity of liver injury[36]. For example, Li et al. 
found that SIRT1 knockdown led to significant 
increases in body weight and liver weight in high-fat 
diet (HFD)-induced MASLD mice, exacerbated liver 
lipid deposition and steatosis, and induced 
substantial inflammatory cell infiltration[37]. 
Recently, Liu et al. have shown that SIRT1 
deacetylated and activated PGC-1α, thereby 
enhancing fatty acid β-oxidation (FAO) while 
suppressing the transcription of key lipogenic genes, 
such as fatty acid synthase (FAS) and acetyl coenzyme 
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A carboxylase (ACC). This coordinated regulation 
effectively inhibited de novo lipogenesis and liver lipid 
accumulation[38]. Additionally, several studies have 
confirmed that increasing SIRT1 expression and 
activity can alleviate lipid accumulation and oxidative 
stress in HFD-induced mouse model of MASLD[39, 
40]. Notably, during the progression of MASLD, 
SIRT1 exhibits cell-specific activity, exerting distinct 
effects across different liver cell types. In 2018, Yao et 
al. demonstrated that in a palmitic acid (PA)-induced 
AML-12 murine parenchymal hepatocyte model of 
MASLD, SIRT1 expression is significantly 
downregulated, thereby impairing downstream lipid 
metabolic regulators such as sterol regulatory 
element-binding protein 1 (SREBP-1)[41]. This 
impairment disrupts FAO and leads to excessive lipid 
accumulation. For Kupffer cells, the liver-resident 
macrophages, SIRT1 expression is also 
downregulated during the progression of MASLD. In 
2018, Niu et al. found that HFD treatment 
significantly downregulated both mRNA and protein 
levels of SIRT1 in Kupffer cells of mice, while 
upregulating CD36 expression and increasing the 
secretion of inflammatory cytokines, thereby 
exacerbating hepatic inflammatory cell infiltration. 
Correspondingly, SIRT1 activation can downregulate 
cluster of differentiation 36 (CD36) expression in 
Kupffer cells, thereby inhibiting their activation and 
alleviating liver inflammation[42]. Moreover, in 2021, 
Li et al. have shown that SIRT1 deficiency impeded 
the activation and proliferation of WB-F344 cells (rat 
hepatic progenitor cells, HPCs), thereby hindering the 
HPCs-mediated restoration from liver steatotic 
injury[37]. Accordingly, pharmacological modulators 
of SIRT1 represent promising therapeutic candidates 
for MASLD. As an illustration, SRT1720, a compound 
known to activate SIRT1, has been extensively 
validated for its effect in alleviating liver steatosis 
associated with MASLD. This beneficial effect is 
evidenced by the reduction in serum alanine 
aminotransferase (ALT) and aspartate 
aminotransferase (AST) concentrations, along with a 
decrease in the expression of liver inflammatory 
cytokines including tumor necrosis factor-α (TNF-α) 
and monocyte chemoattractant protein-1 (MCP-1)[43, 
44].  

In recent years, the interplay between gut 
microbiota and host metabolism has emerged as a 
research hotspot. Emerging evidence has 
demonstrated that gut microbiota and its derived 
metabolites (e.g., bile acids and short chain fatty acids, 
SCFAs) affect the progression of liver injury by 
modulating SIRT1[45]. SCFAs are carboxylic acids 
with aliphatic tails of 1-6 carbon atoms and are major 
products of gut microbes[46]. Several studies have 

reported that changes in the levels of SCFAs are 
closely related to the pathogenesis of MASLD. For 
example, SIRT1 can be directly or indirectly activated 
by SCFAs, which activates cellular antioxidant 
mechanisms and downregulates the expression of 
pro-inflammatory cytokines, attenuating liver 
injury[47]. In addition, as common metabolic 
products of gut microbiota, bile acids exert effects 
during the early stages of various types of liver 
diseases including MASLD[48, 49]. For instance, 
glycochenodeoxycholic acid (GCDCA), a toxic bile 
acid, has been shown to directly reduce the expression 
and activity of SIRT1 protein, thereby impairing the 
deacetylation of PGC-1α and leading to disrupted 
liver lipid metabolism[50]. Notably, in 2023, Yang et 
al. have indicated that didymin, a flavonoid extracted 
from citrus peels, mitigates MASLD via the activation 
of SIRT1. In a HFD-induced mouse model of MASLD 
and Palmitic acid (PA)-treated AML-12 cells, didymin 
increased SIRT1 expression and directly activated 
SIRT1, thereby enhancing mitochondrial biogenesis 
and function, reducing apoptosis, and promoting 
lipophagy, ultimately alleviating MASLD[51]. 
Furthermore, Tian et al. demonstrated that the Xie 
Zhuo Tiao Zhi (XZTZ) formula alleviated MASLD by 
modulating SIRT1, which suppressed NLRP3 
inflammasome-mediated pyroptosis in macrophages, 
reduced M1 polarization while promoting M2 
polarization, and concurrently improved 
mitochondrial function and lipid metabolism[52]. As 
a complement to the findings on natural products and 
herbal formulas, recent studies have also shown that 
S. boulardii (a gut probiotic) can increase SIRT1 
expression as well as reduce lipid accumulation and 
oxidative stress in fructose-induced MASLD rats[53]. 
In summary, SIRT1 expression exerts a pivotal 
protective effect in the progression of MASLD, 
underscoring the critical importance of developing 
SIRT1-activating agents for its prevention and 
treatment. 

Liver fibrosis 
Liver fibrosis is a pathological repair response 

triggered by chronic liver injury[54]. This condition 
can be triggered by various etiologies, including viral 
hepatitis, alcohol consumption and liver steatosis[55]. 
It is defined by the abnormal accumulation of 
extracellular matrix (ECM) components, particularly 
crosslinked collagens type I and type III (COL1A1 and 
COL3A1)[56]. This pathological process results in the 
distortion of the normal liver architecture and 
subsequent impairment of liver function[56]. In 2024, 
an investigation performed by Kim et al. incorporated 
45 studies with a cumulative sample size of 56,969 
individuals, revealing a 7.3% prevalence of clinically 
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significant liver fibrosis among the general 
population[57]. Generally, the central mechanism of 
liver fibrosis involves the activation of hepatic stellate 
cells (HSCs). Upon stimulation by liver injury signals, 
particularly transforming growth factor-β (TGF-β), 
HSCs transform into myofibroblasts, secreting large 
amounts of fibrosis-associated proteins, ultimately 
leading to excessive extracellular matrix (ECM) 
deposition[58].  

Emerging studies have identified SIRT1 as a 
critical regulator in the fibrotic processes of multiple 
organs, including the heart[59], kidney[60], lung[61], 
and liver[62]. Notably, in both carbon tetrachloride 
(CCl₄)- and bile duct ligation (BDL)-induced mouse 
models of liver fibrosis, a marked downregulation of 
SIRT1 expression has been observed. Mechanistic 
investigations suggested that inhibition of SIRT1 
activity exacerbates fibrogenesis by promoting HSCs 
activation, with upregulated expression of α-smooth 
muscle actin (α-SMA) and collagen I. Conversely, 
SIRT1 activation suppresses fibrotic markers, 
including α-SMA and collagen I, demonstrating 
significant antifibrotic effects[63]. In 2015, Wu et al. 
demonstrated that in a CCl4 induced mouse model of 
liver fibrosis, the expression of SIRT1 in liver tissues 
was significantly decreased, whereas in a 
spontaneous fibrosis regression model, SIRT1 
expression was restored to normal levels. 
Subsequently, in an in vitro model of liver fibrosis 
established by treating LX-2 cells (human HSCs) with 
TGF-β1, SIRT1 expression was markedly 
downregulated. Overexpression of SIRT1 in LX-2 cells 
via transfection with the pECE-SIRT1 plasmid 
significantly suppressed the expression of α-SMA and 
COL1A1. These findings indicated that SIRT1 
downregulation was particularly pronounced in 
HSCs during liver fibrosis, and restoring its activity 
effectively inhibited aberrant HSCs activation. 
Furthermore, the long ncRNA MALAT1 (lncRNA 
MALAT1) was significantly upregulated in 
TGF-β1-induced LX-2 cells and exhibited a negative 
correlation with SIRT1 expression level. Inhibition of 
lncRNA MALAT1 via RNA interference restored 
SIRT1 levels and markedly reduced the expression of 
fibrotic markers, including α-SMA and COL1A1. 
Therefore, lncRNA MALAT1 may exacerbate the 
fibrotic process by suppressing the expression of 
SIRT1[64]. Of note, during the progression from 
steatotic liver disease to fibrosis, SIRT1 
downregulation in parenchymal hepatocytes and 
Kupffer cells leads to lipid metabolic disturbances 
that facilitate HSCs activation. TGF-β derived from 
activated HSCs further suppresses SIRT1 expression 
in hepatocytes, forming a positive feedback loop that 
perpetuates lipid accumulation, inflammatory 

responses, and ECM deposition. Additionally, in 
2021, Luo et al. found that SIRT1 expression was 
downregulated in hepatic sinusoidal endothelial cells 
(HSECs) during CCl4-induced liver fibrosis, leading to 
its defenestration and capillarization of hepatic 
sinusoids. Whereas overexpressing SIRT1 in HSECs 
deacetylated p53, thereby suppressing oxidative 
stress–induced senescence of HSECs, attenuating 
CCl4-induced defenestration and the progression of 
liver fibrosis[65]. Moreover, in 2024, 
Rungratanawanich et al. demonstrated that 
gut-specific SIRT1 knockout mice exhibited 
exacerbated liver fibrosis in thioacetamide 
(TAA)-induced gut leakiness and liver fibrosis dual 
model. Further melatonin pretreatment restored 
SIRT1 expression and reduced protein acetylation in 
both the gut and liver of model mice, ultimately 
ameliorating TAA-induced gut leakiness and liver 
fibrosis[66]. Based on these results, melatonin 
emerges as a potentially viable and secure dietary 
supplement option for individuals suffering from 
liver fibrosis. Overall, SIRT1 plays a critical protective 
role against liver fibrosis, and modulating SIRT1 
represents a promising therapeutic strategy for liver 
fibrosis.  

Alcohol-associated liver disease 
ALD is a progressive liver disorder caused by 

prolonged excessive alcohol consumption. Its 
presentation varies from asymptomatic liver steatosis 
to fibrosis, cirrhosis, alcohol-related hepatitis, and 
related sequelae[67]. In 2023, a meta-analysis 
involving 513,278 individuals revealed that the 
prevalence of ALD was 3.5% in the general 
population and 26.0% among high-risk drinkers[68]. 
Currently, no effective targeted therapy exists for 
ALD, and strict alcohol abstinence remains the most 
effective measure for improving patient prognosis[69, 
70]. Consequently, it is imperative to discover 
pertinent therapeutic targets and create 
corresponding drugs for ALD.  

The pathogenesis of ALD crucially involves the 
metabolism of alcohol in the liver, primarily by 
alcohol dehydrogenase (ADH) and the microsomal 
ethanol-oxidizing system (MEOS), which generates 
substantial reactive oxygen species (ROS). This 
triggers oxidative stress, leading to hepatocyte 
damage[71]. SIRT1 has been shown to exert liver 
protective effects in Lieber-DeCarli alcohol diet 
induced ALD mice, through mitigating ROS-induced 
oxidative stress. Specifically, chronic alcohol 
consumption leads to a downregulation of SIRT1 
expression in liver, while preservation of SIRT1 
expression and activity results in the upregulation of 
antioxidant-related genes (e.g., GPX2 and SOD1), 
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reduction of intrahepatic ROS levels, and attenuation 
of lipid peroxidation-induced damage. Conversely, 
silencing of SIRT1 markedly abolishes these 
protective effects against oxidative stress, confirming 
that SIRT1 is a pivotal regulator of redox homeostasis 
in ALD[72]. In addition, Liu et al. innovatively 
applied positron emission tomography/computed 
tomography (PET/CT) imaging to visualize and 
quantitatively assess hepatic SIRT1 expression in 
early-stage ALD mice, revealing a significant 
downregulation, which was further confirmed by 
Western blot analysis[73]. In 2012, Yin et al. found that 
in an in vitro AML-12 cell model of ALD, alcohol 
induced miR-217 expression dose-dependently. 
miR-217 can directly bind to the 3'-UTR of SIRT1 
mRNA, thereby suppressing SIRT1 expression and 
leading to abnormal lipid accumulation in 
parenchymal hepatocyte[74]. Subsequently, in 2015, 
Yin et al. revealed that during the progression of ALD, 
alcohol treatment markedly enhanced 
lipopolysaccharide (LPS)-induced upregulation of 
miR-217 in Kupffer cells. Then miR-217 suppressed 
SIRT1 expression, thereby promoting the production 
of pro-inflammatory cytokines in Kupffer cells and 
exacerbating hepatic inflammatory injury[75]. Of 
note, in 2024, Liu et al. further revealed that alcohol 
exposure markedly upregulated bromodomain- 
containing protein 4 (BRD4) expression in AML-12 
cells. BRD4 can directly bind to the promoter region of 
SIRT1, repressing its transcription and thereby 
impairing autophagic activity and lipid metabolic 
function, ultimately exacerbating hepatic injury[76]. 

