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Abstract. Metabolic syndrome (MetS) is a clinical syndrome 
primarily characterized by insulin resistance, integrating 
central obesity, hyperglycemia, hypertension and dyslipid‑
emia. It is associated with increased risks of type 2 diabetes 
mellitus, non‑alcoholic fatty liver disease and atherosclerosis. 

Due to its high prevalence, complex pathogenesis and lack of 
effective treatments, MetS has become a notable global health 
issue. Current therapeutic approaches mainly emphasize 
weight reduction through caloric restriction and increased 
physical activity, or pharmacological interventions to improve 
lipid profiles, blood pressure and blood glucose; however, their 
efficacy remains suboptimal. Growing evidence indicates that 
programmed cell death (PCD), as a key driver of inflammation, 
serves a crucial role in the development and progression of 
MetS. The present review provides a comprehensive overview 
of recent advances in the understanding of how established 
and emerging forms of PCD contribute to MetS pathogenesis, 
including apoptosis, pyroptosis, autophagy, ferroptosis, necrop‑
tosis, PANoptosis and disulfidptosis. Particular emphasis 
is placed on their molecular mechanisms, tissue‑specific 
functions, regulatory crosstalk and therapeutic potential. 
Additionally, the present review discusses novel regulatory 
approaches and potential therapeutic strategies based on PCD 
network intervention, offering theoretical foundations and 
directions for developing innovative therapies to prevent and 
treat MetS and its complications.
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1. Introduction

Metabolic syndrome (MetS) is a complex cluster of meta‑
bolic disorders primarily comprising central obesity, insulin 
resistance (IR), hypertension, hyperglycemia and dyslip‑
idemia. These factors markedly increase the risk of severe 
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complications, including type 2 diabetes mellitus (T2DM), 
non‑alcoholic fatty liver disease (NAFLD) and atherosclerotic 
cardiovascular disease (1). Currently, the global prevalence of 
MetS is rising sharply. According to the 2011‑2018 National 
Health and Nutrition Examination Survey (2), ~39.8% of U.S. 
adults met the criteria for MetS, with prevalence reaching up 
to 56.4% among adults aged 60 years and older. In China, 
the estimated prevalence of MetS has reached 24.2% and 
increases with age (3). Notably, global mortalities attributable 
to MetS continue to rise, posing a major public health chal‑
lenge (4). Research indicates that MetS is closely linked to 
multiple factors, including genetic predisposition, lifestyle and 
environmental influences, which collectively contribute to IR 
and chronic low‑grade inflammation, ultimately progressing 
to MetS (5). However, current treatments for MetS remain 
primarily focused on lifestyle modifications, including a 
balanced diet, increased physical activity, weight management 
and symptomatic control of blood pressure and blood glucose. 
A comprehensive, systematic treatment protocol has not yet 
been established. Therefore, an improved understanding of the 
underlying pathophysiological mechanisms of MetS is crucial 
for developing effective prevention and treatment strategies.

In recent years, the pathogenic role of programmed cell 
death (PCD) in MetS has attracted considerable attention (6). 
PCD refers to a highly regulated, genetically controlled 
process of cell self‑elimination, including multiple forms such 
as apoptosis, necroptosis, pyroptosis, autophagy and ferrop‑
tosis. It serves a crucial role in various biological processes, 
including cell renewal, development, tissue homeostasis and 
immunity  (7). Historically, apoptosis was considered the 
primary mode of cell death in MetS, involved in processes 
such as pancreatic β‑cell depletion and atherosclerotic 
plaque formation  (8). Recently, other PCD pathways with 
strong pro‑inflammatory characteristics have been identified. 
Pyroptosis, a lytic cell death mediated by inflammasomes, 
induces metabolic stress and systemic inflammation by 
releasing large amounts of pro‑inflammatory factors  (9). 
Necroptosis is typically triggered by metabolic stress, with 
receptor‑interacting protein kinases [receptor‑interacting 
serine/threonine‑protein kinase (RIPK) 1 and RIPK3] 
recognized as key mediators in fatty liver disease and IR 
development. Ferroptosis, characterized by iron‑dependent 
lipid peroxidation, contributes notably to hepatocyte loss 
and endothelial dysfunction in non‑alcoholic steatohepatitis 
(NASH). Autophagy typically exerts protective cellular 
quality‑control functions in insulin‑sensitive tissues, but 
its dysfunction markedly accelerates metabolic deteriora‑
tion. Similarly, novel inflammatory death pathways such as 
PANoptosis and disulfidptosis have been increasingly identi‑
fied in MetS‑associated organ damage (10). Although current 
research has preliminarily elucidated individual roles of 
PCD pathways in MetS, systematic discussions on their core 
interactive mechanisms and therapeutic targeting remain 
inadequate. Therefore, the present review aimed to compre‑
hensively discuss the mechanisms of apoptosis, necroptosis, 
pyroptosis, autophagy, ferroptosis, PANoptosis and disulfidp‑
tosis in MetS. Furthermore, it explores therapeutic strategies 
targeting PCD to provide theoretical foundations and direc‑
tions for developing novel interventions against MetS and its 
complications.

2. Methods

Literature search strategy. The present review followed 
the reporting principles of the Preferred Reporting Items 
for Systematic Reviews and Meta‑Analyses (PRISMA) 
2020 guidelines  (11). A comprehensive literature search 
was performed using three electronic databases: PubMed 
(https://pubmed.ncbi.nlm.nih.gov/), Web of Science 
(https://www.webofscience.com/), ScienceDirect (https://www.
sciencedirect.com/) and Google Scholar (https://scholar.
google.com/). The search period covered from database incep‑
tion to December 2025. A search strategy combining subject 
headings and free‑text terms was adopted. The main keywords 
included ‘metabolic syndrome’, ‘obesity’, ‘insulin resistance’, 
‘type 2 diabetes mellitus’, ‘metabolic dysfunction‑associated 
steatotic liver disease’, ‘atherosclerosis’, ‘programmed cell 
death’, ‘apoptosis’, ‘pyroptosis’, ‘autophagy’, ‘ferroptosis’, 
‘necroptosis’, ‘PANoptosis’, ‘disulfidptosis’ and ‘therapeutic 
strategies’. Duplicate records were removed before subsequent 
screening. Two independent reviewers screened the retrieved 
records and assessed the eligibility of full‑text articles 
according to predefined criteria. The PRISMA flow diagram 
of the literature retrieval process is presented in Fig. 1.

Inclusion criteria. Studies were included according to the 
following criteria: i) Studies investigating the involvement of 
PCD pathways in metabolic syndrome or its related metabolic 
disorders, including obesity, IR, T2DM, metabolic dysfunc‑
tion‑associated steatotic liver disease (MASLD), cardiovascular 
complications and related metabolic abnormalities; ii) studies 
focusing on classical or emerging PCD pathways, including 
apoptosis, pyroptosis, autophagy, ferroptosis, necroptosis, 
PANoptosis and disulfidptosis; iii) clinical studies, animal 
models and in vitro studies exploring the molecular mecha‑
nisms, pathological roles, biomarkers or therapeutic potential 
of PCD in metabolic disorders; iv) studies evaluating pharma‑
cological agents, natural compounds, lifestyle interventions or 
molecular targets that modulate PCD pathways for metabolic 
disease treatment; v) full‑text articles published in English.

Exclusion criteria. The following types of publications were 
excluded: i) Reviews, meta‑analyses, editorials, letters, confer‑
ence abstracts and other secondary literature; ii) duplicate 
publications or studies with insufficient experimental infor‑
mation; iii) studies unrelated to MetS, metabolic disorders or 
PCD mechanisms; iv) studies lacking detailed information 
regarding molecular mechanisms, pathological effects, thera‑
peutic interventions or clinical relevance; v) articles without 
available full text or published in languages other than English.

Data extraction and literature selection. After duplicate 
removal, two‑stage screening was performed based on 
titles/abstracts and full‑text assessment. Eligible studies 
were systematically reviewed, and relevant information was 
extracted, including publication characteristics, study model 
(clinical population, animal model or cellular model), meta‑
bolic disease phenotype, PCD pathway involved, molecular 
mechanisms, regulatory targets and therapeutic interven‑
tions. The included studies were categorized according to 
different PCD modalities and their roles in MetS‑associated 
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pathological processes. Particular attention was given to the 
molecular interactions among different cell death pathways, 
their contribution to metabolic inflammation, mitochondrial 
dysfunction, oxidative stress and tissue injury, as well as their 
potential therapeutic implications.

Evidence quality assessment and grading. To evaluate the 
strength and translational relevance of evidence supporting 
the involvement of each PCD pathway in MetS, included 
studies were assessed according to predefined criteria, 
including study design, methodological rigor, mechanistic 
validation, reproducibility and relevance to human metabolic 
diseases. Studies were categorized according to a modi‑
fied evidence hierarchy adapted for preclinical and clinical 
research. Level A (strong evidence): Findings supported by 
human clinical studies, including prospective cohort studies, 
large‑scale case‑control studies or clinical investigations with 
mechanistic validation, together with consistent evidence from 
experimental models. Level B (moderate evidence): Findings 
derived from ex vivo human tissue studies (such as adipose 
tissue, liver biopsies or pancreatic islets) with mechanistic 
analyses, or from well‑designed animal studies (including 
genetic knockout/knock‑in models) showing reproducible 
effects. Level C  (preliminary evidence): Findings mainly 
obtained from cellular models or single animal studies without 
independent replication, particularly studies relying primarily 
on pharmacological intervention without genetic validation. 

