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Abstract

Metabolic dysfunction-associated steatotic liver disease (MA-
SLD), the most common chronic liver disorder worldwide, 
results from multidimensional network dysregulation involv-
ing lipid metabolism imbalance, insulin resistance, oxidative 
stress, chronic inflammation, and gut-liver axis disruption. 
Silent information regulator 1 (SIRT1), an NAD+-dependent 
deacetylase, functions as a central regulator of metabolic 
homeostasis and a key mediator in immune microenviron-
ment remodeling and inter-organ communication. This re-
view systematically describes the multi-target mechanisms 
of SIRT1 in MASLD pathogenesis through its regulation of 
critical factors, including peroxisome proliferator-activated 
receptor gamma coactivator 1-α, Forkhead Box O, and nu-
clear factor kappa-light-chain-enhancer of activated B cells, 
which govern hepatocyte lipid remodeling, mitochondrial 
quality control, autophagy–endoplasmic reticulum stress 
balance, and Kupffer cell/T cell polarization. This work in-
troduces, for the first time, the concept that SIRT1 mediates 
systemic regulation of MASLD via coordinated “metabolism–
inflammation–organ axis” interactions. Recent studies indi-
cate that natural compounds (e.g., resveratrol, curcumin) 
improve gut-liver barrier function through microbiota–SIRT1 
interactions, while synthetic activators (SRT1720) and NAD+ 
precursors (NMN) enhance hepatocyte antioxidant capacity 
and fatty acid β-oxidation. This innovative analysis high-
lights the spatiotemporal specificity of various SIRT1 acti-
vators, emphasizing that tissue-selective delivery and dy-
namic dosage optimization are crucial for overcoming clinical 
translation challenges. By integrating mechanistic and trans-
lational insights, this review provides a novel foundation for 

precision intervention strategies targeting SIRT1 network 
reprogramming.
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Introduction
Metabolic dysfunction-associated steatotic liver disease (MA-
SLD) is a prevalent chronic liver condition closely linked to 
metabolic abnormalities. Recent statistics report a glob-
al prevalence of 32.40% and an annual incidence rate of 
4.69%.1 Its incidence has steadily increased across all age 
groups over the past few years, contributing significantly to 
the global healthcare burden.2 MASLD is primarily character-
ized by abnormal lipid accumulation in hepatocytes, typically 
presenting as simple steatosis. Under prolonged metabolic 
stress, it may progress to metabolic-associated steatohepa-
titis (MASH), liver fibrosis, cirrhosis, and hepatocellular carci-
noma, which are among the leading causes of end-stage liver 
disease and liver transplantation.3

The approval of Resmetirom represents a major advance-
ment in MASLD treatment,4 offering a targeted therapy for 
patients with progressive MASH and moderate-to-severe 
liver fibrosis, thereby addressing a longstanding therapeutic 
gap.5,6 However, its clinical utility remains limited, as it does 
not address early-stage disease. Patients with simple stea-
tosis who have not yet progressed to MASH lack approved 
pharmacological options, and current clinical management 
primarily depends on lifestyle modification, which is often 
limited by poor adherence and inconsistent therapeutic out-
comes.7 Therefore, identifying targeted, mechanism-based 
therapies for various stages of MASLD remains a key priority.8

MASLD pathogenesis involves complex, multifactorial pro-
cesses characterized by the dysregulation of multiple inter-
linked systems and signaling pathways.9 Insulin resistance 
serves as an early pathogenic driver,10 promoting increased 
hepatic uptake of free fatty acids (FFAs) and activation of de 
novo lipogenesis, resulting in excess triglyceride accumula-
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tion. This chronic lipid burden impairs mitochondrial function 
and elevates reactive oxygen species (ROS) levels,11 causing 
oxidative stress and hepatocellular injury.12 Moreover, lipo-
toxicity, endotoxin translocation, and chronic low-grade in-
flammation activate Kupffer cells (KCs) and polarize immune 
cell populations,13 contributing to a persistent pro-inflamma-
tory hepatic microenvironment. Dysbiosis of gut microbiota, 
altered bile acid metabolism,14 and disruption of the gut-liver 
barrier15 further exacerbate MASLD progression. These inter-
connected “metabolism–inflammation–oxidation–immune” 
processes define the systemic complexity of MASLD and offer 
multiple potential therapeutic targets.

Silent information regulator 1 (SIRT1), an NAD+-depend-
ent deacetylase, has emerged as a central regulator at the 
interface of metabolic regulation, inflammatory signaling, 
and cellular defense mechanisms.16 SIRT1 is broadly ex-
pressed in metabolically active tissues17 and regulates lipid 
metabolism,18 mitochondrial maintenance, ROS clearance, 
autophagy, and immune balance by deacetylating key tran-
scriptional regulators, including peroxisome proliferator-acti-
vated receptor gamma coactivator 1-α (PGC-1α), Forkhead 
Box O (FOXO), and nuclear factor kappa-light-chain-enhanc-
er of activated B cells (NF-κB) and p53.19 Its expression and 
enzymatic activity are regulated by AMP-activated protein 
kinase (AMPK), the NAD+/NADH ratio, miRNAs, and protein-
protein interactions.20–22 Increasing evidence suggests that 
SIRT1 plays a key regulatory role at several stages of MASLD 
pathogenesis, identifying it as a promising therapeutic target 
with both systemic and stage-specific applications.

Given the central role of SIRT1 in the “metabolism–inflam-
mation–immune” signaling axis, this review systematically 
examines its regulatory functions in MASLD initiation and 
progression. The focus is on SIRT1’s roles in hepatic lipid me-
tabolism reprogramming, insulin signaling, oxidative stress 
control, and intrahepatic immune regulation. Furthermore, 
this review summarizes current research and pharmaco-
logical developments involving natural compounds, synthetic 
agents, and NAD+ precursors as SIRT1 activators, assessing 
their feasibility in multi-target interventions and clinical ap-
plications. By integrating mechanistic and pharmacological 
insights, this work aims to establish a comprehensive theo-
retical framework for advancing SIRT1-based therapeutic 
strategies in MASLD.

Structure and regulatory mechanisms of SIRT1
SIRT1, a representative member of the mammalian sirtuin 
family, is classified as an NAD+-dependent class III histone 
deacetylase.16 It is widely expressed in metabolically ac-
tive tissues, including the liver, heart, skeletal muscle, and 
adipose tissue,23–25 and is involved in diverse cellular pro-
cesses such as metabolic homeostasis, antioxidant defense, 
autophagy, inflammation, and energy balance.26–28 In the 
complex pathological progression of MASLD, SIRT1 exerts 
effects through its structural properties and intricate regula-
tory mechanisms.

Structurally, SIRT1 contains a conserved catalytic core do-
main (∼275 amino acids) located in the central region of the 
protein. This domain includes both the NAD+-binding region 
and the substrate recognition site, which are essential for 
its deacetylation function.29,30 The N- and C-terminal regions 
are more flexible, facilitating interactions with regulatory 
proteins, controlling subcellular localization, and modulat-
ing enzymatic activity. SIRT1 targets both histone and non-
histone substrates, including histones (e.g., H3K9, H4K1631) 
and transcriptional regulators such as p53,32 FOXO1/3a,33 
PGC-1α,34 LKB1,35 and NF-κB p65,36 thereby contributing to 

epigenetic regulation and broader cellular functions.
At the regulatory level, SIRT1 expression is influenced by 

transcriptional, epigenetic, post-transcriptional, and meta-
bolic mechanisms.27,37 Transcriptionally, regulators such as 
c-Myc,38 E2F1,39 and p5340 can either positively or nega-
tively modulate SIRT1 promoter activity. Epigenetic control 
involves histone acetylation and DNA methylation, which 
influence transcriptional accessibility.41,42 Post-transcription-
ally, several miRNAs, including miR-34a,43 miR-132,44 and 
miR-217,45 target the 3′ untranslated region of SIRT1 mRNA 
and inhibit translation. In metabolic disorders and chronic 
inflammatory states, hepatic miR-34a levels are frequently 
elevated, often coinciding with reduced SIRT1 expression.46