Given its pivotal role in ALD, SIRT1 has been 
established as a central orchestrator of liver protection 
in ALD, operating through interconnected metabolic 
and immunomodulatory mechanisms. As an 
NAD+-dependent deacetylase, SIRT1 exerts its 
therapeutic effects by coordinately regulating lipid 
homeostasis through dual modulation of FAO 
activation and lipogenesis suppression, effectively 
counteracting alcohol-induced liver steatosis[77]. 
Crucially, in addition to regulating lipid metabolism, 
SIRT1 also alleviates lipid peroxidation induced by 
ROS generated during alcohol metabolism. Therefore, 
SIRT1 plays a crucial role in mitigating metabolic liver 
injury during the progression of ALD. Moreover, 
SIRT1 reduces the production of inflammatory 
cytokines, including TNF-α, interleukin-6 (IL-6), and 
interleukin-1β (IL-1β). Through this mechanism, 
SIRT1 effectively dampens the inflammatory cascade 
in the liver, which is particularly relevant in the 
context of ALD. For example, salvianolic acid A 
(SalA) has been shown to alleviate ALD in both ALD 
mouse models and AML-12 cells through 
upregulating SIRT1, promoting autophagosome–

lysosome fusion, activating autophagy, as well as 
reducing inflammation and lipid accumulation[78]. In 
2024, Jiang et al. indicated that Saikogenin A (SGA), a 
metabolite of Saikosaponin A (SSa) from Radix 
Bupleuri, improves alcohol-induced liver injury by 
targeting SIRT1 to modulate lipid metabolism in both 
the National Institute on Alcohol Abuse and 
Alcoholism (NIAAA)-based mouse model and HepG2 
cells (human HCC cells) model of ALD[79]. 
Furthermore, a recent study by Ma et al. employing 
single-cell sequencing demonstrated that miR-155-5p, 
which is highly expressed in Kupffer cells of ALD 
patients, can target and inhibit the transcription of 
SIRT1. And dihydromyricetin (DMY) has been shown 
to downregulate miR-155-5p, thereby restoring the 
normal expression of SIRT1, alleviating hepatocyte 
senescence and inflammatory injury[80]. Thus, SIRT1 
exerts protective effects in ALD by alleviating liver 
injury through multiple mechanisms. This provides a 
potential therapeutic target and conceptual 
framework for developing novel treatment strategies 
for ALD, with promising implications for advancing 
its management. 

Hepatocellular carcinoma 
HCC represents the predominant subtype of 

primary liver cancer. Epidemiological data indicated 
that it constitutes nearly 90% of all primary liver 
cancer incidences[81]. In 2022, HCC was globally 
recognized as the sixth most commonly diagnosed 
cancer and the third leading cause of cancer-related 
death[82]. Its development is closely associated with 
chronic liver diseases such as viral hepatitis, ALD, 
MASLD, and liver cirrhosis. These chronic liver 
injuries lead to the accumulation of deoxyribonucleic 
acid (DNA) mutations, aberrant proliferation, and 
epigenetic alterations in hepatocytes, while 
concurrent microenvironmental disturbances (e.g., 
inflammatory cytokine dysregulation and aberrant 
angiogenesis) collectively drive the process of 
carcinogenesis[83]. Unfortunately, due to its late-stage 
diagnosis in most cases, the prognosis for HCC is 
dismal, with a five-year survival rate below 20%[81]. 

Previous studies have indicated that SIRT1 
exhibits a dual role in cancer biology, acting as either 
a tumor suppressor or a tumor promoter, depending 
on the specific tumor-specific carcinogenic 
pathways[84]. For example, in malignant tumors such 
as colorectal cancer, pancreatic cancer, prostate 
cancer, and skin cancer, SIRT1 primarily exerts 
tumor-suppressing effects. Whereas in breast cancer, 
lung cancer, cervical cancer, endometrial cancer, and 
ovarian cancer, its effects tend to promote tumor 
growth[85-89]. This dual functionality highlighted the 
complexity and environment-dependence of SIRT1's 
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involvement in tumorigenesis. In general, advanced 
liver fibrosis progressed to cirrhosis, which carried a 
substantial risk of further developing into HCC 
(Figure 3). During the progression of liver fibrosis, 
SIRT1 expression is downregulated, which 
concurrently disrupts lipid metabolism, exacerbates 
inflammation, and promotes ECM deposition. 
Disruption of lipid metabolism leads to steatosis and 
lipotoxicity, accompanied by enhanced inflammatory 
responses that exacerbate oxidative stress and 
hepatocellular DNA damage, particularly within the 
cycle of repeated hepatocyte death and compensatory 
regeneration[90]. Meanwhile, ECM deposition 
increases liver tissue stiffness, which can be sensed 
and transduced, thereby promoting hepatocytes 
proliferation, survival, and epithelial-to-mesenchymal 
transition (EMT), a process that is critical for tumor 
initiation, metastasis, and therapeutic resistance[91]. 
Moreover, downregulation of SIRT1 during liver 
fibrosis activates HSCs, which secrete growth 
differentiation factor 15 (GDF15), TGF-β, and other 
cytokines that not only promote fibrogenesis but also 
support the growth and proliferation of HCC cells[92, 
93]. Taken together, the downregulation of SIRT1 
during liver fibrosis could induce a series of cellular 
impairments and alterations in liver 
microenvironment, which substantially contribute to 
the progression toward cirrhosis and markedly 
increase the risk of HCC development. However, 
unlike in the stages of fibrosis or cirrhosis, during the 
development of HCC, SIRT1 often exhibits 
pro-oncogenic properties and is associated with poor 

prognosis. For instance, Portmann et al. demonstrated 
that SIRT1 expression is significantly elevated in HCC 
tissues compared to normal liver tissue or adjacent 
non-tumorous tissue from the human HCC patients. 
Consistent with these findings, elevated SIRT1 
expression has also been observed in various human 
HCC cell lines in vitro, including Hep3B, HepG2, HLE, 
HLF, and SK-Hep1[94]. Given the significant 
elevation of SIRT1 in HCC, further investigations into 
its functional role have been conducted. Researchers 
discovered that knockdown of SIRT1 using shRNAs 
(shSIRT1_3206 and shSIRT1_1958) or pharmacological 
inhibition with cambinol (SIRT1 inhibitor) in HepG2 
cells induced marked morphological alterations, 
decreased proliferative capacity, and led to G1 phase 
cell cycle arrest[94]. Conversely, overexpression of 
SIRT1 was shown to promote the proliferation of 
Hep3B cells[95]. Furthermore, in orthotopic xenograft 
mouse model of HCC, SIRT1 knockdown reduced 
tumor incidence, and cambinol treatment significantly 
inhibited tumor growth of HCC[94]. These results 
indicated that SIRT1 plays an important 
pro-tumorigenic role in the progression of HCC. 

Of note, the cyclin-dependent kinase (CDK) 
family comprises a group of serine/threonine protein 
kinases that regulate cell cycle progression through 
phosphorylation of specific target proteins. Yao et al. 
demonstrated that CDK9 phosphorylated SIRT1 at 
Ser47 to enhance its deacetylase activity. 
Subsequently, SIRT1 deacetylated p53 at Lys382, 
which reduced the stability of p53, leading to loss of 
tumor-suppressive function, thereby promoting HCC 

 

 
Figure 3. The contribution of SIRT1 to the transition between liver fibrosis and HCC. During liver fibrosis, downregulation of SIRT1 leads to lipid accumulation, 
exacerbated inflammatory responses, actived HSCs and increased extracellular matrix deposition, thereby promoting the progression from fibrosis to cirrhosis and elevating the 
risk of HCC.  



Int. J. Biol. Sci. 2025, Vol. 21 
 

 
https://www.ijbs.com 

7093 

cell proliferation and survival. Their study further 
revealed that Oroxylin A (CDK9 inhibitor) suppressed 
SIRT1 phosphorylation, reduced p53 deacetylation 
and restored its acetylation and activity, ultimately 
inhibiting HCC progression. These findings 
highlighted that targeting the CDK9-SIRT1 axis 
reverses SIRT1-driven destabilization of p53 and 
provides a therapeutic strategy against HCC[96]. 
Interestingly, Chai et al. found that SIRT1 activation 
appears to exert an inhibitory effect on HCC. Their 
study demonstrated that resveratrol, a polyphenolic 
compound, enhances SIRT1 expression and activity, 
thereby suppressing the FOXO3a phosphorylation, 
promoting apoptosis in HCC cell lines[97]. To 
summarize, the dual modulatory role of SIRT1 in 
HCC underscores its importance as a pivotal research 
target, and a comprehensive elucidation of its 
mechanisms is essential for guiding the design of 
HCC therapies in the future. 

Regulatory mechanism of SIRT1 in liver 
disease 

With the continual advances in our 
understanding of pathophysiology, the pivotal 
mechanisms by which SIRT1 modulates liver disease 
progression have become increasingly evident. In this 
section, we review current studies on the signaling 

pathways involved in SIRT1-mediated regulation of 
liver pathology. (Figure 4). 

NF-κB signaling pathway 

The nuclear factor κB (NF-κB) signaling pathway 
is a pivotal regulator of inflammation, immune 
responses, cell proliferation, and apoptosis[98, 99]. Its 
family members include RelA (p65), RelB, c-Rel, and 
p50[100]. Generally, the NF-κB signaling pathway can 
be activated through two distinct mechanisms. The 
canonical NF-κB signaling pathway is triggered by 
either pro-inflammatory cytokines or pathogen- 
associated molecular patterns (PAMPs). Upon 
activation, NF-κB is released from its inhibitory 
complex and translocates into the nucleus, where it 
functions as a transcriptional regulator to control the 
expression of a wide array of target genes. These 
genes include those encoding pro-inflammatory 
cytokines such as IL-6 and TNF-α, chemokines, and 
anti-apoptotic proteins like B-cell lymphoma 2 
(Bcl-2)[101]. In contrast, the non-canonical pathway is 
triggered by ligands such as CD40 and B-cell 
activating factor (BAFF), relying on NF-κB - inducing 
kinase (NIK) and inhibitor of κB kinase α 
(IKKα)-mediated conversion of p100 to p52. The p52 
then forms dimers with RelB to control lymphoid 
organogenesis and adaptive immunity[102]. 