Level D (emerging evidence): Findings from recently identi‑
fied PCD pathways (suhch as PANoptosis and disulfidptosis) 
with limited direct evidence in MetS, mainly supported by 
metabolic stress‑related models or extrapolation from other 
disease contexts.

3. Pathophysiological mechanisms of MetS

MetS represents a self‑sustaining cycle of central obesity 
and IR, triggering downstream consequences such as 
chronic low‑grade inflammation, lipotoxicity and oxidative 
stress. These factors collectively establish the foundation for 
developing cardiovascular disease and T2DM (Fig. 2)  (4). 
During the compensatory stage, pancreatic β‑cells secrete 
insulin in excess to maintain glucose homeostasis, resulting 
in hyperinsulinemia  (12). Defective signaling downstream 
of insulin receptors impairs the tyrosine phosphorylation 
of insulin receptor substrates (IRS), thereby weakening the 
essential phosphoinositide 3‑kinase (PI3K)/protein kinase B 
(AKT) signaling pathway responsible for insulin's metabolic 
effects (13). Conversely, the mitogen‑activated protein kinase 
(MAPK) signaling pathway, associated with cell prolifera‑
tion and inflammation, becomes relatively hyperactivated. In 
obesity, increased lipolysis in adipose tissue leads to excessive 
free fatty acid (FFA) release. Elevated FFAs enter the liver 
and muscle tissues, inhibit glucose oxidation through the 
Randle cycle, and activate multiple kinases, including protein 

Figure 1. Flow diagram of the literature search and study selection process. The flow diagram illustrates the process of literature identification, screening, 
eligibility assessment and inclusion of studies according to the Preferred Reporting Items for Systematic Reviews and Meta‑Analyses guidelines. A total of 
14,212 records were initially identified from PubMed, Web of Science, ScienceDirect and Google Scholar. After removal of duplicates and irrelevant records, 
the remaining articles were screened based on titles, abstracts and full texts. Studies were excluded according to predefined criteria, including lack of relevance 
to metabolic syndrome or programmed cell death, unavailable data and absence of full‑text access. Finally, 197 studies were included in the present review. 
The figure was created using Figdraw (www.figdraw.com).
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kinase Cθ (PKCθ), JNK and inhibitor of NF‑κB kinase 
subunit β (IKKβ). These kinases subsequently phosphorylate 
IRS‑1, further impairing insulin signaling (14). Additionally, 
adipose‑derived inflammatory cytokines, particularly tumor 
necrosis factor‑α (TNF‑α) and interleukin‑6 (IL‑6), activate 
JNK and the IKKβ/NF‑κB pathways, exacerbating disruptions 
in insulin signaling (15).

Compared with subcutaneous adipose tissue, visceral 
adipose tissue (VAT) demonstrates greater metabolic 
activity but has limited capacity for lipid storage. Secretion 
of adiponectin, a beneficial adipokine promoting insulin 
sensitivity and fatty acid oxidation, is substantially reduced. 
By contrast, multiple pro‑inflammatory adipokines, including 
leptin, resistin, TNF‑α and IL‑6, exhibit increased secretion, 
thereby leading to adipose tissue dysfunction (16). When the 
adipocyte lipid storage capacity is exceeded, fat deposition 

occurs ectopically. Enlarged, hypoxic adipocytes recruit 
pro‑inflammatory M1 macrophages, forming characteristic 
‘crown‑like structures’ (17). Activated immune cells, together 
with adipocytes, release extensive inflammatory cytokines 
and chemokines into systemic circulation, disrupting insulin 
signaling and promoting atherogenesis.

Recently, the gut microbiota has emerged as a pivotal 
environmental factor influencing MetS (18). Specific microbial 
communities enhance energy extraction from food, contrib‑
uting to obesity. Increased intestinal permeability facilitates 
entry of lipopolysaccharides (LPS) into the portal circulation, 
inducing metabolic endotoxemia and systemic inflammatory 
responses. Additionally, certain microbial metabolites such as 
short‑chain fatty acids (SCFAs) and trimethylamine N‑oxide 
markedly influence host metabolism. While SCFAs generally 
confer health benefits, bacterial cell wall components such 

Figure 2. Schematic diagram of the pathophysiological mechanisms of MetS. (A) Chronic inflammation: Imbalance between VAT and WAT homeostasis leads 
to adipocyte release of pro‑inflammatory adipokines, attracting macrophage infiltration and secretion of pro‑inflammatory cytokines. This triggers chronic 
inflammation in adipose tissue, ultimately driving diseases such as atherosclerosis. (B) Oxidative stress: Visceral fat accumulation causes excessive reactive 
ROS production via NADH‑mediated NOX enzymes; simultaneously, insufficient antioxidants such as peroxidase and GSH fail to neutralize ROS, leading to 
abnormal metabolite degradation and exacerbated oxidative damage. (C) Insulin resistance: Inhibition of insulin receptor signaling pathways (IRS‑1, PI3K, 
AKT) leads to enhanced hepatic gluconeogenesis and lipolysis, elevated FFA, TC, TG and LDL‑C, along with reduced HDL‑C. This ultimately induces 
type 2 diabetes, hypertension and other conditions. (D) Adipose tissue dysfunction: Adipocytes undergo excessive hypertrophy, leading to reduced insulin 
sensitivity and diminished FFA uptake/glucose utilization. Massive FFA release activates inflammatory pathways, elevating CRP and cytokines. This further 
exacerbates visceral fat accumulation, creating a vicious cycle. (E) Gut microbiota dysbiosis: Visceral fat accumulation disrupts gut microbiota balance, 
increasing harmful bacteria while reducing beneficial ones. Abnormal microbial metabolites further exacerbate inflammation and metabolic disorders, acting 
as a contributing factor to MetS. (F) Epigenetic modifications: Environmental factors such as diet, nutrition and exercise influence gene expression through 
epigenetic modifications, indirectly regulating visceral fat accumulation and subsequent metabolic abnormalities. The figure was created using Figdraw (www.
figdraw.com). MetS, metabolic syndrome; VAT, visceral adipose tissue; WAT, white adipose tissue; ROS, reactive oxygen species; NOX, NADPH oxidase; 
GSH, glutathione; IRS‑1, insulin receptor substrate 1; FFA, free fatty acid; TC, total cholesterol; TG, triglyceride; LDL‑C, low‑density lipoprotein cholesterol; 
HDL‑C, high‑density lipoprotein cholesterol; CRP, C reactive protein; NAFLD, non‑alcoholic fatty liver disease; NASH, non‑alcoholic steatohepatitis AKT, 
protein kinase B; PI3K, phosphoinositide 3‑kinase.
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as LPS and peptidoglycan trigger host immune responses, 
elevating cardiovascular disease risk (19). Epigenetic modifica‑
tions, influenced indirectly by lifestyle factors such as diet and 
exercise, have recently been identified as notable regulators of 
visceral fat accumulation and associated metabolic disorders.

4. PCD in MetS

Multiple forms of PCD contribute to the pathogenesis of MetS, 
but their roles differ substantially in terms of biological func‑
tions, tissue distribution and the strength of available evidence. 
Established pathways, including apoptosis, pyroptosis, 
autophagy and ferroptosis, have been extensively investigated 
and represent major mechanisms linking metabolic stress 
to organ dysfunction. By contrast, emerging pathways such 
as necroptosis, PANoptosis and disulfidptosis remain under 
investigation and require further validation in metabolic 
disorders.

Apoptosis
Mechanisms of apoptosis. Apoptosis is characterized by cell 
shrinkage, chromatin condensation, DNA fragmentation and 
apoptotic body formation via membrane blebbing. These 
apoptotic bodies are subsequently cleared by macrophages 
or neighboring cells without eliciting inflammation (20). The 
apoptosis cascade primarily involves two pathways: Extrinsic 
and intrinsic. In the extrinsic pathway, extracellular ligands 
such as TNF‑α, Fas ligand and TRAIL bind to corresponding 
receptors (DR4, DR5 and Fas), transmitting death signals 
into the cell (21). Following this binding, proteins including 
TNFR‑associated death domain (TRADD), Fas‑associated 
death domain (FADD) and caspase‑8 form complexes, thereby 
activating caspase‑8. Activated caspase‑8 initiates apoptosis 
by cleaving downstream effectors caspase‑3, caspase‑6 and 
caspase‑7 (22). By contrast, the intrinsic mitochondrial pathway 
activates BH3‑only proteins under cellular stress conditions. 
BH3‑only proteins inhibit anti‑apoptotic B‑cell lymphoma‑2 
(Bcl‑2) family proteins, activating pro‑apoptotic molecules 
such as Bcl‑2‑associated X protein (Bax) and Bcl‑2 homolo‑
gous antagonist/killer. This process induces mitochondrial 
outer membrane permeabilization, causing cytochrome c and 
other pro‑apoptotic factors to be released into the cytoplasm. 
Subsequently, cytochrome C binds to apoptotic protease acti‑
vating factor‑1, forming apoptosomes that activate caspase‑9, 
ultimately triggering caspase‑3, ‑6 and  ‑7 activation and apop‑
tosis (Fig. 3) (23).