The enzymatic activity of SIRT1 is primarily regulated by 
the NAD+/NADH ratio, a key indicator of intracellular energy 
status.47 AMPK indirectly promotes SIRT1 activation by up-
regulating nicotinamide phosphoribosyltransferase, thereby 
increasing NAD+ biosynthesis.48 Conditions such as high-fat 
diet exposure or oxidative stress result in NAD+ depletion 
and reduced SIRT1 activity. SIRT1 function is also modulated 
through protein-protein interactions: DBC1 inhibits SIRT1 ac-
tivity via complex formation,30,49 whereas AROS and SENP1 
interact with SIRT1 to enhance its activity, expanding the 
spectrum of functional regulation.50,51

Overall, SIRT1 functions as a key metabolic sensor and 
epigenetic regulator, with both expression and enzymatic ac-
tivity finely tuned by internal and external cellular signals.52 
In the liver, SIRT1 plays a central role at the intersection of 
lipid metabolism, insulin sensitivity, and inflammatory signal-
ing, coordinating metabolic adaptation through a network of 
regulatory pathways.23,53,54 A thorough understanding of its 
structural framework and regulatory mechanisms is essential 
for advancing targeted therapeutic strategies aimed at SIRT1 
activation in MASLD.

Multifactorial pathogenesis of MASLD
MASLD is a chronic liver condition primarily driven by meta-
bolic dysregulation, sustained by inflammatory responses, 
and exacerbated by gut-liver axis dysfunction.55,56 Its patho-
genesis is highly complex, involving the interplay of factors 
including lipid metabolism disorders,57 insulin resistance,10 
oxidative stress,58 immune activation,13 and gut microbiota 
dysbiosis.59 This multifactorial nature is characterized by pro-
nounced heterogeneity and systemic network interactions.

Insulin resistance, a hallmark of early-stage MASLD, im-
pairs insulin-mediated inhibition of adipose tissue lipoly-
sis, resulting in elevated circulating FFAs.60 These FFAs are 
transported to the liver, contributing to triglyceride accumu-
lation.61 Concurrently, persistent activation of the sterol reg-
ulatory element-binding protein 1c (SREBP-1c) pathway in 
hepatocytes promotes de novo lipogenesis, further increas-
ing lipid deposition.62,63 This creates a lipotoxic environment 
due to excessive lipid input and synthesis. Continuous lipid 
accumulation impairs mitochondrial function and elevates 
ROS production,64 leading to lipid peroxidation, DNA dam-
age, and protein denaturation, collectively initiating oxidative 
stress, inflammatory signaling, and hepatocellular injury.12

As lipotoxic stress persists, innate immune responses 
within the liver are activated.13 KCs release pro-inflamma-
tory cytokines, including tumor necrosis factor-α (TNF-α), 
interleukin (IL)-1β, and IL-6, which recruit monocytes and 
drive macrophage polarization.65 This establishes a persis-
tent pro-inflammatory hepatic microenvironment, further 
exacerbating liver injury. Accumulated ROS also activate 
the NOD-like receptor pyrin domain-containing protein 3 
(NLRP3) inflammasome, initiating caspase-1-mediated py-
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roptosis and amplifying immune-mediated hepatocyte inju-
ry.66,67 Furthermore, oxidative stress disrupts mitochondrial 
membrane potential, impairs autophagy, and induces apop-
tosis, contributing to progressive liver damage.68

Beyond hepatic processes, alterations in gut microbiota 
composition and impairment of the gut-liver barrier are key 
contributors to MASLD pathogenesis.57,69 Disease progres-
sion is associated with reduced microbial diversity and in-
creased abundance of harmful taxa such as Proteobacteria 
and Enterobacteriaceae.70 These changes reduce short-chain 
fatty acid (SCFA) production and increase secondary bile acid 
formation, both of which compromise gut barrier integrity.71 
As a result, endotoxins such as lipopolysaccharide (LPS) 
translocate across the epithelial barrier and reach the liver 
via the portal circulation. LPS activates Toll-like receptors 
(TLRs), particularly TLR4,72 triggering immune responses 
and cytokine release. At the same time, bile acid signaling 
pathways, including the farnesoid X receptor (FXR)–FGF15 
and TGR5–glucagon-like peptide-1(GLP-1) axes, are disrupt-
ed, further promoting hepatic lipid accumulation and immune 
dysregulation.73 These processes form a self-reinforcing loop 
within the “gut–liver inflammation axis”, driving disease pro-
gression.74

Fibroblast growth factor 21 (FGF21) also contributes to 
MASLD pathogenesis. FGF21 interacts with SIRT1 to promote 
fatty acid oxidation, improve insulin sensitivity, and reduce 
hepatic inflammation, supporting metabolic regulation.75 
However, in the context of gut microbiota imbalance and bar-
rier dysfunction, the metabolic regulatory function of FGF21 
is compromised. Through the FGF21–SIRT1 axis, FGF21 may 
shift from a protective to a dysregulatory role, exacerbating 
hepatic lipid accumulation and metabolic imbalance in ad-
vanced disease stages.76

MASLD arises from the integrated dysregulation of multi-
ple systemic networks. Lipid metabolism imbalance contrib-
utes to energy excess, insulin resistance worsens metabolic 
disruption, immune activation drives cellular injury, and gut-
liver axis dysfunction impairs immune and metabolic stabil-
ity. These combined factors drive progressive liver damage, 
as illustrated in Figure 1. Within this pathophysiological con-
text, SIRT1 acts as a central regulator at the interface of 
metabolic, inflammatory, and oxidative processes, contribut-
ing to hepatic lipid reprogramming, insulin sensitivity, ROS 
management, autophagy maintenance, and gut–liver barrier 
protection. The following sections will examine the multifac-
eted regulatory roles of SIRT1 in MASLD development and 
progression.

Mechanistic roles of SIRT1 in MASLD

Cell type specificity: A critical layer of complexity
The liver is a heterogeneous organ composed of both paren-
chymal and non-parenchymal cells. Hepatocytes represent 
the majority of liver mass, while non-parenchymal cells in-
clude KCs, hepatic stellate cells (HSCs), liver sinusoidal en-
dothelial cells, and infiltrating immune cells such as lympho-
cytes and neutrophils.77,78 SIRT1 exhibits distinct expression 
levels, subcellular distributions, downstream targets, and 
functional effects across these different liver cell types. This 
cell type specificity represents a critical factor in understand-
ing SIRT1’s diverse roles in MASLD and explains why sys-
temic SIRT1-directed interventions may yield divergent or 
inconsistent findings.79

Generalizing the effects of “hepatic SIRT1” without dis-
tinguishing among cell types—or extrapolating hepatocyte-
specific observations to the entire liver—risks producing 

oversimplified or inaccurate interpretations. The pathophysi-
ological significance of SIRT1 depends on the specific cellular 
context, particularly in a complex, multi-cellular disease such 
as MASLD. A detailed analysis of SIRT1’s functions across 
liver cell populations is therefore essential to understanding 
its regulatory mechanisms in MASLD pathogenesis.

The following section examines SIRT1 activity in key 
hepatic cell types, drawing on evidence from cell-specific 
knockout and overexpression models, and highlights its dis-
tinct contributions to the cellular and molecular landscape of 
MASLD.

Lipid metabolism regulation
The liver is the central organ of lipid metabolism, and its 
metabolic function plays a key role in MASLD development 
and progression. SIRT1, an NAD+-dependent class III his-
tone deacetylase, regulates hepatic lipid metabolism through 
deacetylation of multiple transcription factors and metabolic 
enzymes, exerting a bidirectional effect on lipid homeostasis 
by inhibiting fat synthesis and promoting fatty acid oxida-
tion.80

In lipid synthesis, SIRT1 deacetylates SREBP-1c in hepat-
ocytes, reducing its nuclear translocation and transcriptional 
activity. This downregulates lipogenic enzymes such as fatty 
acid synthase and acetyl-CoA carboxylase, limiting fatty acid 
and triglyceride production.81–83 SIRT1 also negatively regu-
lates glycerol-3-phosphate acyltransferase, further inhibit-
ing triglyceride synthesis.19,84 Hepatocyte-specific SIRT1 
knockout mice display liver steatosis, triglyceride accumula-
tion, and increased de novo lipogenesis, even under stand-
ard dietary conditions, accompanied by SREBP-1c activation 
and impaired PGC-1α/peroxisome proliferator-activated re-
ceptor alpha (PPARα) signaling.85,86 Conversely, hepatocyte-
specific SIRT1 overexpression reduces high-fat diet-induced 
hepatic lipid accumulation, suggesting a protective role in 
hepatocytes.