 

 
Figure 4. Regulatory mechanism of SIRT1 in liver disease. As an NAD⁺-dependent deacetylase, SIRT1 can deacetylate key components within several signaling 
pathways, including NF-κB, PPAR, PI3K/Akt, Nrf2, and AMPK, thereby modulating the expression of downstream target genes and influencing the progression of liver diseases. 
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Notably, He et al. demonstrated that 
overexpression of SIRT1 in a CCl4-induced rat model 
of liver fibrosis led to reduced levels of NF-κB p65 in 
liver, decreased plasma LPS concentrations, and 
attenuated liver fibrosis. Further in vitro experiments 
showed that LPS-induced RAW 264.7 cells (mouse 
macrophages) had reduced SIRT1 expression, 
increased NF-κB acetylation, elevated secretion of 
pro-inflammatory cytokines, and differentiated into 
M1 pro-inflammatory type[103]. In contrast, 
activation of SIRT1 significantly suppressed the 
activation of LPS-induced RAW 264.7 cells. 
Mechanistically, LPS stimulation promotes the 
acetylation level of NF-κB, thereby activating the 
downstream NOD-like receptor protein 3 (NLRP3) 
inflammasome, which promotes caspase-1 activation 
and the subsequent release of pro-inflammatory 
cytokines such as IL-1β and TNF-α. SIRT1 acts as an 
NAD⁺-dependent deacetylase that can directly 
interact with the p65 subunit of the NF-κB complex 
and deacetylate it at lysine 310, subsequently 
repressing NF-κB transcriptional activity[103]. 
Consequently, activation of SIRT1 can attenuate the 
inflammatory response during liver fibrogenesis 
through inhibiting the NF-κB signaling pathway. 
Similarly, in 2023, Yan et al. found that SIRT1 
activation promoted NF-κB deacetylation, thereby 
suppressing the transcription of pro-inflammatory 
cytokines in PA-induced HepG2 cells. In parallel, the 
inhibition of NF-κB led to the downregulation of key 
lipogenic proteins, including SREBP-1, fatty acid 
synthase (FAS), and the fatty acid transporter CD36, 
resulting in reduced liver triglyceride (TG) and total 
cholesterol (TC) accumulation. This was accompanied 
by restored phosphorylation of insulin receptor 
substrate 2 (IRS-2) and improved insulin 
resistance[104]. Moreover, in a methionine and 
choline deficient (MCD) diet-induced mouse model of 
non-alcoholic steatohepatitis (NASH), activation of 
SIRT1 inhibited NF-κB signaling pathway and exerted 
anti-steatotic, anti-inflammatory, and anti-apoptotic 
effects[105]. Of interest, Rhodiola rosea glycosides, a 
class of glycosidic compounds extracted from 
Rhodiola rosea, markedly alleviated LPS-induced 
liver inflammation and injury through this signaling 
pathway, while ginsenosides, triterpenoid saponins 
extracted from plants of the genus Panax, attenuated 
alpha-naphthylisothiocyanate (ANIT)-triggered 
cholestatic liver damage via analogous 
mechanisms[106, 107]. Furthermore, Cyanidin-3-O-β- 
glucoside (Cy-3-G), a dietary anthocyanin abundantly 
present in fresh produce, has been shown to reduce 
liver inflammation and injury by directly interacting 
with and deacetylating the NF-κB p65 subunit via 
activating SIRT1[108]. In conclusion, the NF-κB 

signaling pathway plays a crucial regulatory role in 
the progression of liver diseases, and a deeper 
understanding of SIRT1’s involvement in the NF-κB 
signaling pathway offers great potential for 
developing novel strategies and therapies for liver 
diseases. 

PPAR signaling pathway 
 The peroxisome proliferator-activated receptor 

(PPAR) signaling pathway comprises a class of 
ligand-activated nuclear transcription factors that 
play a central role in the regulation of energy 
metabolic homeostasis[109]. This signaling pathway 
includes three major isoforms: PPARα, PPARγ, and 
PPARδ/β. They exert function by forming 
heterodimers with retinoid X receptors (RXRs), which 
specifically bind to peroxisome proliferator response 
elements (PPREs) within the promoter regions of 
target genes, thereby regulating gene 
transcription[110]. 

 Among the PPARs, PPARα is predominantly 
expressed in the liver, where it governs fatty acid 
oxidation and ketogenesis. Upon activation, it recruits 
the coactivator PGC-1α to the promoters of its target 
genes. Remarkably, PGC-1α can be deacetylated by 
SIRT1, which enhances the transcriptional activity of 
PPARα, promotes FAO in liver, and contributes to 
protecting the liver from steatosis[6]. For example, in 
HFD fed mice with liver specific SIRT1 knockout, 
increased acetylation of PGC-1α impairs PPARα 
activation, resulting in decreased FAO, enhanced liver 
lipid accumulation, and increased production of 
pro-inflammatory cytokines[111]. Moreover, Jiang et 
al. found that alcohol intake suppresses SIRT1 
expression and its nuclear translocation, leading to 
reduced PPARα activity and consequently 
downregulating the expression of carnitine palmitoyl 
transferase 1A (CPT-1A), a key enzyme involved in 
the regulation of FAO. Targeting SIRT1 with SGA can 
upregulate PPARα and downregulate the expression 
of lipogenic genes (e.g., SREBP-1c, ACC1, and FAS), 
thereby alleviating alcohol-induced liver lipid 
accumulation and steatosis[79]. In addition, PPARγ 
primarily regulates the generation, differentiation, 
and function of adipocytes[112]. Recent studies have 
demonstrated that Antrodan, a β-glucan extracted 
from Antrodia cinnamomea, activates the adenosine 
5'-monophosphate (AMP)-activated protein kinase 
(AMPK) signaling pathway, increases the 
NAD⁺/NADH ratio, and induces the expression of 
SIRT1. Subsequently, SIRT1, in coordination with 
phosphorylated AMPK, suppresses the 
transcriptional activities of PPARγ and SREBP-1c, 
thereby reducing the expression of FAS and ACC, 
inhibiting liver lipogenesis, and promoting fatty acid 
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oxidation[112]. Taken together, the PPAR signaling 
pathway is regulated by SIRT1 through multiple 
mechanisms and plays a crucial role in liver lipid 
biosynthesis. 

PI3K/Akt signaling pathway 
The phosphoinositide 3-kinase/protein kinase B 

(PI3K/Akt) signaling pathway is a key regulator of 
cell proliferation, survival, metabolism, and 
migration[113]. Its activation relies on the interaction 
between ligands and receptor tyrosine kinases, which 
triggers PI3K to catalyze the conversion of 
phosphatidylinositol-4,5-bisphosphate (PIP2) into 
phosphatidylinositol-3,4,5-trisphosphate (PIP3). PIP3 
subsequently recruits Akt to the plasma membrane, 
where it undergoes phosphorylation and activation, 
thereby modulating diverse cellular functions[114, 
115]. Notably, dysregulation of PI3K/Akt signaling 
pathway has been implicated in various pathological 
conditions, including tumorigenesis, neurodegenera-
tive diseases, and metabolic disorders[116]. 

Currently, mounting research has indicated that 
the PI3K/Akt signaling pathway is closely associated 
with a range of chronic liver diseases[117, 118]. Zhang 
et al. demonstrated that SIRT1 suppresses PI3K 
activation, thereby reducing the phosphorylation of 
Akt. The decreased phosphorylation of Akt leads to a 
subsequent reduction in mammalian target of 
rapamycin (mTOR) phosphorylation. As a major 
negative regulator of autophagy, inactivation of 
mTOR alleviates its inhibitory effect on the 
transcription factor EB (TFEB), allowing TFEB to 
translocate into the nucleus and activate the 
expression of proteins involved in autophagy, 
including microtubule-associated protein light chain 3 
(LC3) and FUN14 domain-containing 1 (FUNDC1). 
The resulting activation of autophagy facilitates the 
degradation of senescence-associated cellular 
components, including oxidized proteins and 
damaged organelles, thereby attenuating the 
senescence-associated secretory phenotype (SASP), 
suppressing hepatocyte senescence, and ameliorating 
MASLD[119]. Intriguingly, Koga et al. found that 
endoplasmic reticulum (ER) stress relieved the 
inhibition of glycogen synthase kinase-3β (GSK3β) by 
suppressing the PI3K/Akt signaling pathway. 
Activated GSK3β directly acted on the promoter 
region of SIRT1 and enhanced its transcription. 
Subsequently, pharmacological inhibition of SIRT1 
with selisistat (EX-527, SIRT1 inhibitor) markedly 
attenuated hepatocyte death and ameliorated liver 
injury induced by tunicamycin-triggered ER stress in 
mice. Further investigation revealed that the ER 
stress-induced upregulation of SIRT1 may have 
aggravated hepatocyte apoptosis and inflammation 

by promoting the deacetylation of p53 and p65[120]. 
Collectively, SIRT1 may exert divergent roles in 
PI3K/Akt signaling under different pathological 
conditions of liver disease. 

Nrf2 signaling pathway 

The nuclear factor erythroid 2–related factor 2 
(Nrf2) signaling pathway represents a central cellular 
defense mechanism against oxidative stress and 
electrophilic toxicity[121]. Under physiological 
homeostasis, Nrf2 remains in a low-activity state 
through its interaction with the cytoplasmic protein 
Kelch-like ECH-associated protein 1 (Keap1), which 
promotes its ubiquitination and subsequent 
proteasomal degradation. Upon exposure to oxidative 
stress, electrophilic compounds, or inflammatory 
environments, cysteine residues on Keap1 are 
oxidatively modified, resulting in conformational 
changes that lead to the release of Nrf2. Then the 
released Nrf2 translocates into the nucleus, where it 
binds to antioxidant response elements (AREs) and 
initiates the transcription of downstream antioxidant 
genes[122, 123]. Therefore, activation of the Nrf2 
signaling pathway can exert a protective effect against 
oxidative stress in various liver diseases through 
regulating the expression of antioxidant genes. 

Recent studies have shown that the Nrf2 
signaling pathway can be activated by SIRT1, thereby 
enhancing the antioxidant and anti-inflammatory 
effect of hepatocytes[7]. In a HFD-induced mouse 
model of MASLD, activation of the SIRT1/Nrf2 
signaling pathway was shown to restore the activity 
of antioxidant enzymes (e.g., SOD), reduce liver ROS 
production, and subsequently improve lipid 
metabolic dysregulation and liver injury associated 
with MASLD[45]. In another study on MASLD, Yang 
et al. demonstrated that activation of the SIRT1/Nrf2 
signaling pathway in PA-induced AML-12 cells 
inhibited ferroptosis and inflammation. However, this 
protective effect was markedly attenuated following 
SIRT1 inhibition by using EX-527, further confirming 
the involvement of SIRT1 in regulating the Nrf2 
signaling pathway to protect against liver injury[124]. 
Moreover, Abu-Risha et al. demonstrated that SIRT1 
directly activates the Nrf2 signaling pathway through 
its deacetylase activity, exerting antioxidant and 
anti-inflammatory effects in alcohol-induced liver 
fibrosis in rats, thereby ameliorating the progression 
of liver fibrosis[125]. In summary, SIRT1 modulates a 
series of cellular events by regulating Nrf2 activation, 
nuclear translocation, and downstream 
transcriptional activity, thereby orchestrating a series 
of cellular events that help maintain redox balance 
and mitigate excessive inflammation in the liver. 
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AMPK signaling pathway 
AMPK is a cellular energy sensor composed of α, 

β, and γ subunits that monitors changes in the AMP to 
adenosine triphosphate (ATP) ratio[126]. When 
intracellular ATP levels are reduced, leading to an 
increased AMP/ATP ratio, AMP or ADP can directly 
bind to the γ subunit. This binding promotes 
phosphorylation at threonine 172 (T172) on the α 
subunit, activating the AMPK signaling pathway and 
subsequently enhancing downstream energy- 
producing processes[127]. Of note, AMPK activation 
confers protection in the progression of liver diseases 
by modulating lipid metabolism, enhancing insulin 
sensitivity, and suppressing inflammatory responses. 
Conversely, AMPK dysfunction may exacerbate liver 
steatosis, accelerate fibrosis, and even contribute to 
the development of HCC[128, 129]. 