Apoptosis in MetS. Among various PCD modalities, 
apoptosis is one of the most extensively characterized forms of 
PCD contributing to MetS progression, particularly in pancre‑
atic β‑cell dysfunction, adipose tissue remodeling and hepatic 
injury. In MetS, apoptosis is not merely a consequence of 
metabolic stress but also an active driver of disease progression 
through tissue remodeling and amplification of inflammatory 
responses. In obesity, adipose tissue expansion is not limitless. 
When adipocytes enlarge beyond their vascular support and 
metabolic capabilities, hypoxia, lipotoxicity and endoplasmic 
reticulum stress (ERS) occur  (24). Nutrient overload and 
elevated FFAs stimulate excessive lipid and protein synthesis 
in the ER, activating the unfolded protein response (UPR) (25). 
Severe, prolonged ERS shifts the UPR from promoting cell 

survival towards apoptosis, primarily mediated by protein 
kinase R‑like ER kinase‑eukaryotic translation initiation 
factor 2 subunit 1‑activating transcription factor 4 (ATF4) 
and inositol‑requiring enzyme 1α‑apoptosis signal‑regulating 
kinase 1‑JNK signaling pathways (26). ATF4 upregulates the 
pro‑apoptotic protein C/EBP homologous protein, while JNK 
pathway activation phosphorylates and inhibits anti‑apoptotic 
Bcl‑2, simultaneously activating pro‑apoptotic proteins Bad 
and Bim. This disrupts cellular balance between survival and 
apoptosis (27). Together with elevated FFAs, these signals 
promote mitochondrial membrane potential collapse, resulting 
in cytochrome C release. Macrophages recognize, engulf 
and become activated by apoptotic adipocytes, subsequently 
secreting abundant pro‑inflammatory cytokines. This exacer‑
bates local inflammation and induces apoptosis in neighboring 
adipocytes through paracrine signaling (28).

Although apoptotic hepatocytes can no longer perform 
their normal metabolic functions, including glucose metabo‑
lism, their death process releases ‘find‑me’ and ‘eat‑me’ 
signals. These signals recruit and activate Kupffer cells, resi‑
dent hepatic macrophages (29). Activated Kupffer cells secrete 
inflammatory cytokines such as TNF‑α, impairing insulin 
signaling in adjacent hepatocytes. A previous study indicated 
that inhibiting adipocyte apoptosis enhances systemic insulin 
sensitivity, suggesting apoptosis as a pathogenic contributor 
to IR (30). In T2DM, glucotoxicity and lipotoxicity syner‑
gistically drive pancreatic β‑cell apoptosis. Sustained 
hyperglycemia increases mitochondrial oxidative phosphory‑
lation, producing excessive reactive oxygen species (ROS) that 
exceed cellular antioxidant capacity, causing oxidative stress 
and cellular damage (31). Moreover, inflammatory mediators 
secreted by insulin‑resistant tissues, and cytokines (IL‑1β, 
TNF‑α and IFN‑γ) from immune cells infiltrating pancreatic 
islets, directly activate β‑cell apoptotic mechanisms  (32). 
Although β‑cell apoptosis is ‘silent’ and non‑inflammatory, 
its consequences are profound. It leads to irreversible loss of 
functional β‑cell mass, absolute insulin deficiency and uncon‑
trolled hyperglycemia.

Hypertension induces apoptosis in vascular smooth muscle 
cells (VSMCs) and vascular endothelial cells (VECs) due to 
stress from the vascular wall and shear forces from blood flow. 
Prolonged pressure overload alters the expression of proteins 
such as p53, Bax and Bcl‑2, thus affecting the regulatory 
balance between proliferation and apoptosis in VSMCs (33). 
Studies have demonstrated that caspase‑3 is involved in 
apoptosis of hypoxic VECs (34). During the progression of 
hypertension, accumulated apoptosis results in thinning of 
the myocardial microvascular network, compromising blood 
supply and exacerbating myocardial cell death (35). Notably, 
sustained vasoconstriction simultaneously promotes apoptosis, 
vascular wall thickening, atherosclerosis, luminal narrowing 
and increased vessel stiffness, consequently aggravating 
hypertensive complications (36). Hyperlipidemia, particularly 
elevated FFAs and oxidized low‑density lipoprotein (ox‑LDL), 
acts as a critical stressor triggering various apoptotic pathways. 
Palmitic acid serves as a precursor for ceramide synthesis, 
inducing mitochondrial dysfunction, increased ROS produc‑
tion and cytochrome C release, thereby strongly activating 
mitochondrial apoptosis  (37). In macrophages, apoptosis 
triggered by ox‑LDL is essential for necrotic core formation 
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within atherosclerotic plaques. If apoptotic macrophages 
are not cleared efficiently, they undergo secondary necrosis, 
releasing pro‑inf lammatory components  (38). Current 
evidence supporting the involvement of apoptosis in MetS is 
relatively strong, based on consistent findings from animal 
models, human pancreatic tissue studies and clinical observa‑
tions linking β‑cell loss to metabolic deterioration.

Pyroptosis
Mechanism of pyroptosis. The classical pyroptosis pathway 
primarily involves activation of intracellular multiprotein 
complexes known as inflammasomes. Inflammasomes 
detect and respond to various endogenous and exogenous 
danger signals, including pathogen‑associated molecular 
patterns (PAMPs) and damage‑associated molecular patterns 
(DAMPs) (39). Upon activation, inflammasome sensors recruit 
the adaptor protein apoptosis‑associated speck‑like protein 
containing a CARD (ASC), primarily via pyrin domain 

interactions. ASC aggregation subsequently exposes its 
caspase recruitment domain (CARD), facilitating interaction 
with procaspase‑1 and linking inflammasome sensors with 
procaspase‑1 (40). Additionally, certain CARD‑containing 
sensors can directly recruit procaspase‑1. Elevated local 
concentrations of procaspase‑1 drive its heterodimerization, 
self‑cleavage and activation to caspase‑1. Activated caspase‑1 
then cleaves pro‑IL‑1β/pro‑IL‑18 and gasdermin D (GSDMD), 
generating an N‑terminal fragment (NT). GSDMD‑NT inte‑
grates into the cell membrane lipid bilayer, forming pores 
that induce pyroptotic cell death and facilitate the release of 
mature IL‑1β and IL‑18 into the extracellular space (41). The 
non‑canonical pathway involves human caspase‑4/5 or murine 
caspase‑11 as direct intracellular receptors for LPS. Upon 
sensing LPS, these caspases cleave GSDMD, initiating pyrop‑
tosis (42). Recent findings also suggest alternative pyroptosis 
pathways mediated by caspase‑3, caspase‑8 and granzyme 
(Fig. 3) (43).

Figure 3. Schematic diagram of apoptosis, necroptosis, and pyroptosis mechanisms in MetS. (A) Exogenous apoptosis pathway: Death receptor binds ligand, 
recruits adaptor proteins to form a complex with caspase‑8 (DISC), activating caspase‑3. Intrinsic apoptosis pathway: Metabolic stress induces mitochondria 
to release cyto c, which binds Apaf‑1 to form an apoptosome, activating caspase‑9, which ultimately activates effector caspases. In MetS, this pathway can 
cause tissue damage, such as to pancreatic β‑cells. (B) Necroptosis: Regulated by proteins such as RIPK1 and RIPK3. When caspase‑8 is inhibited (such as by 
cFLIP), RIPK1 and RIPK3 bind and become phosphorylated, further activating the MLKL protein. MLKL aggregates and forms pores in the cell membrane, 
disrupting ion homeostasis and ultimately leading to osmotic lysis. This process activates pathways such as NF‑κB to trigger inflammatory gene transcrip‑
tion while releasing large amounts of DAMPs. In MetS, this can damage adipose tissue, skeletal muscle and other tissues, exacerbating insulin resistance. 
(C) Pyroptosis: Different stimuli, such as cellular stress, bacterial flagella and double‑stranded DNA, activate corresponding inflammasomes NLRP3, NLRC4 
and AIM2, respectively. These complexes activate caspase‑1; caspase‑1 cleaves the GSDMD protein to form pores that disrupt the cell membrane, while simul‑
taneously processing pro‑IL‑1β and pro‑IL‑18 into active cytokines IL‑1β and IL‑18. Ultimately, cells lyse and release pro‑inflammatory factors, exacerbating 
pathological processes such as fatty liver disease and adipose tissue inflammation in MetS. The figure was created using Figdraw (www.figdraw.com). MetS, 
metabolic syndrome; DISC, death‑inducing signaling complex; RIPK, receptor‑interacting serine/threonine‑protein kinase; MLKL, mixed lineage kinase 
domain like pseudokinase; DAMPs, damage‑associated molecular patterns; NLRP3, NLR family pyrin domain containing 3; GSDMD, gasdermin D.
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Pyroptosis in MetS. In obesity, excessive nutrient intake 
induces adipose tissue dysfunction, ultimately impairing 
insulin sensitivity. A previous study demonstrated increased 
NLR family pyrin domain containing 3 (NLRP3), IL‑1β and 
IL‑18 expression in adipose tissues of high‑fat diet‑fed mice, 
associating with reduced insulin sensitivity. Conversely, 
NLRP3 knockout mice exhibited improved insulin sensitivity 
under identical dietary conditions (44). In 10 male patients 
with T2DM, weight reduction achieved through caloric 
restriction and exercise led to decreased adipose tissue expres‑
sion of NLRP3 and IL‑18, accompanied by enhanced insulin 
sensitivity (45). Sehgal et al (46) proposed that adipose tissue 
inflammation mediated by the NLRP3 inflammasome mark‑
edly reduces insulin sensitivity, a hypothesis supported by other 
research. In a study involving 98 subjects, targeted NLRP3 
inhibition via small interfering RNA substantially decreased 
LPS‑induced expression of fibrosis‑associated molecules 
in adipocytes, alleviating inflammation and fibrosis  (47). 
Additionally, melatonin has been reported to attenuate 
inflammasome‑mediated pyroptosis in murine adipose tissue 
by inhibiting NF‑κB/GSDMD signaling (48).