Regarding fatty acid oxidation, SIRT1 activates PPARα and 
its coactivator PGC-1α through deacetylation, facilitating mi-
tochondrial β-oxidation.34,87 PGC-1α increases expression of 
carnitine palmitoyltransferase 1A and acyl-CoA oxidase 1, 
supporting fatty acid transport and oxidation within mito-
chondria and reducing hepatic lipid droplet accumulation.88,89 
Under energy-deprived conditions, such as fasting, SIRT1 
activity is upregulated, promoting fatty acid oxidation and 
ketogenesis via the PGC-1α/PPARα axis, thereby improving 
hepatic metabolic adaptability.90–92

Pharmacological studies indicate that SIRT1 activators, 
including SRT1720, enhance PGC-1α deacetylation and im-
prove fatty acid oxidation efficiency. In high-fat diet-induced 
MASLD models, these compounds reduced hepatic lipid drop-
let content and triglyceride levels.93 Impaired SIRT1 function 
decreases PPARα activity, leading to lipid metabolism disor-
ders, increased hepatic lipid deposition, and aggravated in-
flammatory responses.94

It is important to note that SIRT1 regulation of lipid me-
tabolism is tissue-specific and dependent on metabolic condi-
tions.17,95 In non-parenchymal cells such as KCs and HSCs, 
SIRT1’s direct role in lipid metabolism is limited; instead, it 
modulates inflammatory and activation states, indirectly af-
fecting hepatocyte lipid metabolism.19 Under conditions of 
overnutrition or high-fat intake, hepatic SIRT1 expression is 
reduced, resulting in persistent activation of lipogenic signal-
ing and impaired fatty acid oxidation, ultimately disrupting 
hepatic lipid homeostasis.19,96 Restoration of SIRT1 activity 
suppresses lipid synthesis, improves oxidation capacity, and 
reestablishes lipid clearance, supporting therapeutic strate-
gies aimed at metabolic reprogramming in MASLD.97
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In conclusion, SIRT1 maintains lipid metabolic balance by 
inhibiting lipid synthesis and promoting fatty acid oxidation 
through the regulation of key transcriptional regulators such 
as SREBP-1c and PGC-1α, along with enzymes involved in 
hepatic lipid metabolism.82,98 Its tissue-specific regulation 
and sensitivity to metabolic states must be considered in 
developing MASLD therapies. Further investigation into its 
involvement in lipid droplet degradation, lipophagy, and cir-
cadian regulation is needed to fully define its role within the 
hepatic lipid metabolic network.99–102

Insulin sensitivity and glucose metabolism
Insulin resistance is a key pathophysiological feature of MA-
SLD,10 and SIRT1 plays a central role in regulating insulin 
signaling and hepatic glucose metabolism.82,103 As an NAD+-

dependent deacetylase, SIRT1 regulates glucose metabolism 
and insulin sensitivity through multiple signaling axes, allevi-
ating systemic metabolic imbalance.28

In hepatocytes, SIRT1 increases insulin sensitivity by ac-
tivating the LKB1/AMPK pathway, improving cellular respon-
siveness to insulin.104 It facilitates glucose uptake and sup-
presses hepatic gluconeogenesis. SIRT1 deacetylates and 
inhibits the transcription factor FOXO1,105 reducing its ability 
to activate gluconeogenic genes such as phosphoenolpyru-
vate carboxykinase and glucose-6-phosphatase.106 This 
decreases hepatic glucose production and reduces hyper-
glycemia. Hepatocyte-specific SIRT1 knockout mice exhibit 
impaired glucose tolerance, decreased insulin sensitivity, and 
elevated HOMA-IR values, supporting a protective role of 
SIRT1 in hepatic glucose homeostasis.107,108

Fig. 1.  Multifactorial pathogenesis of MASLD. Created with BioRender. ECM, extracellular matrix; FFA, free fatty acids; GNB, gram-negative bacteria; HSCs, he-
patic stellate cells; IL1β, Interleukin-1β; IL18, interleukin-18; IL6, interleukin-6; LPS, lipopolysaccharide; M0, macrophage 0; M1, macrophage 1; M2, macrophage 2; 
NF-κB, nuclear factor-kappa B; NLRP3, nod-like receptor pyrin domain-containing protein 3; ROS, reactive oxygen species; SCFAs, short-chain fatty acids; SREBP-1c, 
sterol regulatory element-binding protein 1c; TNF-α, tumor necrosis factor-α; ZO-1, zonula occludens-1; ↑, up-regulated expression; ↓, down-regulated expression.
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Beyond direct effects on insulin signaling, SIRT1 indirectly 
modulates insulin sensitivity by regulating autophagy via 
the mTOR pathway.30,109 Under nutrient excess, suppressed 
SIRT1 expression impairs autophagic activity,96 leading 
to mitochondrial dysfunction and ROS accumulation, fur-
ther disrupting insulin signaling. SIRT1 activation restores 
autophagy by deacetylating FOXO3a and upregulating au-
tophagy-related genes, including Atg5 and LC3-II, enhanc-
ing cellular stress adaptability and improving insulin sensitiv-
ity.110,111

Preclinical data indicate that SIRT1 activators, such as 
resveratrol and SRT1720, improve insulin tolerance by ac-
tivating the AMPK/IRS-1/Akt pathway, inhibiting FOXO1,112 
and downregulating phosphoenolpyruvate carboxykinase 
and glucose-6-phosphatase expression. These interventions 
ameliorate insulin resistance at both molecular and physi-
ological levels.113

SIRT1-mediated regulation of insulin signaling is highly 
context-dependent. During energy deficit, fasting, or physi-
cal activity, SIRT1 activity is upregulated, supporting glucose 
utilization and inhibiting gluconeogenesis.17,114 High-glucose 
and high-fat environments suppress SIRT1 expression, con-
tributing to impaired insulin signaling and MASLD progres-
sion.96 While SIRT1 in adipose tissue significantly affects sys-
temic insulin sensitivity, its direct role in non-parenchymal 
liver cells in glucose metabolism remains unclear and is likely 
mediated through immune and inflammatory signaling path-
ways.

SIRT1 regulates insulin sensitivity and glucose metabolism 
by targeting key signaling pathways, including AMPK/FOXO1 
and IRS-1/Akt. It is essential for maintaining hepatic glu-
cose balance and alleviating insulin resistance in MASLD. Fu-
ture studies should explore the dynamic interactions among 
SIRT1, mTOR, autophagy, and endoplasmic reticulum (ER) 
stress to elucidate its regulatory functions under varying 
metabolic states, guiding the development of targeted inter-
ventions for early-stage MASLD-related metabolic disorders.

Inflammation and immune modulation
Chronic inflammation and immune dysregulation are central 
to the pathogenesis and progression of MASLD,115 particu-
larly during the transition from simple steatosis to MASH.116 
SIRT1, a key molecular regulator at the crossroads of meta-
bolic and immune pathways, modulates immune cell function 
through deacetylation, affecting inflammation, autophagy, 
and oxidative stress responses, thereby maintaining hepatic 
immune homeostasis.