Numerous investigations have demonstrated 
that SIRT1 is involved in the regulation of the AMPK 
signaling pathway and plays a critical role in 
suppressing liver inflammatory responses. An 
interesting experiment by Zou et al. has shown that 
swimming exercise can activate the SIRT1/AMPK 
signaling pathway in the liver of zebrafish models of 
MASLD, which on one hand, suppressed the 
expression of downstream lipogenic genes, and on the 
other hand, promoted the expression of genes 
involved in FAO. This dual regulation contributed to 
the reduction of liver TG and TC levels, thereby 
alleviating lipid accumulation in the liver. Meanwhile, 
activation of the AMPK signaling pathway also 
attenuates liver inflammation, alleviates oxidative 
stress, and suppresses hepatocyte apoptosis, thereby 
improving HFD-induced MASLD in zebrafish[130]. 
Notably, the AMPK signaling pathway can be 
activated by certain polyphenols through the 
modulation of SIRT1. For example, kaempferol, a 
flavonoid polyphenolic compound, was able to 
significantly attenuate MASLD symptoms in type 2 
diabetic mice by activating the SIRT1/AMPK 
signaling pathway[131]. Besides, apple polyphenol 
extract reduces lipid deposition in free fatty acid 
(FFA)-treated HepG2 cells by indirectly activating 
AMPK through SIRT1 via deacetylation and 
activation of liver kinase B1 (LKB1)[132]. Similarly, 
resveratrol delays organic aging and attenuates 
oxidative damage in the liver by indirectly activating 
AMPK through SIRT1-mediated deacetylation and 
activation of LKB1[133]. In addition, vitamin D has 
been found to promote the SIRT1/AMPK signaling 
pathway in AML-12 cells, which reduces liver fat 
accumulation and alleviates liver inflammation[134]. 
Moreover, the SIRT1/AMPK signaling pathway can 
be stimulated by certain bacilli, such as Lactobacillus 
plantarum 69-2, which can regulate the intestinal flora 

and its metabolites through the liver-intestinal axis, 
thereby activating the SIRT1/AMPK signaling 
pathway in the liver, restoring the antioxidant activity 
of the liver, and effectively alleviating liver 
diseases[135]. Overall, SIRT1 facilitates the activation 
of the AMPK signaling pathway, which in turn 
modulates liver energy metabolism, suppresses 
inflammatory responses, and ultimately delays the 
progression of liver diseases. 

Clinical utility of SIRT1 in liver disease 
Accumulating clinical evidence highlights the 

crucial role of SIRT1 in liver resistance and metabolic 
balance. Currently, several pharmacological 
modulators of SIRT1 have demonstrated potential for 
application in the treatment of liver diseases in clinical 
studies (Table 1). For example, resveratrol, a known 
activator of SIRT1, has shown beneficial effects in 
clinical studies involving MASLD patients. In a 
randomized, placebo-controlled, double-blind trial of 
50 MASLD patients, daily administration of 500 mg 
resveratrol for three consecutive months led to 
significant improvements compared with the placebo 
group. These included reductions in anthropometric 
parameters (body weight, body mass index, and waist 
circumference), serum AST/ALT levels, 
inflammatory cytokines (such as TNF-α and IL-6), and 
hepatic steatosis[136]. Another randomized controlled 
trial in 60 MASLD patients also reported that 
twice-daily administration of 150 mg resveratrol for 
three months exerted a notable liver protective effect 
and improved insulin resistance. Unfortunately, this 
study did not evaluate SIRT1 expression or its 
downstream targets, leaving uncertainty as to 
whether the observed effects were mediated via 
SIRT1[137]. Intriguingly, Heebøll et al. administered 
high-dose resveratrol (1.5 g/day for 6 months) to 28 
patients with MASLD, resulting in a 3.8% reduction in 
liver lipid content. However, histological 
improvement was not observed, and there were no 
significant changes in anthropometric parameters or 
the expression of genes related to SIRT1[138]. By 
contrast, a large-scale clinical study by Ma et al. in 472 
elderly patients with type 2 diabetes demonstrated 
that daily supplementation with 500 mg resveratrol 
significantly enhanced SIRT1 activity, reduced serum 
triglyceride levels, and improved glucose 
metabolism[139]. The aforementioned studies suggest 
that escalating the dose of resveratrol does not 
necessarily lead to better histological results. In 
addition, resveratrol has multiple molecular targets. 
Beyond activating SIRT1, it can also target Keap1, 
NLRP3, and cyclooxygenase-2 (COX-2), activating the 
Nrf2 and inhibiting NF-κB signaling pathway[140]. 
Precisely due to its multi-targeted mechanism, the 
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efficacy of resveratrol varies across patients and 
pathological conditions. In patients with coexisting 
underlying metabolic disorders, resveratrol may exert 
beneficial effects by improving insulin resistance and 
attenuating inflammation. Whereas in patients with 
isolated steatotic liver disease, its impact on liver lipid 
accumulation appears relatively limited[141]. 
Accordingly, while multiple biological effects of 
resveratrol may offer potential advantages, they also 
contribute to the complexity of clinical research. 
Moreover, resveratrol exhibits low intestinal 
bioavailability, with the majority of unmetabolized 

compound interacting with the gut microbiota and 
subsequently being converted into more absorbable 
derivatives[142]. Therefore, interindividual 
differences in gut microbiota composition and 
abundance may lead to substantial variability in the 
effective absorption of resveratrol at equivalent doses. 
Overall, the multi-targeted effects of resveratrol, 
along with variations in patient conditions and 
individual differences included in clinical studies, 
may account for the discrepancies observed in clinical 
results.  

 

Table 1. Potential SIRT1-targeted agents for treatment of liver disease 

Categories Names Modulators Chemical structures Effects References 
 
 
 
 
Saponin 

 
Ginsenoside 

 
 
 
 
 
 
SIRT1 agonist 

 

ALT, AST↓ 
SOD, GST↓ 

[107] 

Saikosaponin A  
 
 
SIRT1 agonist 

 

ALT, AST↓ 
TC, TG↓ 

[79] 

 
 
Phenols 

 
Resveratrol 

 
 
 
 
SIRT1 agonist 

 

IL-1β, IL-6↓ 
TNF-α↓ 
TG↓ 

[136],[137],[138]
, [139] 

 
 
 
Rosmarinic acid 
 
 
 
 

 
 
 
SIRT1 agonist 

 
 

SREBP1↓ 
IL-6↓ 
TNF-α↓ 
P53 ↓ 

[105] 

 
 
 
 
 
Flavonoid 
 
 
 

 
 
Kaempferol 

 
 
 
 
 
SIRT1 agonist 

 

ALT, AST↓ 
ROS↓ 
IL-1β↓ 
TNF-α↓ 

[131] 
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Dihydromyricetin  
 
 
SIRT1 agonist 

 

ALT, AST↓ 
IL-1β, IL-6↓ 
TNF-α↓ 

[80] 

 
 

    

Biguanide Metformin  
 
 
 
 
SIRT1 agonist 

 

ALT, AST↓ 
TC, TG↓ 
 

[146] 

 
 
 
Other natural compounds, particularly phenolic 

compounds, have not yet been evaluated in clinical 
studies, but preclinical investigations have 
demonstrated their considerable potential in targeting 
SIRT1 for the treatment of liver diseases[143]. For 
example, the polyphenolic compound rosmarinic 
acid, which is extracted from plants such as rosemary 
and perilla, has been shown to upregulate SIRT1 
expression and suppress liver inflammation[105]. 
Besides, flavonoids like kaempferol and 
dihydromyricetin further highlight the therapeutic 
potential of natural compounds[144, 145]. They can 
reduce ALT, AST, ROS, and pro-inflammatory 
cytokines (e.g., IL-1β, TNF-α), with elevated SIRT1 
expression[131]. Similarly, dihydromyricetin has been 
shown to activate SIRT1 protein, thereby exerting 
liver protective effects through reducing ALT, AST, 
IL-1β, IL-6, and TNF-α levels[80]. Moreover, saponins 
such as ginsenoside and saikosaponin A exhibit 
notable benefits through SIRT1 activation. 
Ginsenoside, upon activating SIRT1, can decrease 
ALT, AST, superoxide dismutase (SOD), and 
glutathione S-transferase (GST) levels[107]. 
Saikosaponin A improves liver function by lowering 
ALT, AST, TC, and TG through activating SIRT1[79]. 

Beyond natural compounds, conventional drugs 
also exhibit SIRT1-modulating properties. Metformin, 
a widely used biguanide, has been shown to decrease 
ALT, AST, TC, and TG levels, as well as increase 
SIRT1 expression. In 2018, Chalasani et al. 
administered a leucine-metformin-sildenafil 
combination (NS-0200) to 91 patients with MASLD for 
16 weeks. The triple combination drug NS-0200 
exerted synergistic activation effects by centrally 
targeting SIRT1, aiming to alleviate MASLD. As a 
result, although the full cohort did not show a 
significant reduction in liver fat content compared to 
placebo, a post-hoc analysis revealed that high-dose 

NS-0200 (1.1 g leucine/0.5 g metformin/1.0 mg 
sildenafil twice daily) resulted in a 15.7% relative 
reduction in liver fat in a subgroup of 35 patients with 
elevated ALT levels[146]. Collectively, these findings 
highlighted the diverse array of compounds that can 
target SIRT1, paving the way for the development of 
innovative strategies against liver diseases. 

Future prospects 
As research progresses, the role of SIRT1 in 

regulating physiological processes in liver diseases 
has become increasingly evident. Recent research has 
focused on exploring the function and molecular 
mechanisms of SIRT1 in liver diseases, aiming to 
comprehensively understand its roles in liver 
pathophysiology. In these studies, the precise 
regulation of SIRT1 expression is essential. However, 
traditional gene knockout mice and cell lines are 
typically generated via homologous recombination, a 
method that is both inefficient and time-consuming. 
Notably, the advent of genome‑editing technologies, 
particularly the clustered regularly interspaced short 
palindromic repeats (CRISPR) system, has 
dramatically improved the efficiency of generating 
gene knockout animal and cell models[147, 148]. One 
illustrative example is the CRISPR/Cas9 system, a 
versatile genome-editing tool that has been widely 
applied across various research and clinical domains. 
It employs a synthetic single‑guide RNA to direct the 
Cas9 endonuclease to specific DNA loci, thereby 
enabling precise and targeted genetic 
modifications[149]. Currently, the CRISPR/Cas9 
system has been employed to knock out the SIRT1 
gene. For example, Jeon et al. established a SIRT1 
knockout model in B16F1 cells (a murine melanoma 
cell line) using the CRISPR/Cas9 system, and 
observed a significant reduction of melanin content in 
the SIRT1-deficient cells[150]. In addition to 
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constructing preclinical models, novel CRISPR 
technologies, including CRISPR activation (CRISPRa) 
and CRISPR interference (CRISPRi), enable the 
modulation of gene expression without inducing 
permanent alterations to the DNA sequence, thereby 
exhibiting great potential for therapeutic applications 
in gene therapy[151, 152]. In future research, 
exploring the precise upregulation of SIRT1 through 
CRISPRa to ameliorate certain liver diseases, such as 
MASLD, may represent a feasible and promising 
strategy. However, the clinical translation of CRISPR 
still requires further research to improve its 
specificity, minimize off-target effects, and overcome 
challenges related to the immunogenicity of CRISPR 
components, as well as ethical and safety concerns. 
Overall, the CRISPR system represents a powerful 
approach for generating SIRT1 gene‑edited models, as 
well as a potential therapeutic strategy for targeting 
SIRT1 in the treatment of liver diseases. 

Notably, SIRT1 is broadly expressed across 
multiple tissues, and systemic administration of 
SIRT1 activators may result in off-target effects, 
potentially disrupting lipid metabolism and other 
physiological functions in organs beyond the liver. 
Furthermore, the pleiotropic roles of SIRT1, 
particularly its immunomodulatory properties, can 
lead to divergent outcomes depending on the type 
and stage of liver disease. For example, SIRT1 has 
been shown to suppress pro-inflammatory 
polarization of macrophages during inflammatory 
responses in acute liver injury, whereas its activation 
may paradoxically exacerbate liver inflammation in 
murine models of hepatitis B[153]. Additionally, 
pharmacological SIRT1 activators like SRT2104 have 
demonstrated side effects in clinical trials, including 
headaches, gastrointestinal disturbances, dizziness, 
and nasopharyngitis, often mild but highlighting 
tolerability concerns. Other SIRT1 activators, such as 
resveratrol, exhibit low bioavailability and can 
interact with multiple targets beyond SIRT1. 
Therefore, the precise delivery of SIRT1 modulating 
agents to the liver is also essential for its functional 
studies and clinical translation. In recent years, 
nanomedicine, an interdisciplinary frontier 
harnessing nanoscale innovation for diagnostic and 
therapeutic applications, has emerged as a 
transformative paradigm in modern medicine. This 
advancement is driven by the capacity of engineered 
nanomaterials to achieve targeted and biocompatible 
drug delivery with high precision[154, 155]. 
Nano-based drug delivery systems enable cell-specific 
therapeutic cargo delivery, revolutionizing the 
detection and management of diverse pathologies. 
Recently, Thakur et al. developed a 
nanoparticle-based delivery system encapsulating 

Honokiol, which can activate SIRT3 (another member 
of the mitochondrial SIRT family), and conferred 
targeted protection to zebrafish lateral line neuromast 
hair cells against cisplatin-induced injury[156]. 
Similarly, given the extensive research on 
liver-targeted nano-based drug delivery systems, 
encapsulating SIRT1 modulators into specially 
designed liver-targeted functionalized nanocarriers 
represents a promising strategy for the treatment of 
liver diseases. 