Inflammation is intrinsically associated with diabetes. 
Research has demonstrated that hyperglycemia increases 
levels of advanced glycation end products (AGEs) and ROS, 
thereby activating inflammasomes and triggering pyrop‑
tosis (49). Ma et al (50) confirmed that pyroptosis exacerbates 
β‑cell destruction, ultimately impairing glucose metabolism. 
Furthermore, Carlos et al (51) observed an increased propor‑
tion of macrophages expressing caspase‑1 in pancreatic lymph 
nodes of streptozotocin‑induced diabetic mice, whereas this 
proportion decreased in NLRP3‑knockout mice. Furthermore, 
knockout of NLRP3 and IL‑1R genes markedly elevated insulin 
levels and reduced hyperglycemia. Luo et al (52) separately 
reported increased expression of NLRP3, caspase‑1 and IL‑1β 
as critical factors driving diabetic cardiomyopathy progres‑
sion. Experimental NLRP3‑microRNA (miRNA) therapy 
effectively reduced myocardial inflammation by inhibiting 
IL‑1β, IL‑18, TNF‑α and IL‑6 release. Moreover, NLRP3 gene 
silencing attenuated myocardial inflammation, cardiac pyrop‑
tosis and left ventricular fibrosis, thereby improving diabetic 
cardiomyopathy progression in T2DM rat models.

Low‑grade or persistent inflammation is crucial in hyper‑
tension progression. For example, Dalekos et al (53) proposed 
that inflammasome activation and pyroptosis notably contribute 
to elevated blood pressure. Inflammasome activation leads to 
caspase‑1 activation, which subsequently cleaves GSDMD, 
mediates pyroptosis and releases additional inflammatory 
mediators into the extracellular space, further exacerbating 
inflammation and hypertension. NF‑κB is a primary activator 
of the pyroptosis‑related inflammasome NLRP3. NF‑κB 
knockout markedly attenuated NLRP3 and caspase‑1 activa‑
tion, thereby inhibiting salt‑sensitive hypertension progression 
in rats (54). Research has further confirmed that after 25 days 
of treatment with the NLRP3 inhibitor MCC950, hypertensive 
mice exhibited marked improvements in blood pressure, urine 
volume, osmolarity and proteinuria (55). Levels of NLRP3 
inflammasome components, including apoptosis‑associated 
speck‑like protein, pro‑caspase‑1 and inflammatory markers 
(pro‑IL‑18, pro‑IL‑1β and TNF‑α), were markedly reduced 
compared with the baseline. These findings indicate that 

pharmacological inhibition of the NLRP3 inflammasome 
represents a promising therapeutic approach for hypertension. 
Another animal study demonstrated that NLRP3 inflamma‑
some inhibition effectively alleviates kidney injury resulting 
from pyroptosis (56). Current evidence implicating pyroptosis 
in MetS is primarily derived from experimental models and 
human tissue studies, particularly in adipose inflammation and 
NAFLD, while large‑scale clinical validation remains limited.

Autophagy
Mechanisms of autophagy. Autophagy is a critical metabolic 
recycling process in eukaryotic cells, mediated by lysosomes or 
vacuoles, involving the degradation and reuse of intracellular 
components. Autophagy regulation involves several signaling 
pathways, among which adenosine monophosphate‑activated 
protein kinase (AMPK) and mammalian target of rapamycin 
(mTOR) pathways are most prominent  (57). AMPK func‑
tions as a conserved energy sensor, activating autophagy 
initiation under metabolic stress conditions, such as energy 
deprivation (58). Conversely, mTOR acts as a major negative 
regulator of autophagy, integrating upstream signals including 
PI3K, insulin‑like growth factor (IGF‑1/IGF‑2) and AMPK 
to inhibit autophagic activity (59). Specifically, mTOR kinase 
activates signaling pathways involving AKT and MAPK, 
thereby suppressing autophagy. The AMPK and p53 signaling 
pathways negatively regulate mTOR activity, thus promoting 
autophagy (60). Under normal physiological conditions, mTOR 
inhibits autophagy; however, during stress states such as 
nutrient deprivation or starvation, autophagy initiation occurs 
via the mTOR/autophagy‑related gene (Atg) 1/Atg13 signaling 
axis (61). During autophagy, the selective adaptor protein p62 
specifically targets certain proteins and organelles for sorting 
and degradation. Mitophagy exemplifies selective autophagy 
and is essential for maintaining cardiomyocyte homeostasis. 
In this process, damaged or dysfunctional mitochondria are 
selectively recognized via the Pink1‑Parkin signaling pathway 
or other mitochondrial autophagy receptors and subsequently 
degraded by acidic lysosomal hydrolases (Fig. 4) (62).

Autophagy dysfunction: A double‑edged regulator 
of MetS. Although autophagy is generally regarded as a 
protective mechanism maintaining cellular homeostasis, 
accumulating evidence indicates that its role in MetS is highly 
context‑dependent and involves dual regulatory effects (63). 
The metabolic effects of autophagy are influenced by multiple 
factors, including tissue type, disease stage, nutritional status 
and autophagic flux efficiency (64). Physiological activation 
of autophagy maintains metabolic homeostasis by eliminating 
damaged mitochondria and regulating lipid metabolism (65). 
In insulin‑sensitive tissues, basal autophagy is essential for 
metabolic regulation. For example, a previous study involving 
tissue‑specific deletion of autophagy‑related genes demon‑
strated the indispensable role of autophagy in preventing 
metabolic deterioration (66). Liver‑specific Atg7 knockout 
mice exhibit impaired autophagic flux, hepatic lipid accumu‑
lation, increased oxidative stress and spontaneous steatosis, 
whereas restoration of autophagic activity ameliorates meta‑
bolic abnormalities (67). Similarly, loss of autophagy‑related 
gene function in pancreatic β‑cells results in mitochondrial 
dysfunction and impaired insulin secretion, highlighting 
the protective role of autophagy in maintaining β‑cell 
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function (68). However, excessive or dysregulated autophagy 
may become maladaptive under certain pathological condi‑
tions. Persistent nutrient stress or chronic inflammation can 
disrupt the balance between autophagic degradation and 
cellular regeneration, leading to excessive organelle turnover 
and cellular dysfunction (69).

In adipose tissue, enhanced autophagic activity may facili‑
tate adipocyte remodeling and lipid mobilization, while in 
advanced metabolic disorders, sustained autophagic activity 
may fail to restore cellular homeostasis due to impaired 
lysosomal function (70) Autophagy serves an essential role in 
adipocyte differentiation and maturation, with obesity further 
influencing autophagic activity during MetS. Dyslipidemia, 
hypertension and hyperglycemia primarily contribute to 
altered autophagy in obese individuals. Conversely, impaired 
autophagy, especially its suppression, accelerates obesity and 
metabolic disorders (71). Mice with systemic or tissue‑specific 
knockouts of autophagy‑related proteins, including Beclin 2, 
Atg7, lysosomal membrane‑associated protein 2, transcription 

factor EB (TFEB) and Bif‑1, exhibit increased susceptibility to 
obesity phenotypes (72). For example, liver‑specific deletion 
of Atg7 or TFEB causes hepatic steatosis and increased body 
weight in mice, whereas their overexpression prevents weight 
gain and MetS (73). Furthermore, autophagy regulation in the 
central nervous system is closely linked to obesity; inhibiting 
autophagy in specific neuronal populations stimulates appetite 
and promotes obesity (74). This creates a vicious cycle wherein 
defective autophagy accelerates lifestyle‑induced obesity, 
further suppressing autophagy in liver, muscle, and adipose 
tissues and exacerbating MetS symptoms.