In KCs, SIRT1 deacetylates the NF-κB p65 subunit, inhib-
iting its transcriptional activity and reducing the expression 
of pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-
6. This limits macrophage polarization toward the M1 pro-
inflammatory phenotype.117 SIRT1 also activates FOXO3a, 
which upregulates autophagy-related genes such as Atg5 
and Atg7, promoting autophagosome formation and reduc-
ing ROS levels, thereby attenuating inflammation.118,119 Fur-
thermore, SIRT1 negatively regulates the NLRP3 inflamma-
some, suppressing pyroptosis and protecting hepatocytes 
from excessive immune-mediated damage.120 In myeloid 
cell-specific SIRT1 knockout mice, lipid toxicity or LPS stimu-
lation induced more severe hepatic inflammation, elevated 
pro-inflammatory cytokine levels, and enhanced M1 mac-
rophage polarization, highlighting the critical role of SIRT1 in 
preserving immune balance.121

In T lymphocytes, SIRT1 exerts distinct regulatory effects 
on helper T cells (Th).18,122 It deacetylates STAT4, reduc-
ing its activity and inhibiting Th1 differentiation, which de-
creases IFN-γ production and mitigates KC activation.123,124 

During early-stage MASLD, SIRT1 supports anti-inflamma-
tory responses by deacetylating and activating Th2-related 
transcription factors, increasing IL-10 expression.125 As dis-
ease progresses, SIRT1 further modulates Th2 activity by 
downregulating their pro-fibrotic signaling.126 In liver fibrosis 
models, SIRT1 activation reduces Th2-derived pro-fibrotic 
cytokine levels. While limited research exists on cytotoxic T 
cells (Tc) in MASLD, studies in other immune disorders sug-
gest SIRT1 regulates Tc function through T cell receptor ex-
pression and deacetylation of effector proteins such as per-
forin and granzyme.127

SIRT1 is also crucial for regulatory T cell (Treg) differ-
entiation and maintenance. Through Foxp3 deacetylation, 
SIRT1 enhances Foxp3 stability and activity, increasing Treg 
numbers and improving suppressive capacity.128 In MASLD 
models, SIRT1 activation elevates hepatic Treg populations 
and immunosuppressive cytokines such as IL-10 and TGF-β, 
reducing hepatic inflammation.129

B cells contribute to hepatic immune regulation in MA-
SLD.130 SIRT1 deacetylates NF-κB, inhibiting pro-inflamma-
tory cytokines (IL-6, TNF-α) while promoting anti-inflamma-
tory cytokines (IL-10),35 limiting Th17 and Tc activation and 
supporting overall immune balance.131

In neutrophils, SIRT1 inhibits IKKβ acetylation, stabilizing 
IκBα and preventing NF-κB nuclear translocation and down-
stream expression of chemokines such as CXCL1 and IL-8, 
reducing neutrophil recruitment.132 Inflammatory stimuli 
also drive HMGB1 release into the extracellular space, in-
cluding ROS production and neutrophil extracellular trap 
(NET) formation.133 Excessive NETs exacerbate hepatic in-
flammation in MASLD. SIRT1 may reduce NET formation by 
deacetylating FOXO1 and increasing the expression of the 
pro-apoptotic protein Bim, which destabilizes mitochondrial 
membranes by interacting with anti-apoptotic members of 
the Bcl-2 family and shortens neutrophil survival, limiting 
their accumulation in liver tissue.134,135 SIRT1 governs multi-
ple immune-regulatory processes in MASLD through deacet-
ylation of key molecular targets. SIRT1 limits inflammation, 
maintains immune tolerance, and regulates cell survival.136 
In KCs, it inhibits NF-κB signaling; in T cells, it modulates 
Th1/Th2 and Treg/Th17 balance;137 and in B cells and neu-
trophils, it controls cytokine expression, migration, and lifes-
pan, collectively preserving hepatic immune homeostasis.26 
Despite extensive research, its functions across immune 
subtypes and disease stages require further investigation. 
Future studies should clarify intercellular signaling between 
immune cells and hepatocytes in early and advanced MASLD 
to inform SIRT1-based immune-targeted therapies.

Pyroptosis regulation
Pyroptosis is a form of inflammatory programmed cell death 
distinct from apoptosis. It is triggered by activation of inflam-
matory caspases, such as caspase-1, via inflammasomes 
(e.g., NLRP3), leading to the release of pro-inflammatory 
cytokines IL-1β and IL-18 and resulting in membrane rup-
ture. This causes leakage of cellular contents and a strong 
local inflammatory response.138 Pyroptosis is implicated in 
infections, autoimmune disorders, and metabolic diseases, 
including MASLD.

In MASLD, pyroptosis has both pathogenic and protec-
tive roles.139 On the pathogenic side, hepatic accumulation 
of FFAs, oxidative stress, and gut barrier dysfunction lead 
to LPS translocation, activating the NLRP3 inflammasome.140 
This induces hepatocyte pyroptosis via the classical pathway, 
releasing IL-1β and IL-18, which recruit immune cells and 
activate NF-κB signaling, amplifying pro-inflammatory medi-
ator production and promoting progression from simple ste-



Journal of Clinical and Translational Hepatology 2025 vol. 13(10)  |  878–898 883

Zhang H. et al: The role of hepatic SIRT1

atosis to MASH.141 Cellular contents released during pyropto-
sis activate HSCs, increase collagen synthesis, and promote 
fibrosis. Elevated liver levels of the gasdermin D N-terminal 
fragment (GSDMD-N) correlate with disease activity scores 
(NAS) and fibrosis severity in MASLD patients, while GSDMD 
knockout reduces fibrosis in mice.142 Inflammatory media-
tors from pyroptosis also impair insulin signaling, increase 
insulin resistance, and upregulate lipid synthesis genes, con-
tributing to hepatic lipid accumulation.143,144

Pyroptosis can also be protective. Physiologically, it elimi-
nates hepatocytes damaged by lipotoxicity and abnormal 
lipid accumulation, preventing secondary tissue injury. Low-
level NLRP3 activation regulates hepatic lipid metabolism via 
IL-18, and its absence is associated with increased steatosis. 
Pyroptosis-associated signals also initiate hepatic repair and 
support regeneration.145,146 Inhibition of core pyroptotic me-
diators (NLRP3, caspase-1, GSDMD147) improves hepatic his-
topathology in MASLD models, highlighting their therapeutic 
relevance.148

SIRT1 alleviates MASLD by regulating pyroptosis. Plant 
sterol esters from α-linolenic acid activate SIRT1, down-
regulating NLRP3 and ASC expression, reducing colocaliza-
tion with cleaved caspase-1, and lowering GSDMD cleavage, 
thereby inhibiting hepatocyte pyroptosis and slowing MASH 
progression in mice.149 The traditional Chinese medicine for-
mula XZTZ acts via SIRT1 to downregulate NLRP3 and GS-
DMD, reduce pro-inflammatory cytokines, and promote mac-
rophage polarization from M1 to M2, improving the hepatic 
immune microenvironment. SIRT1 also regulates pyroptosis 
through the GSDME–IL-18 axis, limiting IL-18 release and 
disrupting inflammatory feedback loops.120 Astragaloside, 
via the AMPK/SIRT1 pathway, decreases pyroptosis-related 
proteins (NT-GSDMD, IL-1β) in macrophages and promotes 
M2 polarization, alleviating liver inflammation.150 Certain 
natural compounds also modulate autophagy via SIRT1, im-
proving lipid metabolism and reducing pyroptosis induced by 
lipid toxicity, thereby slowing MASLD progression.151

In summary, SIRT1 precisely regulates pyroptosis at ini-
tiation, execution, and downstream inflammatory signaling. 
By integrating metabolic regulation with inflammation sup-
pression, SIRT1 represents a promising therapeutic target 
in MASLD and related inflammatory liver diseases. Further 
investigation of these pathways could provide a mechanistic 
foundation for developing targeted interventions.