Conclusion 
In conclusion, SIRT1 occupies a crucial role in 

liver physiology and pathology, with its distinct 
functions in MASLD, ALD, HCC and liver fibrosis 
now increasingly well elucidated. A growing 
repertoire of pharmacological modulators of SIRT1 
has demonstrated efficacy in preclinical models, 
although their clinical translation critically depends 
on delivery systems that combine safety with high 
precision and efficiency. Achieving this requires 
precise optimization of lipid composition, surface 
functionalization and particle size to control 
biodistribution, enhance target specificity and 
minimize off‑target effects. Ultimately, the 
convergence of mechanistic insights, advanced 
delivery technologies, and clinical rigor will be 
essential for the development of next-generation 
SIRT1-targeted therapies in liver diseases. 

Abbreviations 
ACC: acetyl coenzyme A carboxylase; ADH: 

alcohol dehydrogenase; ALD: alcohol-associated liver 
disease; ALT: glutamic pyruvic transaminase; AMPK: 
adenosine 5'-monophosphate (AMP)-activated 
protein kinase; ANIT: alpha-naphthylisothiocyanate; 
AREs: antioxidant response elements; AST: aspartate 
transaminase; ATP: adenosine triphosphate; BAFF: 
B-cell activating factor; Bcl-2: B-cell lymphoma 2; 
BDL: bile duct ligation; CAT: catalase; CCl4: carbon 
tetrachloride; CD: cluster of differentiation; CDK: 
cyclin-dependent kinase; COL1A1: Collagen type I; 
COX-2: cyclooxygenase 2; CPT-1A: carnitine 
palmitoyl transferase 1A; CRISPR: clustered regularly 
interspaced short palindromic repeats; CRISPRa: 
CRISPR activation; CRISPRi: CRISPR interference; 
Cy-3-G: cyanidin-3-O-β-glucoside; DAAs: 
direct-acting antiviral agents; DALYs: 
disability-adjusted life years; DNA: deoxyribonucleic 
acid; DMY: dihydromyricetin; E2F1: E2F transcription 
factor 1; ECM: extracellular matrix; EMT: 
epithelial-to-mesenchymal transition; FAO: fatty acid 
β-oxidation; FFA: free fatty acid; FOXO: forkhead box 
O; FUNDC1: FUN14 domain-containing 1; GCDCA: 
glycochenodeoxycholic acid; GDF15: growth 



Int. J. Biol. Sci. 2025, Vol. 21 
 

 
https://www.ijbs.com 

7100 

differentiation factor 15; GPX: glutathione peroxidase; 
GST: glutathione S-transferase; HCV: hepatitis C 
virus; HCC: hepatocellular carcinoma; HFD: high‐fat 
diet; HIC1: hypermethylated in cancer 1; HO-1: heme 
oxygenase-1; HPCs: hepatic progenitor cell; HSC: 
hepatic stellate cell; HSEC: hepatic sinusoidal 
endothelial cell; IKKα: inhibitor of κB kinase α; IL-1β: 
interleukin 1β; IL-6: interleukin 6; IRS-2: insulin 
receptor substrate 2; Keap1: Kelch-like ECH- 
associated protein 1; LC3: microtubule-associated 
protein light chain 3; LKB1: liver kinase B1; LPS: 
lipopolysaccharide; MASLD: metabolic 
dysfunction-associated steatotic liver disease; MCD: 
methionine and choline deficient; MCP-1: monocyte 
chemoattractant protein-1; miRNAs: microRNAs; 
MEOS: microsomal ethanol oxidase; mTOR: 
mammalian target of rapamycin; NAD+: nicotinamide 
adenine dinucleotide; NAMPT: nicotinamide 
phosphoribosyl transferase; NASH:  non-alcoholic 
steatohepatitis; ncRNAs: non-coding RNAs; NIAAA: 
National Institute on Alcohol Abuse and Alcoholism; 
NLRP3: NOD-like receptor protein 3; NLS: nuclear 
localization signal; NESs: nuclear export sequences; 
NQO1: NAD(P)H quinone dehydrogenase 1; NF-κB: 
nuclear factor kappa-B; Nrf2: nuclear factor erythroid 
2-related factor 2; PA: palmitic acid; PAMPs: 
pathogen-associated molecular patterns; PET/CT: 
positron emission tomography/computed tomo-
graphy; PGC-1α: Peroxisome proliferator-activated 
receptor γ coactivator 1α; PI3K/Akt: phospho-
inositide 3-kinase/protein kinase B; PIP2: 
phosphatidylinositol-4,5-bisphosphate; PIP3: 
phosphatidylinositol-3,4,5-trisphosphate; PPAR: 
peroxisome proliferator-activated receptor; PPREs: 
peroxisome proliferator response elements; ROS: 
reactive oxygen species; SalA: Salvianolic acid A; 
SASP: senescence-associated secretory phenotype; 
SCFAs: short chain fatty acids; SGA: Saikogenin A; 
SIRT1: silent information regulator 1; SOD: 
superoxide dismutase; SREBP-1: sterol regulatory 
element-binding protein 1; SSa: Saikosaponin A; TAA: 
thioacetamide; TC: total cholesterol; TFEB: 
transcription factor EB; TG: triglyceride; TGF-β: 
transforming growth factor-β; TNF-α: tumor necrosis 
factor; 3'UTR: 3' untranslated region; α-SMA: 
α-smooth muscle actin.  

Acknowledgements 
This study is supported by the National Natural 

Science Foundation of China (82373932); National 
Natural Science Foundation of China (No 82200692); 
Natural Science Foundation of Anhui Province 
(2208085MH203, 2408085QH242, 2508085J050); 
Department of Education of Anhui Province 
Outstanding Young Teacher Training Project 

(YQZD2023023); Anhui Translational Medicine 
Research Institute Project (2022-zhyx-C09); Anhui 
Province University Outstanding Youth Research 
Project (2024AH020006); Anhui Medical University 
Youth Shuangpei Program (2024); The Doctoral 
research start-up foundation of the Second Affiliated 
Hospital of Anhui Medical University (JF20250035); 
Anhui Provincial Health Commission Scientific 
Research Project (AHWJ2024Aa30231); The Open 
project Fund of the Key Laboratory of Pharmaceutical 
Research and Clinical Evaluation of innovative Drugs 
in Anhui Province (KFKT202402); Natural Science 
Research Project of Anhui Educational Committee 
(2023AH040290). 

Author contributions  
Fucheng Zuo: Conceptualization; Writing – 

original draft; Writing – review and editing; 
Visualization; Junfa Yang: Conceptualization; 
Funding acquisition; Writing – original draft; Writing 
– review and editing; Qixiang Wu: Conceptualization; 
Writing – original draft; Writing – review and editing; 
Yaru Yang: Writing – review and editing; Huan Zhou: 
Writing – original draft; Writing – review and editing; 
Yuansong Sun: Conceptualization; Writing – original 
draft; Writing – review and editing; Tao Xu: 
Conceptualization; Supervision; Funding acquisition; 
Writing – original draft; Writing – review and editing. 
All authors have read and agreed to the published 
version of the manuscript.  

Competing Interests 
The authors declare that they have no known 

competing financial interests or personal relationships 
that could have appeared to influence the work 
reported in this paper. 

References 
1. Xiao J, Wang F, Wong NK, He J, Zhang R, Sun R, et al. Global liver disease 

burdens and research trends: Analysis from a Chinese perspective. Journal of 
hepatology. 2019; 71: 212-21. 

2. Gao B, Tsukamoto H. Inflammation in Alcoholic and Nonalcoholic Fatty Liver 
Disease: Friend or Foe? Gastroenterology. 2016; 150: 1704-9. 

3. Xiao J, Wang F, Yuan Y, Gao J, Xiao L, Yan C, et al. Epidemiology of liver 
diseases: global disease burden and forecasted research trends. Sci China Life 
Sci. 2025; 68: 541-57. 

4. Manns MP, Maasoumy B. Breakthroughs in hepatitis C research: from 
discovery to cure. Nat Rev Gastroenterol Hepatol. 2022; 19: 533-50. 

5. Koh B, Danpanichkul P, Wang M, Tan DJH, Ng CH. Application of artificial 
intelligence in the diagnosis of hepatocellular carcinoma. eGastroenterology. 
2023; 1: e100002. 

6. Ding RB, Bao J, Deng CX. Emerging roles of SIRT1 in fatty liver diseases. Int J 
Biol Sci. 2017; 13: 852-67. 

7. Singh V, Ubaid S. Role of Silent Information Regulator 1 (SIRT1) in Regulating 
Oxidative Stress and Inflammation. Inflammation. 2020; 43: 1589-98. 

8. Chuang Y, Van I, Zhao Y, Xu Y. Icariin ameliorate Alzheimer's disease by 
influencing SIRT1 and inhibiting Aβ cascade pathogenesis. Journal of chemical 
neuroanatomy. 2021; 117: 102014. 

9. Yang Y, Zhang S, Guan J, Jiang Y, Zhang J, Luo L, et al. SIRT1 attenuates 
neuroinflammation by deacetylating HSPA4 in a mouse model of Parkinson's 
disease. Biochimica et biophysica acta Molecular basis of disease. 2022; 1868: 
166365. 



Int. J. Biol. Sci. 2025, Vol. 21 
 

 
https://www.ijbs.com 

7101 

10. Khan RS, Dine K, Das Sarma J, Shindler KS. SIRT1 activating compounds 
reduce oxidative stress mediated neuronal loss in viral induced CNS 
demyelinating disease. Acta neuropathologica communications. 2014; 2: 3. 

11. Yu F, Zeng H, Lei M, Xiao DM, Li W, Yuan H, et al. Effects of SIRT1 gene 
knock-out via activation of SREBP2 protein-mediated PI3K/AKT signaling on 
osteoarthritis in mice. Journal of Huazhong University of Science and 
Technology Medical sciences = Hua zhong ke ji da xue xue bao Yi xue Ying De 
wen ban = Huazhong keji daxue xuebao Yixue Yingdewen ban. 2016; 36: 
683-90. 

12. Mihanfar A, Akbarzadeh M, Ghazizadeh Darband S, Sadighparvar S, 
Majidinia M. SIRT1: a promising therapeutic target in type 2 diabetes mellitus. 
Archives of physiology and biochemistry. 2024; 130: 13-28. 

13. Shen S, Shen M, Kuang L, Yang K, Wu S, Liu X, et al. SIRT1/SREBPs-mediated 
regulation of lipid metabolism. Pharmacol Res. 2024; 199: 107037. 

14. Frye RA. Characterization of five human cDNAs with homology to the yeast 
SIR2 gene: Sir2-like proteins (sirtuins) metabolize NAD and may have protein 
ADP-ribosyltransferase activity. Biochem Biophys Res Commun. 1999; 260: 
273-9. 

15. Cantó C, Auwerx J. Targeting sirtuin 1 to improve metabolism: all you need is 
NAD(+)? Pharmacological reviews. 2012; 64: 166-87. 

16. Flick F, Luscher B. Regulation of sirtuin function by posttranslational 
modifications. Front Pharmacol. 2012; 3: 29. 