Elevated blood glucose activates the IGF‑1R pathway, 
promoting PI3K translocation to membranes and subsequent 
activation of AKT/PKB signaling. This inhibits the tuberous 
sclerosis complex (TSC), activating mTOR, which impairs 
autophagic flux in cardiac microvascular endothelial cells (75). 
A previous study showed reduced levels of hepatic autophagy 
markers (LC3II) and increased p62 expression in hyperinsu‑
linemic conditions, high‑fat diet‑induced obesity and ob/ob 

Figure 4. Schematic diagram of autophagy mechanisms in MetS. When metabolic stress occurs, such as increased ROS, mtDNA mutations or toxin/nutrient 
deprivation, autophagy is regulated through two core pathways: AMPK pathway activation promotes autophagy initiation by forming the ATG1/ULK1 complex; 
mTORC1 pathway inhibition releases its suppression of autophagy, jointly driving the process. Complete autophagy process: (A) Initiation: ATG1/ULK1 
complex formation prepares for autophagy; (B) nucleation: PI3K complex, ATG9A system and others form the autophagosome precursor membrane; (C) elon‑
gation: Proteins including ATG12 and LC3 systems assist in extending the precursor membrane, forming a double‑layered structure enveloping ‘substances 
awaiting clearance’; (D) autophagosome (E) fusion and (F) degradation: Autophagosomes fuse with lysosomes, degrading and recycling their contents. Among 
these, mitophagy represents a specialized form of autophagy. Damaged mitochondria are marked through pathways such as PINK/Parkin and BNIP3‑NIX, 
ultimately engulfed by autophagosomes for degradation, thereby preventing metabolic disorders triggered by mitochondrial dysfunction. Ultimately, this 
affects the function of the liver, skeletal muscle, adipose tissue and pancreatic β‑cells, contributing to the onset and progression of MetS. The figure was created 
using Figdraw (www.figdraw.com). MetS, metabolic syndrome; ROS, reactive oxygen species; ULK1, autophagy‑light chain kinase 1; ATG, autophagy‑related 
gene; mtDNA, mitochondrial DNA.
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mouse models, indicating impaired autophagy (76). Under 
glucose deprivation, decreased ATP levels activate AMPK. 
Activated AMPK suppresses mTORC1 by stimulating the 
TSC1‑TSC2 complex and directly initiates autophagy via the 
autophagy‑light chain kinase 1 complex (77). Zhao et al (78) 
demonstrated that treating HUVECs with ox‑LDL or AGEs 
altered endothelial autophagic flux, while AGE‑induced 
autophagy blockade increased mitochondrial ROS production. 
Stimulation of autophagy by the mTOR inhibitor rapamycin 
or TFEB overexpression prevented AGE/ox‑LDL‑induced 
mitochondrial ROS accumulation, enhanced eNOS dimeriza‑
tion and ameliorated diabetic endothelial dysfunction (79). 
Furthermore, autophagy‑deficient mice fed a high‑fat diet 
showed increased susceptibility to diabetic symptoms, mito‑
chondrial injury and pancreatic β‑cell dysfunction (80).

Under normal conditions, hyperlipidemia reduces 
basal autophagy levels. Enhanced lipolysis in adipocytes 
and IR elevate blood lipid levels, potentially impairing 
autophagy by blocking autophagosome‑lysosome fusion, 
lysosomal acidification and lysosomal enzyme activities. 
A previous study demonstrated that in high‑fat diet‑induced 
obese mouse models, elevated blood lipids suppressed 
autophagosome-lysosome fusion, disrupting intracellular 
Ca2+ regulation, damaging mitochondria and inducing apop‑
tosis (81). Intracellular fatty acid derivatives, such as ceramides, 
diacylglycerols and fatty acyl‑CoA, further disrupt autophagic 
homeostasis, thereby promoting IR and steatohepatitis (82). 
Knockout of protein tyrosine phosphatase 1B (PTP1B) allevi‑
ates cardiomyocyte damage induced by a high‑fat diet in mice 
by restoring cardiac autophagy through an AMPK‑dependent 
mechanism  (83). Although autophagy inhibition alone is 
insufficient for lipid accumulation and steatosis development, 
it promotes lipid deposition when combined with other factors, 
such as prolonged high‑fat diet exposure or obesity‑related 
genetic mutations (84). Therefore, autophagy should not be 
simply considered either beneficial or detrimental in MetS. 
Instead, its biological effects depend on whether autophagic 
flux is maintained at an appropriate level. Therapeutic strate‑
gies should aim to restore physiological autophagy rather than 
indiscriminately activate or inhibit this pathway.

Ferroptosis
Mechanism of ferroptosis. Ferroptosis is closely linked to 
intracellular iron accumulation. Under normal physiological 
conditions, Fe3+ binds to transferrin (TF) and enters cells via 
the TF receptor 1 (TFR1) on the cell membrane (85). Upon 
entering the cell, Fe3+ is reduced to Fe2+, subsequently entering 
the labile iron pool (LIP). Disturbances in iron metabolism 
lead to abnormal Fe2+ accumulation within the LIP. This excess 
Fe2+ initiates lipid peroxidation through the Fenton reaction, 
generating abundant lipid‑ROS that damage cell membranes 
and induce ferroptosis (86). During ferroptosis, Fe3+‑catalyzed 
free radicals primarily target membrane polyunsaturated fatty 
acids (PUFAs), such as arachidonic acid (AA) and adreno‑
cortical acid (AdA) (87). Under catalysis by ACSL4, these 
fatty acids bind to coenzyme A (CoA) to form AA‑CoA or 
AdA‑CoA intermediates. Subsequently, these intermediates 
are esterified by lysophospholipid acyltransferase 5 (LPCAT3) 
into phosphatidylethanolamine‑linked forms (PE‑AA or 
PE‑AdA). Lipoxygenases (LOXs) then enzymatically convert 

these forms into peroxidized products (PE‑AA/AdA‑OOH), 
ultimately causing ferroptosis (88). Glutathione peroxidase 4 
(GPX4) serves a crucial role in cellular antioxidant defense by 
catalyzing the reduction of toxic lipid hydroperoxides (LOOH) 
into non‑toxic phospholipids, while converting reduced gluta‑
thione (GSH) to oxidized GSH (89). When GSH availability 
decreases, GPX4 activity declines, causing ROS accumulation 
and ferroptotic cell death (Fig. 5).

Ferroptosis in MetS. High intracellular iron levels disrupt 
adipocyte differentiation, contributing to metabolic dysfunc‑
tion. Liposomes, which store triglycerides (TGs) as neutral 
lipids, are enveloped by Fas‑associated factor 1 (FAF1) to 
protect against Fe2+ exposure  (90). TGs within liposomes 
undergo hydrolysis of ester bonds to form glycerol and 
FFAs. Under conditions of Fe2+ overload, cytoplasmic FFAs 
trigger lipid peroxidation through the Fenton reaction, rapidly 
generating PUFA‑OOH (91). In the presence of excess Fe2+, 
PUFA‑OOH readily oxidizes further, initiating chain reactions 
of lipid oxidation by extracting hydrogen atoms from neigh‑
boring PUFAs. This disrupts membrane integrity, ultimately 
leading to cell death (92). A previous study demonstrated that 
reducing iron accumulation in white adipose tissue limits 
intestinal lipid absorption, thus protecting against metabolic 
disturbances induced by high‑fat diets (93). Further research 
indicates (94) that lowering intracellular iron inhibits adipo‑
genic gene expression and reduces lipid synthesis. Elevated 
iron levels also promote persistent adipokine secretion, 
creating an inflammatory environment that attracts macro‑
phage infiltration and drives obesity progression.

A previous epidemiological study suggested a possible 
relationship between excess body iron storage and the risk 
of T2DM  (95). Iron overload reduces insulin sensitivity, 
lowers adiponectin secretion and increases leptin levels, thus 
promoting IR (96). A previous prospective study reported a 
positive association between IR and elevated serum ferritin 
concentrations (97). Disrupted iron metabolism contributes 
to mitochondrial dysfunction, thereby impairing insulin 
signaling pathways. Additionally, GPX4‑deficient mice exhibit 
adipocyte hypertrophy and IR, indicating that iron metabolism 
disturbances induce IR by impairing mitochondrial function 
and altering adipocyte cytokine production (98). Research 
findings also show that increased body iron stores elevate 
T2DM risk (99). For instance, mouse models of hereditary 
hemochromatosis, characterized by systemic iron overload, 
exhibit iron accumulation in skeletal muscles, enhanced fatty 
acid oxidation and diminished glucose oxidation, collectively 
aggravating IR (100). A previous study aiming to improve 
diabetes outcomes demonstrated enhanced insulin secre‑
tion and sensitivity following reductions in systemic iron 
stores (101). However, it is noteworthy that serum ferritin‑based 
assessments of body iron storage are not entirely reliable 
indicators, as ferritin levels also increase in conditions such as 
inflammation, cancer and liver diseases (102).