Autophagy and ER stress alleviation
Autophagy is a critical protective mechanism against nutri-
ent deprivation and metabolic stress, essential for maintain-
ing hepatocyte homeostasis. SIRT1 regulates autophagic flux 
through multiple pathways, alleviating lipotoxic and inflam-
matory damage in MASLD.152–154

In the classical pathway, hepatocellular SIRT1 deacety-
lates FOXO1105 and FOXO3a,155 inducing expression of au-
tophagy-related proteins such as Atg5, Atg7, and Beclin-1, 
which promote autophagosome formation and maturation. 
Concurrently, SIRT1 activates AMPK and inhibits the mTOR 
pathway, releasing inhibition of autophagy and increasing 
clearance of lipid droplets and damaged mitochondria.28,30,156 
Animal studies demonstrate that a high-fat diet impairs au-
tophagic function,96 whereas SIRT1 agonists enhance hepatic 
autophagy, reduce lipid peroxidation and ROS accumulation, 
and improve hepatocyte function.151

Lipophagy, a selective form of autophagy, involves the di-
rect engulfment and degradation of cytoplasmic lipid drop-
lets by autophagosomes. It represents a key mechanism by 
which hepatocytes eliminate excess triglycerides, independ-
ent of the traditional cytosolic lipase-mediated hydrolysis 

pathway.157 SIRT1 plays a specific role in lipophagy regu-
lation. In MASLD, reduced SIRT1 activity leads to hypera-
cetylation and stabilization of PLIN2 and PLIN3, effectively 
“locking” lipid droplets and impairing lipophagic clearance, 
exacerbating triglyceride accumulation.157 SIRT1-mediated 
deacetylation of PLINs enhances lipophagy, representing a 
key mechanism for alleviating hepatic steatosis.158

ER stress is another important inflammatory and pro-ap-
optotic factor in MASLD progression.159 SIRT1 alleviates ER 
stress by deacetylating molecules such as eIF2α and CHOP,32 
inhibiting excessive activation of the unfolded protein re-
sponse,160 and reducing expression of stress-related proteins 
including GRP78 and ATF4.32 This limits ER stress-associated 
hepatocyte apoptosis and inflammation. SIRT1 also regu-
lates the IRE1α/XBP1 axis, decreasing release of inflamma-
tory mediators and apoptotic signals.161

There is extensive cross-regulation between autophagy 
and ER stress,162 and SIRT1 may coordinate the feedback 
mechanisms between these processes.163 For example, 
SIRT1-mediated deacetylation of TSC2, an upstream regula-
tor of mTOR, indirectly synchronizes ER stress levels with au-
tophagic activity.164 The NAD+/SIRT1 signaling pathway func-
tions as a central node linking nutrient sensing, autophagy 
regulation, and ER adaptation.28 Research on SIRT1’s role in 
non-parenchymal liver cells, such as KCs and HSCs, is lim-
ited. In KCs, autophagy may affect functional polarization,165 
while in activated HSCs, it may sustain a pro-fibrotic pheno-
type.166 The role of SIRT1 in these mechanisms and its over-
all effect on MASLD pathology remain to be fully elucidated.

SIRT1 alleviates MASLD by activating autophagy and miti-
gating ER stress, serving a coordinated “clear–buffer–repair” 
function in hepatocytes that enables adaptation to metabolic 
stress and limits cellular damage.19 Further studies are need-
ed to define the temporal and mechanistic precision of SIRT1 
in autophagic regulation and its integration with unfolded 
protein response and oxidative stress networks.

Mitochondrial homeostasis and ROS control
Mitochondrial dysfunction and excessive ROS generation are 
key factors in MASLD progression.167,168 In hepatocytes, el-
evated lipid load and insulin resistance increase mitochon-
drial β-oxidation activity, accompanied by electron leakage 
and respiratory chain disruption, resulting in substantial ROS 
production, which exacerbates lipid peroxidation, autophagic 
dysfunction, and pyroptosis.64 SIRT1 serves as a central reg-
ulator of redox homeostasis, controlling ROS generation and 
mitochondrial quality through multiple pathways.169

SIRT1 activates antioxidant transcription factors such as 
FOXO3a and Nrf2 via deacetylation,170 upregulating enzymes 
including superoxide dismutase (SOD) 1/2, GSH-Px,171 and 
HO-1.172 This enhances free radical neutralization and re-
duces oxidative stress. SIRT1 simultaneously inhibits NF-κB 
activity, lowering ROS-induced pro-inflammatory cytokine 
production, thereby providing bidirectional regulation of oxi-
dative stress and inflammation.173 Animal studies show that 
SIRT1 activation reduces MDA content, ROS accumulation, 
and mitochondrial membrane potential loss, ultimately de-
laying hepatocyte apoptosis.174

Regarding mitochondrial homeostasis, SIRT1 regulates 
biogenesis and metabolic remodeling by activating PGC-1α, 
enhancing mitochondrial quantity and function. PGC-1α up-
regulation induces NRF1/2 and TFAM expression, supporting 
mtDNA replication and respiratory chain activity.175 SIRT1 
also regulates mitophagy via the PINK1/Parkin and BNIP3 
pathways, facilitating removal of dysfunctional mitochon-
dria.176 Through deacetylation of key molecules such as p53 
and LC3, SIRT1 initiates mitochondria-specific autophagy, 



Journal of Clinical and Translational Hepatology 2025 vol. 13(10)  |  878–898884

Zhang H. et al: The role of hepatic SIRT1

playing a central role in quality control.
SIRT1 also provides feedback regulation along the ROS–

mitochondrial damage–autophagic dysfunction axis,102,177,178 
reducing oxidative accumulation and repairing mitochondrial 
metabolic alterations, interrupting the “oxidative stress–
inflammation–energy collapse” cycle in MASLD. Reduced 
SIRT1 activity correlates with mtDNA damage, mitochondrial 
fragmentation, decreased membrane potential, and impaired 
adenosine triphosphate synthesis, all contributing to disease 
progression and transition to MASH.

However, under certain conditions, SIRT1 activation may 
exacerbate oxidative injury depending on NAD+ availabil-
ity, tissue microenvironment, and timing. In NAD+-depleted 
states (e.g., aging or advanced disease), SIRT1 activation 
consumes residual NAD+, impairing NAD+-dependent repair 
enzymes such as PARPs, and increasing oxidative stress.29,179 
In chronic high-oxygen exposure or paraquat-induced inju-
ry,180,181 SIRT1 activation can worsen mitochondrial impair-
ment and ROS generation by modulating apoptosis-related 
proteins and inhibiting Nrf2-mediated antioxidant expres-
sion.182 Its effects vary by cell type; excessive activation in 
KCs may reduce lipid peroxidation clearance.183

Dose-dependent and off-target effects of SIRT1 activators 
must also be considered. High concentrations of resveratrol 
may inhibit mitochondrial complex I, while synthetic activa-
tors like SRT2104 require high doses due to poor liver target-
ing, increasing oxidative stress risk in extrahepatic tissues. 
In late-stage MASLD or end-stage heart failure, where mi-
tochondria are severely compromised and NAD+ depleted, 
SIRT1 activation may further aggravate oxidative injury by 
promoting mitochondrial fission and excessive autophagy, 
depleting cellular energy.184 Interactions with p53 and NF-κB 
may also produce harmful effects, such as inhibiting p53-
mediated antioxidant transcription or sustaining NF-κB acti-
vation during severe inflammation.185

SIRT1 is essential for controlling ROS production, main-
taining mitochondrial function, and regulating selective au-
tophagy. Its actions, however, are highly context-dependent, 
and under conditions of NAD+ depletion, specific cell types, 
dosing imbalances, or advanced disease, SIRT1 may exacer-
bate oxidative damage by impairing repair enzyme activity, 
exacerbating mitochondrial dysfunction, and weakening an-
tioxidant responses. Future studies should clarify these con-
text-specific mechanisms to enable safe and precise applica-
tion of SIRT1-targeted therapies in metabolic liver disease.

Gut-liver axis and gut microbiota
The gut–liver axis, a fundamental physiological pathway con-
necting the gastrointestinal tract and liver, contributes signif-
icantly to the onset and progression of MASLD.57,186 Altera-
tions in gut microbiota composition, compromised intestinal 
barrier integrity, and abnormal translocation of microbial me-
tabolites allow endotoxins, such as LPS, to reach the liver via 
the portal circulation. This process activates KCs in the liver, 
triggering the release of pro-inflammatory cytokines, includ-
ing TNF-α and IL-6, which exacerbate hepatocellular steato-
sis. Simultaneously, the immune balance between Th17 cells 
and Tregs is disrupted. The resulting increase in Th17-associ-
ated cytokine secretion promotes the onset of steatohepatitis 
and fibrosis.