17. Davenport AM, Huber FM, Hoelz A. Structural and functional analysis of 
human SIRT1. J Mol Biol. 2014; 426: 526-41. 

18. Zheng W. Mechanism-based modulator discovery for sirtuin-catalyzed 
deacetylation reaction. Mini Rev Med Chem. 2013; 13: 132-54. 

19. Canto C, Auwerx J. Targeting sirtuin 1 to improve metabolism: all you need is 
NAD(+)? Pharmacol Rev. 2012; 64: 166-87. 

20. Shen S, Liao Q, Liu J, Pan R, Lee SM, Lin L. Myricanol rescues 
dexamethasone-induced muscle dysfunction via a sirtuin 1-dependent 
mechanism. J Cachexia Sarcopenia Muscle. 2019; 10: 429-44. 

21. Sathyanarayan A, Mashek MT, Mashek DG. ATGL Promotes 
Autophagy/Lipophagy via SIRT1 to Control Hepatic Lipid Droplet 
Catabolism. Cell Rep. 2017; 19: 1-9. 

22. Lee YJ, Lee E, You YH, Ahn YB, Song KH, Kim JW, et al. Role of sirtuin-1 
(SIRT1) in hypoxic injury in pancreatic beta-cells. J Drug Target. 2021; 29: 
88-98. 

23. Xu C, Zhang X, Wang Y, Wang Y, Zhou Y, Li F, et al. Dietary kaempferol 
exerts anti-obesity effects by inducing the browing of white adipocytes via the 
AMPK/SIRT1/PGC-1alpha signaling pathway. Curr Res Food Sci. 2024; 8: 
100728. 

24. Huang Q, Su H, Qi B, Wang Y, Yan K, Wang X, et al. A SIRT1 Activator, 
Ginsenoside Rc, Promotes Energy Metabolism in Cardiomyocytes and 
Neurons. J Am Chem Soc. 2021; 143: 1416-27. 

25. Yang Y, Liu Y, Wang Y, Chao Y, Zhang J, Jia Y, et al. Regulation of SIRT1 and 
Its Roles in Inflammation. Front Immunol. 2022; 13: 831168. 

26. Wu W, Zhang L, Lin J, Huang H, Shi B, Lin X, et al. Hypermethylation of the 
HIC1 promoter and aberrant expression of HIC1/SIRT1 contribute to the 
development of thyroid papillary carcinoma. Oncotarget. 2016; 7: 84416-27. 

27. Yuan J, Minter-Dykhouse K, Lou Z. A c-Myc-SIRT1 feedback loop regulates 
cell growth and transformation. J Cell Biol. 2009; 185: 203-11. 

28. Choi SE, Kemper JK. Regulation of SIRT1 by microRNAs. Mol Cells. 2013; 36: 
385-92. 

29. Choi SE, Fu T, Seok S, Kim DH, Yu E, Lee KW, et al. Elevated microRNA-34a 
in obesity reduces NAD+ levels and SIRT1 activity by directly targeting 
NAMPT. Aging Cell. 2013; 12: 1062-72. 

30. Chan WK, Chuah KH, Rajaram RB, Lim LL, Ratnasingam J, Vethakkan SR. 
Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD): A 
State-of-the-Art Review. J Obes Metab Syndr. 2023; 32: 197-213. 

31. Riazi K, Azhari H, Charette JH, Underwood FE, King JA, Afshar EE, et al. The 
prevalence and incidence of NAFLD worldwide: a systematic review and 
meta-analysis. Lancet Gastroenterol Hepatol. 2022; 7: 851-61. 

32. Younossi ZM, Golabi P, Paik JM, Henry A, Van Dongen C, Henry L. The 
global epidemiology of nonalcoholic fatty liver disease (NAFLD) and 
nonalcoholic steatohepatitis (NASH): a systematic review. Hepatology. 2023; 
77: 1335-47. 

33. Younossi ZM, Kalligeros M, Henry L. Epidemiology of metabolic 
dysfunction-associated steatotic liver disease. Clin Mol Hepatol. 2025; 31: 
S32-S50. 

34. European Association for the Study of the L, European Association for the 
Study of D, European Association for the Study of O. EASL-EASD-EASO 
Clinical Practice Guidelines on the management of metabolic 
dysfunction-associated steatotic liver disease (MASLD). J Hepatol. 2024; 81: 
492-542. 

35. Li Y, Yang P, Ye J, Xu Q, Wu J, Wang Y. Updated mechanisms of MASLD 
pathogenesis. Lipids Health Dis. 2024; 23: 117. 

36. Wang P, Li R, Li Y, Tan S, Jiang J, Liu H, et al. Berberine alleviates 
non-alcoholic hepatic steatosis partially by promoting SIRT1 deacetylation of 
CPT1A in mice. Gastroenterology report. 2023; 11: goad032. 

37. Li Q, Gong Y, Wang Y, Liu B, Chu Y, Gui S, et al. Sirt1 Promotes the 
Restoration of Hepatic Progenitor Cell (HPC)-Mediated Liver Fatty Injury in 
NAFLD Through Activating the Wnt/β-Catenin Signal Pathway. Frontiers in 
nutrition. 2021; 8: 791861. 

38. Liu Y, Zhou F, Zhao H, Song J, Song M, Zhu J, et al. Dimeric guaianolide 
sesquiterpenoids from the flowers of Chrysanthemum indicum ameliorate 

hepatic steatosis through mitigating SIRT1-mediated lipid accumulation and 
ferroptosis. Journal of advanced research. 2025. 

39. Peyman M, Babin-Ebell A, Rodriguez-Rodriguez R, Rigon M, Aguilar-Recarte 
D, Villarroya J, et al. SIRT1 regulates hepatic vldlr levels. Cell Commun Signal. 
2024; 22: 297. 

40. Felicianna, Lo EKK, Chen C, Ismaiah MJ, Zhang F, Leung HKM, et al. 
Alpha-aminobutyric acid ameliorates diet-induced metabolic 
dysfunction-associated steatotic liver disease (MASLD) progression in mice 
via enhancing AMPK/SIRT1 pathway and modulating the gut-liver axis. J 
Nutr Biochem. 2025; 140: 109885. 

41. Yao H, Tao X, Xu L, Qi Y, Yin L, Han X, et al. Dioscin alleviates non-alcoholic 
fatty liver disease through adjusting lipid metabolism via SIRT1/AMPK 
signaling pathway. Pharmacol Res. 2018; 131: 51-60. 

42. Niu B, He K, Li P, Gong J, Zhu X, Ye S, et al. SIRT1 upregulation protects 
against liver injury induced by a HFD through inhibiting CD36 and the 
NF‑kappaB pathway in mouse kupffer cells. Mol Med Rep. 2018; 18: 1609-15. 

43. Yamazaki Y, Usui I, Kanatani Y, Matsuya Y, Tsuneyama K, Fujisaka S, et al. 
Treatment with SRT1720, a SIRT1 activator, ameliorates fatty liver with 
reduced expression of lipogenic enzymes in MSG mice. American journal of 
physiology Endocrinology and metabolism. 2009; 297: E1179-86. 

44. Tian C, Huang R, Xiang M. SIRT1: Harnessing multiple pathways to hinder 
NAFLD. Pharmacol Res. 2024; 203: 107155. 

45. Jiang H, Mao T, Sun Z, Shi L, Han X, Zhang Y, et al. Yinchen Linggui Zhugan 
decoction ameliorates high fat diet-induced nonalcoholic fatty liver disease by 
modulation of SIRT1/Nrf2 signaling pathway and gut microbiota. Front 
Microbiol. 2022; 13: 1001778. 

46. Parada Venegas D, De la Fuente MK, Landskron G, Gonzalez MJ, Quera R, 
Dijkstra G, et al. Short Chain Fatty Acids (SCFAs)-Mediated Gut Epithelial and 
Immune Regulation and Its Relevance for Inflammatory Bowel Diseases. Front 
Immunol. 2019; 10: 277. 

47. Gonzalez-Bosch C, Boorman E, Zunszain PA, Mann GE. Short-chain fatty 
acids as modulators of redox signaling in health and disease. Redox Biol. 2021; 
47: 102165. 

48. Zhao M, Li G, Zhao L. The role of SIRT1-FXR signaling pathway in valproic 
acid induced liver injury: a quantitative targeted metabolomic evaluation in 
epileptic children. Front Pharmacol. 2024; 15: 1477619. 

49. Li T, Hasan MN, Gu L. Bile acids regulation of cellular stress responses in liver 
physiology and diseases. eGastroenterology. 2024; 2. 

50. Tan M, Tang C, Zhang Y, Cheng Y, Cai L, Chen X, et al. SIRT1/PGC-1alpha 
signaling protects hepatocytes against mitochondrial oxidative stress induced 
by bile acids. Free Radic Res. 2015; 49: 935-45. 

51. Yang JW, Zou Y, Chen J, Cui C, Song J, Yang MM, et al. Didymin alleviates 
metabolic dysfunction-associated fatty liver disease (MAFLD) via the 
stimulation of Sirt1-mediated lipophagy and mitochondrial biogenesis. J 
Transl Med. 2023; 21: 921. 

52. Tian L, Chen J, Yang M, Chen L, Qiu J, Jiang Y, et al. Xiezhuo Tiaozhi formula 
inhibits macrophage pyroptosis in the non-alcoholic fatty liver disease by 
targeting the SIRT1 pathway. Phytomedicine. 2024; 131: 155776. 

53. Ulusan M, Erdogan MA, Simsek O, Gunes V, Erbas O. Saccharomyces 
boulardii Mitigates Fructose-Induced Non-Alcoholic Fatty Liver in Rats. 
Medicina (Kaunas, Lithuania). 2024; 60. 

54. Pan LX, Li LY, Zhou H, Cheng SQ, Liu YM, Lian PP, et al. TMEM100 mediates 
inflammatory cytokines secretion in hepatic stellate cells and its mechanism 
research. Toxicol Lett. 2019; 317: 82-91. 

55. Bataller R, Gao B. Liver fibrosis in alcoholic liver disease. Semin Liver Dis. 
2015; 35: 146-56. 

56. Kisseleva T, Brenner D. Molecular and cellular mechanisms of liver fibrosis 
and its regression. Nat Rev Gastroenterol Hepatol. 2021; 18: 151-66. 

57. Kim HY, Yu JH, Chon YE, Kim SU, Kim MN, Han JW, et al. Prevalence of 
clinically significant liver fibrosis in the general population: A systematic 
review and meta-analysis. Clin Mol Hepatol. 2024; 30: S199-S213. 

58. Parola M, Pinzani M. Liver fibrosis: Pathophysiology, pathogenetic targets 
and clinical issues. Molecular aspects of medicine. 2019; 65: 37-55. 

59. Liu ZH, Zhang Y, Wang X, Fan XF, Zhang Y, Li X, et al. SIRT1 activation 
attenuates cardiac fibrosis by endothelial-to-mesenchymal transition. 
Biomedicine & pharmacotherapy = Biomedecine & pharmacotherapie. 2019; 
118: 109227. 

60. Wu H, Qiu Z, Wang L, Li W. Renal Fibrosis: SIRT1 Still of Value. 
Biomedicines. 2024; 12. 

61. Ma X, Jiang M, Ji W, Yu M, Tang C, Tian K, et al. The role and regulation of 
SIRT1 in pulmonary fibrosis. Molecular biology reports. 2024; 51: 338. 

62. Li M, Hong W, Hao C, Li L, Wu D, Shen A, et al. SIRT1 antagonizes liver 
fibrosis by blocking hepatic stellate cell activation in mice. FASEB journal: 
official publication of the Federation of American Societies for Experimental 
Biology. 2018; 32: 500-11. 

63. Abd El Motteleb DM, Ibrahim I, Elshazly SM. Sildenafil protects against bile 
duct ligation induced hepatic fibrosis in rats: Potential role for silent 
information regulator 1 (SIRT1). Toxicology and applied pharmacology. 2017; 
335: 64-71. 

64. Wu Y, Liu X, Zhou Q, Huang C, Meng X, Xu F, et al. Silent information 
regulator 1 (SIRT1) ameliorates liver fibrosis via promoting activated stellate 
cell apoptosis and reversion. Toxicology and applied pharmacology. 2015; 289: 
163-76. 