A previous study demonstrated that iron overload is closely 
linked to atherosclerosis risk factors, including abnormal iron 
metabolism, which is frequently observed in obese and hyper‑
tensive individuals  (103). Excessive iron intake aggravates 
dyslipidemia, particularly by increasing TG levels. Moreover, 
iron overload and lipid metabolic disturbances synergistically 
accelerate atherosclerosis progression. Iron chelation therapy 
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and dietary iron restriction stabilize atherosclerotic plaques 
and protect against endothelial injury (104). In addition, inhibi‑
tion of GPX4 promotes lipid peroxide accumulation, induces 
ferroptosis and contributes to atherosclerotic plaque formation. 
Ferroptosis‑related LOXs accelerate atherosclerosis develop‑
ment, whereas inhibition of 12/15‑LOX reduces LDL oxidation 
and attenuates atherosclerosis progression (105). Iron overload 
also serves a critical role in the progression of metabolic‑asso‑
ciated fatty liver disease (MAFLD). Excessive systemic iron 
induces intracellular lipid peroxidation, damages hepatocytes 
and promotes liver fibrosis. Ferroptosis in this context is 
accompanied by collapse of intracellular antioxidant defenses, 
particularly depletion of GSH and GPX4, rendering hepatocytes 
more vulnerable to oxidative stress and further exacerbating 
MAFLD progression  (106). Although ferroptosis has been 
increasingly implicated in NAFLD/MASH progression, most 
available evidence is derived from cellular and animal models, 
and its clinical relevance requires further validation.

Necroptosis
Mechanisms of necroptosis. Necroptosis is a form of regu‑
lated cellular death occurring when apoptosis pathways are 
inhibited. While its underlying mechanism shares similarities 
with apoptosis, its morphological features closely resemble 
necrosis. Dysregulated necroptosis contributes to multiple 
inflammatory diseases, infections and neurodegenerative 
conditions (107). Numerous stimuli can initiate necroptosis, 
but the classical pathway involves the TNF‑α/TNFR‑induced 
RIPK1‑RIPK3‑mixed lineage kinase domain like pseudoki‑
nase (MLKL) cascade (108). Upon TNF‑α binding, TNFR1 
undergoes conformational changes and recruits multiple 
proteins, including RIPK1, TRADD, cellular inhibitor of 
apoptosis proteins (cIAP1, cIAP2), TNFR2 and TNFR5, 
forming Complex I at the cell membrane. Following internal‑
ization and modification, TNFR1 dissociates from Complex I, 
and RIPK1 subsequently assembles Complex II together with 
TRADD, FADD and caspase‑8. When caspase‑8 activity 

Figure 5. Schematic diagram of ferroptosis mechanisms in MetS. Iron enters cells via the TFR1 receptor, is reduced to Fe2+ by STEAP3 in endosomes and then 
transported to the cytoplasm by DMT1. Cytoplasmic Fe2+ is partially stored by ferritin, while the remainder exists as an LIP. Under metabolic stress, ferritin 
is degraded via ferritinophagy, releasing large amounts of Fe2+. Concurrently, impaired function of the iron export protein FPN leads to intracellular Fe2+ 
accumulation. Excess Fe2+ catalyzes lipid peroxidation through the Fenton reaction, ultimately triggering ferroptosis. Metabolic stress also inhibits System Xc‑, 
causing intracellular cysteine deficiency and reduced GSH synthesis. This GSH depletion prevents GPX4 from scavenging lipid ROS. Concurrently, AA/AdA 
undergoes enzymatic modification by ACSL4, LPCAT3 and others into lipid substrates. Under the influence of Fe2+ and LOXs, these substrates generate 
substantial lipid peroxides, ultimately damaging cell membranes and triggering ferroptosis. Following ferroptosis, DAMPs and inflammatory cytokines are 
released, exacerbating tissue damage in the liver, pancreas and vasculature, thereby driving the progression of MetS. Conversely, iron chelators and GPX4 acti‑
vators (such as vitamin E) can mitigate ferroptosis by reducing Fe2+ or inhibiting lipid peroxidation. The figure was created using Figdraw (www.figdraw.com). 
MetS, metabolic syndrome; ROS, reactive oxygen species; DAMPs, damage‑associated molecular patterns; GPX4, glutathione peroxidase 4; FPN, ferroportin; 
TFR1, transferrin receptor 1; STEAP3, six‑transmembrane epithelial antigen of prostate 3; LIP, labile iron pool; GSH, glutathione; AA/AdA, arachidonic 
acid/adrenic acid; LOXs, lipoxygenases; ACSL4, acyl‑CoA synthetase long‑chain family member 4; LPCAT3, lysophosphatidylcholine acyltransferase 3; 
DMT1, divalent metal transporter 1.
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is suppressed, RIPK1 phosphorylation initiates the necrop‑
tosis pathway, interacting with RIPK3 to form a necrosome 
complex. RIPK3 autophosphorylation then activates MLKL, 
which oligomerizes, relocates to the plasma membrane and 
forms pores. This pore formation causes an influx of Na+ and 
Ca2+, elevating intracellular osmotic pressure and resulting 
in plasma membrane rupture. This event releases DAMPs, 
causing inflammation and tissue injury (Fig. 3) (109).

Necroptosis in MetS. In obese adipose tissue, hypertrophic 
adipocytes are among the first cells to undergo necroptosis. 
Consequently, intracellular contents, including DAMPs such 
as ATP, DNA, HMGB1 and IL‑33, are extensively released into 
the extracellular matrix (110). These DAMPs act as ‘danger 
signals’, activating macrophages via classical inflammatory 
pathways, including NF‑κB and the NLRP3 inflammasome. 
This activation leads to abundant cytokine secretion (TNF‑α, 
IL‑1β, IL‑6 and MCP‑1), further amplifying adipocyte 
death  (111). Experimental evidence demonstrates marked 
upregulation of RIPK3 and MLKL at both protein and mRNA 
levels in adipose tissues from diet‑induced obese and ob/ob 
mice, associating strongly with inflammatory severity (112). In 
skeletal muscle and liver tissues, inflammatory signals increase 
the expression of key gluconeogenic enzymes. Consequently, 
hepatic glucose production continues despite insulin pres‑
ence, exacerbating fasting hyperglycemia. Additionally, 
these inflammatory signals can induce damage and death in 
healthy β‑cells, triggering a cascade effect and accelerating 
β‑cell mass depletion (113). Furthermore, sublethal activation 
of RIPK1/RIPK3 may impair β‑cell insulin secretion, leading 
to defective insulin release. Notably, human pancreatic tissues 
affected by T2DM frequently exhibit islet amyloid polypeptide 
(IAPP) deposits. These oligomerized IAPP aggregates are 
internalized by phagocytes, inducing lysosomal membrane 
rupture and content leakage, which strongly activates the 
NLRP3 inflammasome and subsequently triggers necrop‑
tosis (114). When LDL levels increase, LDL enters the vascular 
endothelium and oxidizes into ox‑LDL, which induces ERS 
and mitochondrial dysfunction, activating RIPK3 (115). When 
cholesterol reverse transport is compromised, free cholesterol 
accumulates intracellularly, forming cholesterol crystals (CCs). 
These crystals, upon phagocytosis into lysosomes, puncture the 
lysosomal membrane due to their rigidity, releasing cathepsins 
into the cytoplasm. This directly activates the NLRP3 inflam‑
masome and downstream caspase‑1 in a RIPK3‑dependent 
manner, potentially triggering MLKL activation (116).

Emerging PCD mechanisms in MetS
PANoptosis in MetS. PANoptosis represents an emerging 
form of regulated cell death implicated in metabolic inflam‑
mation (117). Unlike the simultaneous activation of multiple 
independent cell death pathways, PANoptosis is mediated 
by the formation of a supramolecular complex termed the 
PANoptosome, which coordinates key regulators from 
different death programs, including Z‑DNA binding protein 1 
(ZBP1), RIPK3, caspase‑8 and inflammasome compo‑
nents (118,119). Although PANoptosis has attracted increasing 
attention in inflammatory diseases, its direct contribution to 
MetS remains largely unexplored. Current evidence linking 
PANoptosis to MetS‑associated disorders is mainly based 
on observations of shared inflammatory pathways, including 

NLRP3 inflammasome activation, caspase signaling and 
RIPK‑dependent inflammatory responses (120,121). In obesity 
and MASLD, chronic metabolic stress induces persistent acti‑
vation of inflammatory signaling pathways that overlap with 
known PANoptosis‑related mechanisms (122). For example, 
saturated fatty acids, mitochondrial dysfunction and oxidative 
stress can activate inflammasome pathways and inflammatory 
caspase signaling, thereby theoretically providing a favorable 
environment for PANoptotic responses (123,124). However, 
direct evidence demonstrating a causal role of PANoptosis in 
MetS remains limited. It remains unclear whether functional 
PANoptosome complexes are assembled in metabolic tissues 
such as adipose tissue, the liver or the pancreas. Future studies 
using genetic models and single‑cell approaches are required 
to determine the precise contribution of PANoptosis to MetS 
progression. (Fig. 6).