SIRT1 contributes to the repair of intestinal barrier func-
tion by upregulating tight junction proteins, such as zonula 
occludens-1, through deacetylation of histone H3K9 and the 
transcription factor FOXO1. This mechanism reduces en-
dotoxin translocation and inhibits activation of the hepatic 
TLR4/NF-κB inflammatory signaling pathway induced by LPS 
from Enterobacteriaceae.187,188 Moreover, SIRT1 participates 

in the bidirectional regulation of SCFA metabolism, particu-
larly butyrate, which enhances intracellular NAD+ levels via 
G-protein-coupled receptor signaling. Elevated NAD+ levels 
activate SIRT1, which further promotes the activity of PGC-
1α and PPARα. These factors, together with SCFAs, inhibit 
hepatic lipogenesis, promote fatty acid oxidation, and sup-
port the proliferation of butyrate-producing microbiota, form-
ing a positive metabolic feedback loop.170 In the presence of 
conditionally pathogenic bacteria, SIRT1 activation alleviates 
intestinal oxidative stress via the FOXO1–SOD2 axis. This 
limits the proliferation of Enterococcus and Klebsiella pneu-
moniae, while also inhibiting excessive growth of Escherichia 
coli through the induction of antimicrobial peptides.189,190 
Furthermore, SIRT1 increases the transcriptional activity 
of FXR through deacetylation, facilitating the conversion of 
cholesterol to bile acids. This results in the production of de-
oxycholic acid, which inhibits the proliferation of pathogenic 
Clostridium species and reduces the production of deleteri-
ous microbial metabolites.191–193 FXR activation promotes 
the secretion of GLP-1 from intestinal endocrine cells, which 
enhances insulin release, improves insulin sensitivity, and 
promotes glucose metabolism.194 GLP-1 also acts directly 
on the liver, inhibiting glycogenolysis, promoting glycogen 
synthesis, and regulating the expression of lipid metabolism-
associated genes, thereby reducing hepatic fat accumulation 
and improving glucose and lipid homeostasis along the gut–
liver axis.

Overall, SIRT1 establishes a multifaceted regulatory 
framework across the “microbiota–barrier–signaling” axes. 
This coordination reduces hepatic exposure to gut-derived 
inflammatory stimuli while simultaneously alleviating met-
abolic and immune stress through improved microbial ho-
meostasis, intestinal barrier function, and host signaling 
regulation.195,196 Future research should elucidate the roles 
of SIRT1 in the “microbiota–immune–metabolism” cross-
pathways and evaluate its potential therapeutic synergy with 
microbiota-targeted interventions, including probiotics and 
dietary fibers.

SIRT1 plays a multi-layered regulatory role in maintain-
ing gut–liver axis function.197 It strengthens intestinal barrier 
integrity, regulates microbial metabolic activity, suppresses 
LPS-TLR4-mediated pro-inflammatory signaling, and coor-
dinates FXR- and TGR5-dependent metabolic–inflammatory 
pathways, forming a protective network across metabolic, 
immune, and barrier functions.198 SIRT1 activation repre-
sents a potential strategy to disrupt the pathological feed-
back loop of “microbiota imbalance–endotoxin entry into 
the liver–inflammation activation–liver damage,” offering a 
novel entry point for systemic intervention in MASLD.199,200 
Future studies should investigate SIRT1’s regulatory roles 
across varying microbiota compositions, its spatiotemporal 
dynamics in microbiota–bile acid–immune–circadian rhythm 
cross-regulation, and its potential as a key target within the 
“metabolism–inflammation–microbiota” network.201

Functional analyses across liver cell types indicate that the 
role of SIRT1 in MASLD is highly context-dependent rather 
than uniformly beneficial or harmful. Its effects vary by cell 
type and disease stage: global SIRT1 knockout mice typically 
develop exacerbated MASLD phenotypes; hepatocyte-specif-
ic SIRT1 deletion primarily aggravates metabolic dysfunction; 
myeloid-specific knockout exacerbates hepatic inflammation 
and steatosis in high-fat diet-fed mice;202 while SIRT1 inhibi-
tion in HSCs may prove beneficial during fibrosis.203 There-
fore, reviews or intervention strategies discussing SIRT1 in 
MASLD must avoid the oversimplified assumption that SIRT1 
activation is always beneficial and instead adopt a refined, 
stage- and cell-specific framework.
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SIRT1 functions as a key hub integrating metabolic, im-
mune, and stress pathways in MASLD progression.80,169,204 
It regulates lipid synthesis, fatty acid oxidation, glucose me-
tabolism, and insulin sensitivity via deacetylation to maintain 
hepatocyte energy homeostasis.89 In addition, SIRT1 medi-
ates multi-target protection against oxidative stress, coor-
dinates autophagy and ER stress responses, and regulates 
immune–inflammatory activity.177 Through enhancement of 
intestinal barrier function, modulation of microbial compo-
sition, and suppression of gut-derived inflammation, SIRT1 
establishes a systemic regulatory framework at the gut–liver 
axis level.

These mechanisms do not act independently but form an 
integrated regulatory network, with SIRT1 positioned cen-
trally within the “metabolism–immune–organ axis.” In pro-
cesses including energy sensing, transcriptional control, re-
dox balance, and cell fate determination, SIRT1 consistently 
occupies a central or upstream role in signal coordination, 
capable of orchestrating multiple pathways. Thus, target-
ing SIRT1 holds promise for systemic reprogramming of the 
complex pathological network in MASLD. The next section 
will explore advances in the development and translational 
potential of SIRT1 activators, as illustrated in Figure 2.

Therapeutic potential of SIRT1 activators in MASLD
Previous studies have shown that SIRT1 plays a central 
regulatory role in multiple pathological processes of MA-
SLD, including lipid metabolism disorders, insulin resistance, 
immune activation, oxidative stress, and gut–liver barrier 
dysfunction. SIRT1 exhibits broad multi-pathway regula-
tory capacity, making interventions targeting SIRT1 a key 
focus in current MASLD research.178 Compared with tradi-
tional single-target agents, SIRT1 activators simultaneously 
modulate several critical pathways, including metabolism, 
immune responses, and oxidative balance, offering a “net-
work reprogramming” therapeutic advantage, particularly in 
the early stages of the disease when multiple processes are 
synergistically dysregulated.205 Currently, three major cat-
egories of SIRT1-targeted drug candidates are under inves-
tigation: natural products, synthetic small-molecule activa-
tors, and NAD+ precursor supplements. These compounds 
increase SIRT1 expression or activity, collectively improving 
hepatic lipid metabolism, insulin signaling, oxidative stress, 
autophagy, and inflammatory responses, highlighting their 
strong multi-target pharmacological potential.205,206

Natural product activators
Natural products have attracted attention for SIRT1 activa-
tion due to their accessibility, favorable safety profiles, and 
multi-target properties.207,208 Several plant-derived bioac-
tive compounds upregulate SIRT1 expression or enzymatic 
activity via diverse mechanisms, showing positive effects in 
MASLD-related studies.