Int. J. Biol. Sci. 2025, Vol. 21 
 

 
https://www.ijbs.com 

7102 

65. Luo X, Bai Y, He S, Sun S, Jiang X, Yang Z, et al. Sirtuin 1 ameliorates 
defenestration in hepatic sinusoidal endothelial cells during liver fibrosis via 
inhibiting stress-induced premature senescence. Cell Prolif. 2021; 54: e12991. 

66. Rungratanawanich W, LeFort KR, Cho YE, Li X, Song BJ. Melatonin Prevents 
Thioacetamide-Induced Gut Leakiness and Liver Fibrosis Through the 
Gut-Liver Axis via Modulating Sirt1-Related Deacetylation of Gut Junctional 
Complex and Hepatic Proteins. J Pineal Res. 2024; 76: e13007. 

67. Gao B, Bataller R. Alcoholic liver disease: pathogenesis and new therapeutic 
targets. Gastroenterology. 2011; 141: 1572-85. 

68. Aberg F, Jiang ZG, Cortez-Pinto H, Mannisto V. Alcohol-associated liver 
disease-Global epidemiology. Hepatology. 2024; 80: 1307-22. 

69. Hernandez-Evole H, Jimenez-Esquivel N, Pose E, Bataller R. 
Alcohol-associated liver disease: Epidemiology and management. Ann 
Hepatol. 2024; 29: 101162. 

70. Hu S, Li SW, Yan Q, Hu XP, Li LY, Zhou H, et al. Natural products, extracts 
and formulations comprehensive therapy for the improvement of motor 
function in alcoholic liver disease. Pharmacol Res. 2019; 150: 104501. 

71. Contreras-Zentella ML, Villalobos-Garcia D, Hernandez-Munoz R. Ethanol 
Metabolism in the Liver, the Induction of Oxidant Stress, and the Antioxidant 
Defense System. Antioxidants (Basel). 2022; 11. 

72. Zhang F, Wang K, Hu G, Fu F, Fan RD, Li J, et al. Genetic ablation of 
fas-activated serine/threonine kinase ameliorates alcoholic liver disease 
through modulating HuR-SIRT1 mRNA complex stability. Free Radic Biol 
Med. 2021; 166: 201-11. 

73. Liu Y, Chen Z, Wang Y, Hallisey MR, Varela BL, Siewko A, et al. Noninvasive 
Positron Emission Tomography Imaging of SIRT1 in a Model of Early-Stage 
Alcoholic Liver Disease. Mol Pharm. 2023; 20: 1990-5. 

74. Yin H, Hu M, Zhang R, Shen Z, Flatow L, You M. MicroRNA-217 promotes 
ethanol-induced fat accumulation in hepatocytes by down-regulating SIRT1. J 
Biol Chem. 2012; 287: 9817-26. 

75. Yin H, Liang X, Jogasuria A, Davidson NO, You M. miR-217 regulates 
ethanol-induced hepatic inflammation by disrupting sirtuin 1-lipin-1 
signaling. Am J Pathol. 2015; 185: 1286-96. 

76. Liu JY, Liu ZL, Yang M, Du CL, Zhu Y, Sun LJ, et al. Involvement of BRD4 in 
Alcoholic Liver Injury: Autophagy Modulation via Regulation of the 
SIRT1/Beclin1 Axis. Lab Invest. 2024; 104: 102134. 

77. Zhuge H, Pan Y, Lai S, Chang K, Ding Q, Cao W, et al. Penthorum chinense 
Pursh extract ameliorates alcohol-related fatty liver disease in mice via the 
SIRT1/AMPK signaling axis. Heliyon. 2024; 10: e31195. 

78. Shi X, Sun R, Zhao Y, Fu R, Wang R, Zhao H, et al. Promotion of 
autophagosome-lysosome fusion via salvianolic acid A-mediated SIRT1 
up-regulation ameliorates alcoholic liver disease. RSC Adv. 2018; 8: 20411-22. 

79. Jiang M, Feng Y, Wang J, Xu X, Liu Z, Li T, et al. Saikogenin A improves 
ethanol-induced liver injury by targeting SIRT1 to modulate lipid metabolism. 
Communications biology. 2024; 7: 1547. 

80. Ma Q, Huang S, Li MY, Luo QH, Chen FM, Hong CL, et al. Dihydromyricetin 
regulates the miR-155-5p/SIRT1/VDAC1 pathway to promote liver 
regeneration and improve alcohol-induced liver injury. Phytomedicine: 
international journal of phytotherapy and phytopharmacology. 2025; 139: 
156522. 

81. Hwang SY, Danpanichkul P, Agopian V, Mehta N, Parikh ND, Abou-Alfa GK, 
et al. Hepatocellular carcinoma: updates on epidemiology, surveillance, 
diagnosis and treatment. Clin Mol Hepatol. 2025; 31: S228-S54. 

82. Koshy A. Evolving Global Etiology of Hepatocellular Carcinoma (HCC): 
Insights and Trends for 2024. J Clin Exp Hepatol. 2025; 15: 102406. 

83. Yang JD, Hainaut P, Gores GJ, Amadou A, Plymoth A, Roberts LR. A global 
view of hepatocellular carcinoma: trends, risk, prevention and management. 
Nat Rev Gastroenterol Hepatol. 2019; 16: 589-604. 

84. Song NY, Surh YJ. Janus-faced role of SIRT1 in tumorigenesis. Ann N Y Acad 
Sci. 2012; 1271: 10-9. 

85. Hui AM, Makuuchi M, Li X. Cell cycle regulators and human 
hepatocarcinogenesis. Hepato-gastroenterology. 1998; 45: 1635-42. 

86. Chen W, Bhatia R. Roles of SIRT1 in leukemogenesis. Current opinion in 
hematology. 2013; 20: 308-13. 

87. Sasca D, Hähnel PS, Szybinski J, Khawaja K, Kriege O, Pante SV, et al. SIRT1 
prevents genotoxic stress-induced p53 activation in acute myeloid leukemia. 
Blood. 2014; 124: 121-33. 

88. Karbasforooshan H, Roohbakhsh A, Karimi G. SIRT1 and microRNAs: The 
role in breast, lung and prostate cancers. Exp Cell Res. 2018; 367: 1-6. 

89. Yang X, Li S, Xu C, Liu S, Zhang X, Lian B, et al. Sirtuin1 (sirt1) regulates the 
glycolysis pathway and decreases cisplatin chemotherapeutic sensitivity to 
esophageal squamous cell carcinoma. Cancer Biol Ther. 2024; 25: 2365449. 

90. Zhang DY, Friedman SL. Fibrosis-dependent mechanisms of 
hepatocarcinogenesis. Hepatology. 2012; 56: 769-75. 

91. Passi M, Zahler S. Mechano-Signaling Aspects of Hepatocellular Carcinoma. J 
Cancer. 2021; 12: 6411-21. 

92. Dhar D, Baglieri J, Kisseleva T, Brenner DA. Mechanisms of liver fibrosis and 
its role in liver cancer. Exp Biol Med (Maywood). 2020; 245: 96-108. 

93. Myojin Y, Hikita H, Sugiyama M, Sasaki Y, Fukumoto K, Sakane S, et al. 
Hepatic Stellate Cells in Hepatocellular Carcinoma Promote Tumor Growth 
Via Growth Differentiation Factor 15 Production. Gastroenterology. 2021; 160: 
1741-54 e16. 

94. Portmann S, Fahrner R, Lechleiter A, Keogh A, Overney S, Laemmle A, et al. 
Antitumor effect of SIRT1 inhibition in human HCC tumor models in vitro and 
in vivo. Mol Cancer Ther. 2013; 12: 499-508. 

95. Liu X, Liu J, Xiao W, Zeng Q, Bo H, Zhu Y, et al. SIRT1 Regulates N(6) 
-Methyladenosine RNA Modification in Hepatocarcinogenesis by Inducing 
RANBP2-Dependent FTO SUMOylation. Hepatology. 2020; 72: 2029-50. 

96. Yao JY, Xu S, Sun YN, Xu Y, Guo QL, Wei LB. Novel CDK9 inhibitor oroxylin 
A promotes wild-type P53 stability and prevents hepatocellular carcinoma 
progression by disrupting both MDM2 and SIRT1 signaling. Acta 
pharmacologica Sinica. 2022; 43: 1033-45. 

97. Chai R, Fu H, Zheng Z, Liu T, Ji S, Li G. Resveratrol inhibits proliferation and 
migration through SIRT1 mediated post‑translational modification of 
PI3K/AKT signaling in hepatocellular carcinoma cells. Mol Med Rep. 2017; 16: 
8037-44. 

98. DiDonato JA, Mercurio F, Karin M. NF-κB and the link between inflammation 
and cancer. Immunol Rev. 2012; 246: 379-400. 

99. Sun SC. The non-canonical NF-κB pathway in immunity and inflammation. 
Nat Rev Immunol. 2017; 17: 545-58. 

100. Gilmore TD. Introduction to NF-kappaB: players, pathways, perspectives. 
Oncogene. 2006; 25: 6680-4. 

101. Yu H, Lin L, Zhang Z, Zhang H, Hu H. Targeting NF-kappaB pathway for the 
therapy of diseases: mechanism and clinical study. Signal Transduct Target 
Ther. 2020; 5: 209. 

102. Sun SC. The non-canonical NF-kappaB pathway in immunity and 
inflammation. Nat Rev Immunol. 2017; 17: 545-58. 

103. He S, Wang Y, Liu J, Li P, Luo X, Zhang B. Activating SIRT1 deacetylates 
NF-kappaB p65 to alleviate liver inflammation and fibrosis via inhibiting 
NLRP3 pathway in macrophages. Int J Med Sci. 2023; 20: 505-19. 

104. Yan BF, Pan LF, Quan YF, Sha Q, Zhang JZ, Zhang YF, et al. Huangqin 
decoction alleviates lipid metabolism disorders and insulin resistance in 
nonalcoholic fatty liver disease by triggering Sirt1/NF-κB pathway. World J 
Gastroenterol. 2023; 29: 4744-62. 

105. Komeili-Movahhed T, Bassirian M, Changizi Z, Moslehi A. SIRT1/NFkappaB 
pathway mediates anti-inflammatory and anti-apoptotic effects of rosmarinic 
acid on in a mouse model of nonalcoholic steatohepatitis (NASH). J Recept 
Signal Transduct Res. 2022; 42: 241-50. 

106. Meng J, Li Y, Sun F, Feng W, Ye H, Tian T, et al. Salidroside alleviates 
LPS-induced liver injury and inflammation through SIRT1- NF-κB pathway 
and NLRP3 inflammasome. Iran J Basic Med Sci. 2024; 27: 297-303. 

107. Gao Q, Li G, Zu Y, Xu Y, Wang C, Xiang D, et al. Ginsenoside Rg1 alleviates 
ANIT-induced cholestatic liver injury by inhibiting hepatic inflammation and 
oxidative stress via SIRT1 activation. J Ethnopharmacol. 2024; 319: 117089. 

108. Zhou Y, Wang S, Wan T, Huang Y, Pang N, Jiang X, et al. 
Cyanidin-3-O-β-glucoside inactivates NLRP3 inflammasome and alleviates 
alcoholic steatohepatitis via SirT1/NF-κB signaling pathway. Free radical 
biology & medicine. 2020; 160: 334-41. 

109. Chen H, Tan H, Wan J, Zeng Y, Wang J, Wang H, et al. PPAR-gamma 
signaling in nonalcoholic fatty liver disease: Pathogenesis and therapeutic 
targets. Pharmacol Ther. 2023; 245: 108391. 

110. Wagner N, Wagner KD. The Role of PPARs in Disease. Cells. 2020; 9. 
111. Purushotham A, Schug TT, Xu Q, Surapureddi S, Guo X, Li X. 

Hepatocyte-specific deletion of SIRT1 alters fatty acid metabolism and results 
in hepatic steatosis and inflammation. Cell Metab. 2009; 9: 327-38. 

112. Qiu Y, Gan M, Wang X, Liao T, Chen Q, Lei Y, et al. The global perspective on 
peroxisome proliferator-activated receptor gamma (PPARgamma) in ectopic 
fat deposition: A review. Int J Biol Macromol. 2023; 253: 127042. 