Disulfidptosis in MetS. Disulfidptosis is a novel cell death 
mechanism recently identified by Liu et al (125) in 2023. It 
is characterized by the disruption of cytoskeletal integrity 
triggered by abnormal intracellular accumulation of disulfide 
bonds. Under conditions of glucose deprivation or inhibition of 
glucose transporters, the pentose phosphate pathway becomes 
impaired, reducing NADPH generation and inhibiting the 
reduction of cystine to cysteine. This metabolic dysfunction 
leads to the abnormal accumulation of intracellular cystine 
and excessive disulfide bond formation. These disulfide 
bonds aberrantly cross‑link with free cysteine residues on 
cytoskeletal proteins such as actin, disrupting the filamentous 
actin network, impairing cellular contractility, and ultimately 
causing plasma membrane rupture (126). Notably, overexpres‑
sion of the cystine/glutamate antiporter solute carrier family 7 
member 11 (SLC7A11) exacerbates disulfidptosis by enhancing 
cystine uptake and further consuming NADPH reserves 
(Fig. 7) (127). Compared with classical PCD pathways such as 
apoptosis, pyroptosis and ferroptosis, evidence supporting the 
direct involvement of disulfidptosis in MetS remains extremely 
limited. A previous study primarily focused on cancer metab‑
olism and cellular stress‑related models rather than metabolic 
diseases  (128). Nevertheless, several metabolic features of 
MetS, including glucose imbalance, oxidative stress and redox 
dysregulation, share biological similarities with cellular stress 
conditions known to induce disulfidptosis (129). Therefore, 
disulfidptosis may represent a potential but currently unvali‑
dated mechanism linking metabolic stress to cellular injury. 
Future investigations should determine whether disulfidptosis 
is activated in metabolic tissues affected by MetS, including 
adipose tissue, the liver and vascular endothelium, and whether 
modulation of SLC7A11‑dependent cystine metabolism influ‑
ences metabolic disease progression.

In summary, emerging PCD pathways provide new 
perspectives for understanding metabolic disorders. However, 
their relevance to MetS remains at an early stage. Several key 
questions remain unresolved: First, whether PANoptosome 
formation occurs in metabolic tissues under physiological and 
pathological conditions; second, whether disulfidptosis repre‑
sents a genuine metabolic disease‑associated death mechanism 
or merely a cellular stress response; and third, how these 
emerging pathways interact with established PCD programs 
during disease progression. The key characteristics, regula‑
tory molecules, biological consequences and representative 
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evidence for the major PCD pathways involved in MetS are 
summarized in Table I (20,43,57,85,107,120,127).

5. Molecular crosstalk and network regulation among 
PCD pathways in MetS

In MetS, the interaction between distinct cell death pathways 
forms a highly intricate and dynamically regulated network. 
This crosstalk markedly amplifies tissue inflammation and 
damage, functioning as a crucial mechanism driving the 
progression of MetS toward end‑organ complications. Different 
PCD pathways share common upstream signals, regulatory 
molecules and cellular stress responses, forming a complex cell 
death regulatory network that determines cell fate under meta‑
bolic stress conditions. Importantly, the biological outcome of 
PCD activation is highly context‑dependent. The predominant 
cell death pathway varies depending on tissue type, metabolic 
environment, disease stage and stress intensity. Furthermore, 
inhibition of one PCD pathway may induce compensatory acti‑
vation of alternative cell death pathways, thereby limiting the 
therapeutic efficacy of single‑pathway interventions. Therefore, 
understanding the molecular crosstalk and hierarchical regu‑
lation among PCD pathways is essential for developing more 
precise therapeutic strategies for MetS.

Shared molecular nodes controlling the transition among 
PCD pathways
RIPK1/RIPK3 signaling as a molecular switch. The 
RIPK1/RIPK3 signaling axis represents one of the best‑char‑
acterized molecular switches regulating the transition between 
different forms of PCD. Under physiological conditions, acti‑
vation of death receptors such as TNFR1 can induce apoptosis 
through the activation of caspase‑8  (130). However, when 
caspase‑8 activity is inhibited or impaired, RIPK1 interacts 
with RIPK3 to form the necrosome complex, resulting in 
RIPK3‑mediated phosphorylation of MLKL and subsequent 
necroptosis (131). In MetS, chronic inflammatory signals and 
metabolic stress may disrupt the balance between apoptosis 
and necroptosis. For example, obesity‑associated inflammatory 
cytokines and excessive FFAs can activate TNF‑α signaling, 
thereby enhancing RIPK1/RIPK3 signaling in adipose tissue 
and liver (132). Although apoptosis may initially function as a 
controlled mechanism for eliminating damaged cells, persis‑
tent metabolic stress may shift cell fate from apoptosis toward 
necroptosis, resulting in membrane rupture and DAMP release, 
thereby amplifying metabolic inflammation (133). Moreover, 
a previous study suggested that RIPK1/RIPK3 signaling may 
interact with inflammasome activation, thereby establishing 
a potential link between necroptosis and pyroptosis  (134). 

Figure 6. Schematic of PANoptosis assembly mechanisms in MetS. Different stimuli induce distinct PANoptosome complex assembly: Inflammatory stimuli 
form AIM2‑PANoptosomes, cellular homeostasis disruption forms ZBP1‑PANoptosomes and RIPK1‑PANoptosomes, while pathogen stimulation forms 
NLRP12‑PANoptosomes. PANoptosis may concurrently promote the release of DAMPs and proinflammatory factors, exacerbating tissue damage in the 
liver, pancreas, and adipose tissue, thereby contributing to the initiation and progression of MetS. Conversely, metabolic stress further enhances PANoptotic 
activation, establishing a vicious cycle. The figure was created using Figdraw (www.figdraw.com). MetS, metabolic syndrome; AIM2, absent in melanoma 2; 
ZBP1, Z‑DNA‑binding protein 1; RIPK, receptor‑interacting serine/threonine‑protein kinase; NLRP12, NLR family pyrin domain containing 12; DAMPs, 
damage‑associated molecular patterns; GSDMD, gasdermin D; CASP, caspase; NLRP3, NLR family pyrin domain containing 3; ROS, reactive oxygen species.
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Therefore, the RIPK1/RIPK3 signaling axis does not simply 
represent a necroptotic pathway but functions as a molecular 
switch that integrates inflammatory and metabolic signals to 
determine cell fate.

NLRP3 inflammasome as a convergence hub. The NLRP3 
inflammasome represents another critical regulatory hub 
linking metabolic stress to inflammatory PCD. In response to 
metabolic stimuli and cellular stress signals, including satu‑
rated fatty acids, CCs, mitochondrial ROS and ERS, NLRP3 
activation promotes caspase‑1 cleavage and subsequent 
GSDMD‑mediated pyroptosis  (135). However, the role of 
NLRP3 extends beyond pyroptosis induction. Inflammasome 
activation can also influence other PCD pathways through 
inflammatory amplification, mitochondrial dysfunction and 
metabolic stress responses. For example, excessive NLRP3 
activation promotes IL‑1β and IL‑18 secretion, which further 
aggravates IR, hepatic inflammation and adipose tissue 
dysfunction  (136). Meanwhile, metabolic stress‑induced 
mitochondrial damage enhances ROS production, creating 
a positive feedback loop among mitochondrial dysfunction, 
pyroptosis and other forms of cell death. In adipose tissue, 
NLRP3‑mediated macrophage pyroptosis contributes to 
chronic inflammation and IR (137). In the liver, Kupffer cell 

pyroptosis promotes inflammatory responses and accelerates 
steatohepatitis progression (29). In pancreatic β‑cells, inflam‑
masome activation contributes to inflammatory injury and 
impaired insulin secretion (31). These findings indicate that 
pyroptosis functions as an important inflammatory amplifier 
within the broader PCD network.