Resveratrol: Resveratrol is a natural polyphenol found in 
grape skins, peanuts, and red wine.209 It was among the ear-
liest identified SIRT1 activators. Resveratrol binds to SIRT1’s 
regulatory domain, increasing its deacetylase activity and 
modulating downstream signaling pathways such as PGC-1α, 
FOXO1, and NF-κB. This leads to systemic improvements in 
lipid metabolism, reduced inflammation, and enhanced mi-
tochondrial function.210–212 In high-fat diet-induced MASLD 
models, resveratrol significantly reduces hepatic lipid droplet 
area, suppresses SREBP-1c and fatty acid synthase expres-
sion, and elevates carnitine palmitoyltransferase 1A levels, 
thereby decreasing lipid accumulation.213 It also downreg-
ulates inflammatory cytokines, including TNF-α and IL-6, 

through the SIRT1–NF-κB axis, mitigating chronic inflamma-
tion.214 Moreover, resveratrol improves gut microbiota com-
position and intestinal barrier integrity, limiting endotoxin 
transfer.215 Despite these pharmacological benefits, low oral 
bioavailability remains a major limitation for clinical applica-
tion.216

Curcumin: Curcumin, a yellow polyphenol derived from 
turmeric, is known for its antioxidant and anti-inflammatory 
properties.217 It increases SIRT1 expression and activates 
the AMPK–SIRT1–PGC-1α pathway, inhibiting lipogenesis and 
promoting mitochondrial β-oxidation.218,219 Curcumin also 
activates the Nrf2–HO-1 pathway, reducing ROS levels and 
protecting the liver from oxidative stress-induced damage.220 
In animal studies, curcumin decreases MDA levels, enhances 
catalase and SOD activity, and reduces lipid peroxidation.221 
It also inhibits NLRP3 inflammasome activation, lowering 
IL-1β and caspase-1 expression and limiting hepatocyte py-
roptosis. In a randomized controlled clinical trial, curcumin 
supplementation significantly reduced body mass index.222 
However, poor solubility and stability restrict its therapeutic 
application, necessitating the development of nanocarriers or 
other delivery strategies to improve bioavailability.223

Quercetin: Quercetin, a flavonoid present in foods such 
as onions, apples, and buckwheat,224 has demonstrated the 
ability to activate SIRT1, regulating cellular energy homeo-
stasis and metabolism. Quercetin upregulates SIRT1 expres-
sion and, via the PI3K/Akt and FOXO1 pathways, modu-
lates glucose metabolism and insulin signaling, alleviating 
insulin resistance.225 In MASLD animal models, quercetin 
reduces hepatic triglyceride levels, increases AMPK phos-
phorylation, and improves insulin sensitivity, as reflected 
by HOMA-IR index reductions.226 Quercetin also suppresses 
NF-κB-mediated inflammatory responses, reducing pro-in-
flammatory cytokines (TNF-α, IL-6,227 induces autophagy to 
facilitate lipid droplet degradation, improving hepatic adapta-
tion to metabolic stress.228 Its promising multi-pathway ef-
fects make quercetin a widely used dietary supplement,229 
and further structural optimization may enhance specificity 
and stability for therapeutic development.

Naringin and naringenin: Naringin and naringenin, fla-
vonoids derived from citrus fruits, activate SIRT1 and regu-
late key metabolic pathways, including AMPK signaling.230 In 
high-fat diet-induced MASLD models, naringin improves liver 
function, reflected by decreased serum ALT and AST levels. 
Its derivatives modulate the Wnt/β-catenin pathway and 
inhibit PDGF-BB-induced HSC activation, suggesting antifi-
brotic potential.231 Naringenin, the aglycone of naringin, pri-
marily targets ER stress pathways and reduces lipid droplet 
formation,232 decreasing hepatocyte apoptosis and preserv-
ing liver function. Both compounds are naturally occurring 
and generally safe, suitable for functional foods, but limited 
solubility and poor plasma stability restrict pharmaceutical 
development. Research is ongoing to improve bioavailability 
and chemical stability for MASLD therapy.233

Procyanidins: Procyanidins, polyphenolic compounds 
abundant in grape seeds, blueberries, and other fruits,234 
are recognized for their antioxidant properties. They activate 
the SIRT1–AMPK–PGC-1α pathway, reducing lipid synthesis 
and promoting fatty acid oxidation.235 Procyanidins support 
gut–liver axis function by upregulating tight junction proteins 
(e.g., zonula occludens-1, claudin-1), limiting endotoxin 
translocation, and protecting the liver from endotoxemia and 
inflammation.236 They also promote hepatocyte autophagy, 
facilitating the clearance of damaged mitochondria and re-
ducing ROS production, alleviating inflammatory and lipid 
metabolism disorders.237 Due to their combined effects on 
oxidative stress, lipid metabolism, and intestinal barrier in-
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tegrity, procyanidins are considered promising candidates for 
MASLD therapy.

Although natural compounds such as resveratrol, querce-
tin, and curcumin target multiple pathways and show efficacy 

in preclinical MASLD models, their broad activity spectrum 
may result in off-target interactions.238 This complicates 
mechanistic interpretation and may lead to false-positive 
or irreproducible findings in high-throughput screening.239 

Fig. 2.  Mechanistic Roles of SIRT1 in MASLD. Created with BioRender. ACOX1, acyl-coA oxidase 1; ACC, acetyl-coA carboxylase; Akt, protein kinase B; AMPK, 
adenosine monophosphate-activated protein kinase; ASC, apoptosis-associated speck-like protein containing a CARD; Atg5, autophagy-related 5; Atg7, autophagy-
related 7; ATP, adenosine triphosphate; BNIP3, BCL2 interacting protein 3; CPT1A, carnitine palmitoyltransferase 1A; CXCL1, C-X-C motif chemokine ligand 1; eIF2α, 
eukaryotic translation initiation factor 2 α; FASN, fatty acid synthase; FOXO3a, forkhead box O3a; Foxp3, forkhead box p3; GPAT, glycerol-3-phosphate acyltransferase; 
G6Pase, glucose-6-phosphatase; GSH-Px, glutathione peroxidase; HO-1, heme oxygenase-1; IFNγ, interferon gamma; IkBα, inhibitor of nuclear factor kappa B α; 
IRE1α, inositol-requiring enzyme 1 α; IRS-1, insulin receptor substrate 1; LKB1, liver kinase B1; mtDNA, mitochondrial DNA; mTOR, mammalian target of rapamy-
cin; NT-GSDMD, N-terminal gasdermin D; Nrf2, nuclear factor erythroid 2-related factor 2; PGC-1α, peroxisome proliferator-activated receptor gamma coactivator 
1 α; PEPCK, phosphoenolpyruvate carboxykinase; PPARα, peroxisome proliferator-activated receptor α; PINK1, phosphatase and tensin homolog-induced kinase 1; 
ROS, reactive oxygen species; SOD1/2, superoxide dismutase 1/2; STAT4, signal transducer and activator of transcription 4; Tc, cytotoxic T cell; TFAM, mitochondrial 
transcription factor A; TG, triglyceride; Treg, regulatory T cell; Th1, T helper 1 cell; Th2, T helper 2 cell; ↑, up-regulated expression; ↓, down-regulated expression.
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Moreover, pharmacokinetic limitations, including low bioa-
vailability and rapid metabolism, must be carefully addressed 
when translating in vitro results to in vivo or clinical settings.

Synthetic small molecule SIRT1 activators
Compared with natural products, synthetic SIRT1 activators 
offer several advantages, including defined molecular struc-
tures, high target selectivity, and stable pharmacokinetic 
profiles, making them a promising direction for the clinical 
application of SIRT1-targeted therapies.240 Several synthetic 
SIRT1 activators have been developed, with some advancing 
into preclinical or early clinical research.

SRT1720: SRT1720 was the first synthetic SIRT1 activa-
tor to enter research. It enhances SIRT1 deacetylase activity 
by binding to its catalytic domain. In high-fat diet-induced 
models of obesity and MASLD, SRT1720 upregulates PGC-1α 
and PPARα expression, promoting fatty acid β-oxidation and 
reducing hepatic triglyceride levels. It also inhibits SREBP-
1c activity, limiting lipogenesis.41 Additionally, SRT1720 acti-
vates the AMPK pathway and improves IRS-1/Akt signaling, 
contributing to enhanced insulin sensitivity.241,242 Regarding 
inflammation, it deacetylates the NF-κB p65 subunit, inhib-
its NLRP3 inflammasome activity, and alleviates hepatocyte 
pyroptosis.243 While SRT1720 has demonstrated hepatopro-
tective effects in various metabolic disease models, potential 
toxicity at higher doses poses challenges for clinical transla-
tion.