113. Deng RM, Zhou J. The role of PI3K/AKT signaling pathway in myocardial 
ischemia-reperfusion injury. Int Immunopharmacol. 2023; 123: 110714. 

114. Teng Y, Fan Y, Ma J, Lu W, Liu N, Chen Y, et al. The PI3K/Akt Pathway: 
Emerging Roles in Skin Homeostasis and a Group of Non-Malignant Skin 
Disorders. Cells. 2021; 10. 

115. Shi X, Wang J, Lei Y, Cong C, Tan D, Zhou X. Research progress on the 
PI3K/AKT signaling pathway in gynecological cancer (Review). Mol Med 
Rep. 2019; 19: 4529-35. 

116. Ramasubbu K, Devi Rajeswari V. Impairment of insulin signaling pathway 
PI3K/Akt/mTOR and insulin resistance induced AGEs on diabetes mellitus 
and neurodegenerative diseases: a perspective review. Mol Cell Biochem. 
2023; 478: 1307-24. 

117. Yang Y, Jia X, Qu M, Yang X, Fang Y, Ying X, et al. Exploring the potential of 
treating chronic liver disease targeting the PI3K/Akt pathway and 
polarization mechanism of macrophages. Heliyon. 2023; 9: e17116. 

118. Wang Z, Zhu M, Li Q, Cao J, Zhong Q, Jin Z, et al. Lycorine ameliorates liver 
steatosis, oxidative stress, ferroptosis and intestinal homeostasis imbalance in 
MASLD mice. Mol Med. 2024; 30: 235. 

119. Zhang CY, Tan XH, Yang HH, Jin L, Hong JR, Zhou Y, et al. COX-2/sEH Dual 
Inhibitor Alleviates Hepatocyte Senescence in NAFLD Mice by Restoring 
Autophagy through Sirt1/PI3K/AKT/mTOR. Int J Mol Sci. 2022; 23. 

120. Koga T, Suico MA, Shimasaki S, Watanabe E, Kai Y, Koyama K, et al. 
Endoplasmic Reticulum (ER) Stress Induces Sirtuin 1 (SIRT1) Expression via 
the PI3K-Akt-GSK3beta Signaling Pathway and Promotes Hepatocellular 
Injury. J Biol Chem. 2015; 290: 30366-74. 

121. Chen N, Hu M, Jiang T, Xiao P, Duan JA. Insights into the molecular 
mechanisms, structure-activity relationships and application prospects of 
polysaccharides by regulating Nrf2-mediated antioxidant response. 
Carbohydrate polymers. 2024; 333: 122003. 

122. Hayes JD, Dinkova-Kostova AT. The Nrf2 regulatory network provides an 
interface between redox and intermediary metabolism. Trends Biochem Sci. 
2014; 39: 199-218. 



Int. J. Biol. Sci. 2025, Vol. 21 
 

 
https://www.ijbs.com 

7103 

123. Ahmed SM, Luo L, Namani A, Wang XJ, Tang X. Nrf2 signaling pathway: 
Pivotal roles in inflammation. Biochim Biophys Acta Mol Basis Dis. 2017; 1863: 
585-97. 

124. Yang M, Xia L, Song J, Hu H, Zang N, Yang J, et al. Puerarin ameliorates 
metabolic dysfunction-associated fatty liver disease by inhibiting ferroptosis 
and inflammation. Lipids Health Dis. 2023; 22: 202. 

125. Abu-Risha SE, Sokar SS, Elbohoty HR, Elsisi AE. Combined carvacrol and 
cilostazol ameliorate ethanol-induced liver fibrosis in rats: Possible role of 
SIRT1/Nrf2/HO-1 pathway. Int Immunopharmacol. 2023; 116: 109750. 

126. Hinchy EC, Gruszczyk AV, Willows R, Navaratnam N, Hall AR, Bates G, et al. 
Mitochondria-derived ROS activate AMP-activated protein kinase (AMPK) 
indirectly. J Biol Chem. 2018; 293: 17208-17. 

127. Wu J, Puppala D, Feng X, Monetti M, Lapworth AL, Geoghegan KF. 
Chemoproteomic analysis of intertissue and interspecies isoform diversity of 
AMP-activated protein kinase (AMPK). The Journal of biological chemistry. 
2013; 288: 35904-12. 

128. Fang C, Pan J, Qu N, Lei Y, Han J, Zhang J, et al. The AMPK pathway in fatty 
liver disease. Front Physiol. 2022; 13: 970292. 

129. Feng J, Li J, Wu L, Yu Q, Ji J, Wu J, et al. Emerging roles and the regulation of 
aerobic glycolysis in hepatocellular carcinoma. J Exp Clin Cancer Res. 2020; 39: 
126. 

130. Zou Y, Chen Z, Sun C, Yang D, Zhou Z, Peng X, et al. Exercise Intervention 
Mitigates Pathological Liver Changes in NAFLD Zebrafish by Activating 
SIRT1/AMPK/NRF2 Signaling. International journal of molecular sciences. 
2021; 22. 

131. Li N, Yin L, Shang J, Liang M, Liu Z, Yang H, et al. Kaempferol attenuates 
nonalcoholic fatty liver disease in type 2 diabetic mice via the Sirt1/AMPK 
signaling pathway. Biomedicine & pharmacotherapy = Biomedecine & 
pharmacotherapie. 2023; 165: 115113. 

132. Li D, Cui Y, Wang X, Liu F, Li X. Apple polyphenol extract alleviates lipid 
accumulation in free-fatty-acid-exposed HepG2 cells via activating autophagy 
mediated by SIRT1/AMPK signaling. Phytother Res. 2021; 35: 1416-31. 

133. Price NL, Gomes AP, Ling AJ, Duarte FV, Martin-Montalvo A, North BJ, et al. 
SIRT1 is required for AMPK activation and the beneficial effects of resveratrol 
on mitochondrial function. Cell Metab. 2012; 15: 675-90. 

134. Chang E. Vitamin D Mitigates Hepatic Fat Accumulation and Inflammation 
and Increases SIRT1/AMPK Expression in AML-12 Hepatocytes. Molecules. 
2024; 29. 

135. Wang W, Liu F, Xu C, Liu Z, Ma J, Gu L, et al. Lactobacillus plantarum 69-2 
Combined with Galacto-Oligosaccharides Alleviates d-Galactose-Induced 
Aging by Regulating the AMPK/SIRT1 Signaling Pathway and Gut 
Microbiota in Mice. J Agric Food Chem. 2021; 69: 2745-57. 

136. Faghihzadeh F, Adibi P, Rafiei R, Hekmatdoost A. Resveratrol 
supplementation improves inflammatory biomarkers in patients with 
nonalcoholic fatty liver disease. Nutr Res. 2014; 34: 837-43. 

137. Chen S, Zhao X, Ran L, Wan J, Wang X, Qin Y, et al. Resveratrol improves 
insulin resistance, glucose and lipid metabolism in patients with non-alcoholic 
fatty liver disease: a randomized controlled trial. Dig Liver Dis. 2015; 47: 
226-32. 

138. Heeboll S, Kreuzfeldt M, Hamilton-Dutoit S, Kjaer Poulsen M, 
Stodkilde-Jorgensen H, Moller HJ, et al. Placebo-controlled, randomised 
clinical trial: high-dose resveratrol treatment for non-alcoholic fatty liver 
disease. Scand J Gastroenterol. 2016; 51: 456-64. 

139. Ma N, Zhang Y. Effects of resveratrol therapy on glucose metabolism, insulin 
resistance, inflammation, and renal function in the elderly patients with type 2 
diabetes mellitus: A randomized controlled clinical trial protocol. Medicine 
(Baltimore). 2022; 101: e30049. 

140. Ashrafizadeh M, Taeb S, Haghi-Aminjan H, Afrashi S, Moloudi K, Musa AE, 
et al. Resveratrol as an Enhancer of Apoptosis in Cancer: A Mechanistic 
Review. Anticancer Agents Med Chem. 2021; 21: 2327-36. 

141. He X, Li Y, Deng X, Xiao X, Zeng J. Integrative evidence construction for 
resveratrol treatment of nonalcoholic fatty liver disease: preclinical and 
clinical meta-analyses. Front Pharmacol. 2023; 14: 1230783. 

142. Du F, Huang R, Lin D, Wang Y, Yang X, Huang X, et al. Resveratrol Improves 
Liver Steatosis and Insulin Resistance in Non-alcoholic Fatty Liver Disease in 
Association with the Gut Microbiota. Front Microbiol. 2021; 12: 611323. 

143. Komeili-Movahhed T, Bassirian M, Changizi Z, Moslehi A. SIRT1/NFκB 
pathway mediates anti-inflammatory and anti-apoptotic effects of rosmarinic 
acid on in a mouse model of nonalcoholic steatohepatitis (NASH). J Recept 
Signal Transduct Res. 2022; 42: 241-50. 

144. Zhou B, Qian Z, Li Q, Gao Y, Li M. Assessment of pulmonary infectious 
disease treatment with Mongolian medicine formulae based on data mining, 
network pharmacology and molecular docking. Chin Herb Med. 2022; 14: 
432-48. 

145. Janilkarn-Urena I, Idrissova A, Zhang M, VanDreal M, Sanghavi N, Skinner 
SG, et al. Dihydromyricetin supplementation improves ethanol-induced lipid 
accumulation and inflammation. Front Nutr. 2023; 10: 1201007. 

146. Chalasani N, Vuppalanchi R, Rinella M, Middleton MS, Siddiqui MS, Barritt 
ASt, et al. Randomised clinical trial: a leucine-metformin-sildenafil 
combination (NS-0200) vs placebo in patients with non-alcoholic fatty liver 
disease. Aliment Pharmacol Ther. 2018; 47: 1639-51. 

147. Ma Y, Zhang L, Huang X. Genome modification by CRISPR/Cas9. Febs j. 2014; 
281: 5186-93. 

148. Chen K, Han H, Zhao S, Xu B, Yin B, Lawanprasert A, et al. Lung and liver 
editing by lipid nanoparticle delivery of a stable CRISPR-Cas9 
ribonucleoprotein. Nat Biotechnol. 2024. 

149. Gupta D, Bhattacharjee O, Mandal D, Sen MK, Dey D, Dasgupta A, et al. 
CRISPR-Cas9 system: A new-fangled dawn in gene editing. Life Sci. 2019; 232: 
116636. 

150. Jeon S, Kim MM. The down-regulation of melanogenesis via MITF and FOXO1 
signaling pathways in SIRT1 knockout cells using CRISPR/Cas9 system. J 
Biotechnol. 2021; 342: 114-27. 

151. Adlat S, Vazquez Salgado AM, Lee M, Yin D, Wangensteen KJ. Emerging and 
potential use of CRISPR in human liver disease. Hepatology. 2025; 82: 232-53. 

152. Bendixen L, Jensen TI, Bak RO. CRISPR-Cas-mediated transcriptional 
modulation: The therapeutic promises of CRISPRa and CRISPRi. Mol Ther. 
2023; 31: 1920-37. 

153. Zhang H, Yuan F, Zhao N, Tang W, Zhao P, Liu C, et al. 
Nanoparticle-mediated SIRT1 inhibition suppresses M2 macrophage 
polarization and hepatocarcinogenesis in chronic hepatitis B. J 
Nanobiotechnology. 2025; 23: 385. 

154. Kim BY, Rutka JT, Chan WC. Nanomedicine. N Engl J Med. 2010; 363: 2434-43. 
155. Cai Z, Bai L, Li Q, Li Y, Cai X, Lin Y. Gene-Activating Framework Nucleic 

Acid-Targeted Upregulating Sirtuin-1 to Modulate Osteoimmune 
Microenvironment for Diabetic Osteoporosis Therapeutics. ACS Nano. 2024; 
18: 35214-29. 

156. Thakur NS, Rus I, Herbert A, Zallocchi M, Chakrabarty B, Joshi AD, et al. 
Crosslinked-hybrid nanoparticle embedded in thermogel for sustained 
co-delivery to inner ear. Journal of Nanobiotechnology. 2024; 22: 482. 