SRT2104: SRT2104, a second-generation synthetic SIRT1 
activator, offers improved selectivity and favorable pharma-
cokinetics.244 In animal models, it reduces hepatic steatosis, 
lowers serum ALT and AST levels, and increases mitochon-
drial respiration and adenosine triphosphate production ef-
ficiency.245 Early-phase clinical trials indicate that SRT2104 is 
well tolerated in healthy individuals and patients with meta-
bolic syndrome, with reductions in serum triglycerides and 
improvements in the HOMA-IR index over short-term treat-
ment.246 Despite these promising results, liver-targeting 
specificity remains uncertain, and large-scale clinical valida-
tion is lacking.

SRT2379, SRT1460, and other derivative molecules: 
SRT2379, SRT1460, and other structurally refined SIRT1 ac-
tivators have shown metabolic benefits in models of diabetes, 
cardiovascular, and neurodegenerative diseases. However, 
their effects in MASLD remain underexplored. For instance, 
SRT2379 was withdrawn after failing to meet efficacy expec-
tations in a Phase I trial, highlighting unresolved issues relat-
ed to tissue specificity and pathological context dependence.

Despite early progress, synthetic SIRT1 activators have 
faced significant challenges in large-scale and long-term 
clinical trials.239 Phase II studies for type 2 diabetes did 
not achieve primary endpoints for glycemic control, show-
ing only minor improvements in metabolic parameters.246 
Similarly, trials in inflammatory diseases failed to meet 
efficacy endpoints, suggesting limited benefit in complex 
human conditions. These outcomes may reflect the inad-
equacy of targeting SIRT1 alone or the absence of a well-
defined therapeutic window.244 Adverse effects have in-
cluded gastrointestinal symptoms, dose limitations, and 
electrocardiographic abnormalities, such as prolonged QT 
intervals. Concerns were also raised regarding long-term 
systemic activation, which may affect reproductive func-
tion, bone turnover, and immune regulation. Systemically 
administered activators do not preferentially enrich in the 
liver, requiring high systemic exposure to reach therapeu-
tic concentrations in hepatic tissue, increasing the risk of 
off-target effects and conflicting responses across liver cell 
types.244,247 These limitations underscore key bottlenecks in 

drug development rather than undermining the therapeutic 
relevance of SIRT1. Future strategies should focus on liver-
specific delivery, minimizing systemic exposure, precisely 
regulating SIRT1 activity, and employing rigorous patient 
stratification protocols.

NAD+ precursor-induced indirect activators
NAD+ precursors, such as NMN and NR, act as “indirect 
SIRT1 activators”.248 By increasing intracellular NAD+ con-
centrations, these compounds enhance SIRT1 activity, 
therefore supporting energy metabolism, reducing oxidative 
stress, and suppressing inflammation.249 In animal models, 
NMN and NR reduce hepatic lipid accumulation, improve mi-
tochondrial function, and regulate antioxidant and inflamma-
tory pathways.250 Preliminary human studies, particularly in 
elderly populations, have reached early-stage clinical investi-
gation, suggesting potential for clinical translation.184

Overall, natural and synthetic SIRT1 activators rely on 
SIRT1’s multi-dimensional roles in metabolism, inflamma-
tion, and oxidative stress regulation in MASLD, as shown 
in Table 1.35,83,87,112,117,120,156,242,251–280 Most activators en-
hance mitochondrial function and fatty acid β-oxidation via 
the SIRT1–PGC-1α axis while inhibiting lipid synthesis me-
diated by SREBP-1c and ChREBP and positively modulating 
inflammatory and oxidative pathways such as FOXO1 and 
NF-κB. Natural products, with their multi-target regulatory 
profiles, are more suitable for early-stage metabolic disrup-
tion. Synthetic small molecules allow selective targeting but 
face challenges, including limited efficacy, extrahepatic toxic-
ity, and narrow therapeutic windows. NAD+ precursor-based 
indirect activators complement these strategies by enhanc-
ing SIRT1 activity through upstream regulation. Future re-
search should investigate synergistic and selective effects of 
various activators within multi-target regulatory networks to 
optimize clinical applicability.

However, therapeutic application of SIRT1 activators is 
not without risk. SIRT1 activity is highly context-dependent. 
Overactivation, use during late-stage disease characterized 
by NAD+ depletion, or lack of tissue specificity may result 
in adverse effects, including oxidative damage, energy im-
balance, or cell death.29,179,281 Therefore, developing SIRT1-
targeted therapies requires careful optimization of dosing, 
precise control of activity levels, stage-specific intervention 
timing, tissue- or cell-targeted delivery systems, and in-
tegration of NAD+ status monitoring to minimize risks and 
achieve effective outcomes.

Challenges and future perspectives
MASLD is a complex, heterogeneous systemic liver disorder 
driven by metabolic dysregulation, amplified by inflamma-
tion, and sustained by immune imbalance. Its pathogenesis 
involves multifactorial mechanisms and exhibits significant 
variability in disease progression among individuals. To date, 
no specific targeted therapies for MASLD are available. SIRT1, 
an NAD+-dependent deacetylase, regulates multiple critical 
processes, including lipid metabolism reprogramming, insulin 
signaling, oxidative stress response, autophagy, and immune 
balance, forming a regulatory network that spans metabolic, 
inflammatory, immune, and stress-related pathways.

This review systematically examines the multi-target 
mechanisms of SIRT1 in MASLD development and progres-
sion. It also summarizes recent advances in drug discovery, 
including natural compounds, synthetic activators, and NAD+ 
precursors, and evaluates their translational potential for 
MASLD therapy. The findings suggest that activating SIRT1 
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could serve as an effective strategy to disrupt the patho-
logical cycle of MASLD, offering advantages in system-wide 
regulation and synergistic intervention.

However, several challenges remain in translating cur-
rent SIRT1-targeted strategies from experimental studies to 
clinical application. First, the complexity and tissue specific-
ity of SIRT1 are not fully understood. Functional variability 
across liver cell subtypes, immune cells, and metabolic tis-
sues could produce bidirectional or even contradictory effects 
in different physiological contexts. Second, the optimal dos-
age and therapeutic window for SIRT1 activation remain un-
clear; chronic or excessive activation may disrupt metabolic 
homeostasis or trigger off-target effects. Third, evaluation 
methods lack standardization. Most studies rely on single-
parameter assessments, and a comprehensive model linking 
SIRT1 activation efficiency with phenotypic improvement is 
lacking. Finally, selective regulation within the sirtuin fam-
ily is essential, as overactivation of SIRT1 could disrupt the 
functional balance of related sirtuins, necessitating careful 
control of activation intensity and tissue- or subcellular-spe-
cific delivery.

To address these limitations, future research should focus 
on several key directions. Constructing a spatiotemporal-spe-
cific functional map of SIRT1 will be essential to understand 
its dynamic regulatory roles across disease stages, cell sub-
types, and tissues. Integration of multi-omics with single-cell 
approaches can identify key pathways and network hubs in-
fluenced by SIRT1, supporting the development of optimized 
intervention strategies. Designing personalized therapeutic 
regimens that combine SIRT1 activators with complementary 
pathways, such as AMPK, Nrf2, or FXR, may enhance preci-
sion. Developing cell-type-specific SIRT1 regulators—for ex-
ample, hepatocyte-targeted molecules using GalNAc ligands 
or KC-specific nanoparticles—may allow targeted activation, 
while selective inhibition in cells such as activated HSCs 
could also be explored. Furthermore, establishing molecu-
lar probes and animal models to monitor SIRT1 activity in 
real time, along with NAD+ level assessment, will help guide 
interventions and minimize adverse effects. Expanding real-
world data collection and employing advanced translational 
models will be important for evaluating the applicability and 
safety of SIRT1-based interventions across diverse metabolic 
phenotypes.

Conclusions
SIRT1 represents a mechanistically validated target with no-
table progress in early-stage drug development for MASLD. 
With further in-depth analysis of its regulatory network and 
continued optimization of activator design, SIRT1 holds sig-
nificant potential as a breakthrough target for multi-pathway, 
systemic, and precise intervention in MASLD.
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