Mitochondria as a central regulator linking apoptosis, 
autophagy and ferroptosis. Mitochondria serve as a central 
regulatory platform connecting multiple PCD pathways in 
MetS. As metabolic organs are highly dependent on mitochon‑
drial function, nutrient overload and lipid accumulation can 
induce mitochondrial dysfunction, characterized by impaired 
oxidative phosphorylation, excessive ROS generation, 
mitochondrial membrane potential disruption and defec‑
tive mitochondrial quality control (138,139). Mitochondrial 
dysfunction directly activates apoptosis through cytochrome c 
release and subsequent activation of the caspase cascade (140). 
Meanwhile, defective mitophagy impairs mitochondrial clear‑
ance, resulting in the accumulation of damaged mitochondria 
and further enhancing oxidative stress and inflammatory 
signaling (141). Thus, mitophagy dysfunction may increase 
cellular susceptibility to apoptosis and other stress‑induced 
death pathways. In addition, mitochondria‑mediated oxidative 

Figure 7. Schematic diagram of disulfidptosis mechanisms in MetS. (A) Under normal conditions glucose metabolism is balanced, the pentose phosphate 
pathway functions normally, generating sufficient NADPH to maintain GSH levels and ensure intracellular redox homeostasis. Cysteine entering cells via the 
transporter SLC7A11 is effectively reduced and utilized, preserving cytoskeletal stability. (B) During disulfidptosis, under the high‑glucose and insulin‑resis‑
tant conditions of MetS, cellular glucose metabolism becomes imbalanced. NADPH is extensively depleted with insufficient regeneration, leading to GSH 
exhaustion. Despite continued SLC7A11‑mediated cystine influx, the loss of reducing capacity causes abnormal intracellular cystine accumulation. Cystine 
then forms extensive abnormal disulfide bonds with intracellular proteins, directly attacking and cross‑linking cytoskeletal proteins (such as actin). This 
triggers cytoskeletal network disintegration, ultimately inducing cell death. This mechanism drives metabolic vascular complications and tissue fibrosis. The 
figure was created using Figdraw (www.figdraw.com). MetS, metabolic syndrome; SLC7A11, solute carrier family 7 member 11; GSH, glutathione.
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Table I. Biochemical characteristics of cell death pathways, key regulatory factors, pathogenesis in MetS, representative tissues, 
evidence source and evidence level in MetS.

Mode of		  Key regulatory 	 Pathogenesis in	 Representative	 Evidence 	 Evidence	
cell death	 Biochemical features	 factors	 MetS	 tissues	 source	 level	 (Refs.)

Apoptosis	 Release cytochrome c, 	1. Caspase‑8, ‑9, ‑3	 1. Reduction in	 Pancreas, 	 Human 	 A/B	 (20)
	 activate pro‑apoptotic	 2. Bcl‑2 family	 pancreatic 	 adipose tissue,	 studies and 		
	 proteins of the	 proteins 	 β‑ cells 	 liver	 animal 		
	 Bcl‑2 family to	 3. p53 	 2. Endothelial		  models		
	 form apoptosomes,	 4. MAPK signaling	 cell dysfunction				  
	 initiate the caspase	 pathway	 3. Adipose tissue 				  
	 processing cascade,		  remodeling				  
	 leading to DNA						    
	 fragmentation						    
Pyroptosis	C aspase‑dependent	 1. NLRP3, 	 1. The core link	 Liver, muscle, 	 Animal 	 B	 (43)
	 cleavage of	 caspase‑1/4/5/11	 connecting 	 adipose tissue	 models and		
	 gasdermin triggers	 2. GSDMD	 metabolic 		  mechanistic		
	 inflammation and	 3. IL‑1β, IL‑18	 inflammation 		  studies		
	 releases IL‑18 and		  2. Insulin 				  
	 IL‑1β		  resistance				  
			   3. Adipose tissue 				  
			   inflammation				  
Autophagy	 Increased 	 1. ATG 	 1. Protective: 	 Liver, 	 Cell/animal 	 A/B	 (57)
	 lysosomal activity, 	 2. mTOR	 Basal levels of 	 cardiovascular 	 studies		
	 degradation of p62	 pathway (inhibits	 autophagy 	 system			 
	 protein, 	 autophagy), 	 maintain β‑cell 				  
	 autophagosome 	 AMPK pathway	 function and 				  
	 formation, no 	 (activates	 insulin 				  
	 inflammatory 	 autophagy)	 sensitivity				  
	 response	 3. Beclin‑1,	 2. Destructive: 				  
		  LC3‑II	 Excessive 				  
			   autophagy 				  
			   activation or 				  
			   dysfunction 				  
			   contributes to 				  
			   β‑cell 				  
			   exhaustion and				  
			   tissue damage				  
Ferroptosis	 Intracellular Fe2+ 	 1. GPX4, 	 1. Lipid 	 Adipose tissue,	 Animal 	 B	 (85)
	 levels increase, 	 SLC7A11, GSH, 	 peroxidation‑	 liver	 models		
	 generating large 	 Nrf2	 driven 				  
	 amounts of ROS, 	 2. ACSL4, free	 2. Liver injury				  
	 depleting GSH, and	 iron, LOXs	 3. Pancreatic				  
	 reducing GPX4 		  β‑cell damage				  
	 activity, leading to 		  4. Cardiomyopathy				  
	 the accumulation 						    
	 of lipid peroxides						    
Necroptosis	 Decreased ATP 	 1. RIPK1, RIPK3, 	 1. Exacerbate 	 Adipose tissue,	 Animal and 	 C	 (107)
	 levels activate RIP1	 MLKL	 tissue 	 liver, pancreas	 human 		
	 and RIP3, and 	 2. Caspase‑8	 inflammation 		  tissue		
	 MLKL releases 		  2. Damage 				  
	D AMP, triggering a 		  insulin target 				  
	 secondary 		  organs				  
	 inflammatory 		  3. Promote 				  
	 response		  atherosclerosis				  
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imbalance contributes to ferroptosis by promoting iron‑depen‑
dent lipid peroxidation (142). Excessive mitochondrial ROS 
production facilitates the oxidation of polyunsaturated 
fatty acids and compromises antioxidant defense systems, 
particularly the GPX4‑dependent pathway (143). Therefore, 
mitochondrial homeostasis represents a critical determinant of 
whether cells undergo adaptive survival responses or irrevers‑
ible death under metabolic stress.

GPX4/SLC7A11 axis connecting ferroptosis and disul‑
fidptosis. Redox regulation represents another important 
regulatory interface between ferroptosis and the emerging 
disulfidptosis pathway. Ferroptosis is primarily driven by 

iron‑dependent lipid peroxidation, whereas disulfidptosis is 
associated with abnormal disulfide stress caused by impaired 
cystine metabolism. The SLC7A11/GSH system represents a 
shared regulatory axis connecting these pathways. SLC7A11 
promotes cystine uptake, maintaining intracellular GSH 
synthesis and supporting GPX4 activity, thereby preventing 
the accumulation of lipid peroxides and ferroptotic cell 
death (144,145). Under conditions of severe metabolic stress, 
particularly glucose deprivation, impaired cystine utilization 
may disrupt redox homeostasis, leading to excessive disulfide 
accumulation and cytoskeletal collapse (146). Although direct 
evidence linking disulfidptosis to MetS remains limited, the 

Table I. Continued.

Mode of		  Key regulatory 	 Pathogenesis in	 Representative	 Evidence 	 Evidence	
cell death	 Biochemical features	 factors	 MetS	 tissues	 source	 level	 (Refs.)

PANoptosis	 Activation of 	 1. RIPK1, RIPK3 	 This phenomenon	 Immune cells, 	 Preclinical	 D	 (120)
	 caspase‑8 cleaves 	 2. Caspase‑8	 may occur when	 metabolic 			 
	 GSDMD/GSDME 	 3. Caspase‑3/7	 multiple pathways	 tissues			 
	 during pyroptosis; 	 4. MLKL	 such as apoptosis				  
	 activation of MLKL 	 5. GSDME	 and necroptosis				  
	 perforates the 		  are simultaneously				  
	 plasma membrane 		  activated within				  
	 during necroptosis;		  the complex stress				  
	 activation of 		  environment of 				  
	 caspase‑3/7 		  MetS 				  
	 cleaves substrates 						    
	 during apoptosis						    
Disulfidptosis	 Glucose deprivation	 1. NADPH levels 	 Glucose‑	 Unknown/	 Limited 	 D	 (127)
	 induces high	 2. SLC7A11	 deprivation 	 under	 studies		
	 expression of 	 3. Actin 	 stress	 investigation			 
	 SLC7A11, leading 	 cytoskeletal 					   
	 to excessive cystine	 proteins 					   
	 uptake by cells. 	 4. Oxidative‑					   
	 This depletes 	 reductive 					   
	 NADPH and forms 	 imbalance					   
	 numerous 						    
	 abnormal disulfide 						    
	 bonds within 						    
	 cytoskeletal proteins						    
	 such as actin. 						    
	 Consequently, the 						    
	 cytoskeletal 						    
	 network undergoes						    
	 contraction, 						    
	 aggregation, and 						    
	 fragmentation						    

NLRP3, NLR family pyrin domain containing 3; GSDMD, gasdermin D; IL‑1β, interleukin‑1β; IL‑18, interleukin‑18; ATG, autophagy‑related 
gene; mTOR, mechanistic target of rapamycin; AMPK, AMP‑activated protein kinase; LC3‑II, microtubule‑associated protein 1 light 
chain 3‑II; GPX4, glutathione peroxidase 4; SLC7A11, solute carrier family 7 member 11; GSH, glutathione; Nrf2, nuclear factor erythroid 
2‑related factor 2; ACSL4, acyl‑CoA synthetase long‑chain family member 4; LOXs, lipoxygenases; RIPK1, receptor‑interacting serine/thre‑
onine‑protein kinase 1; RIPK3, receptor‑interacting serine/threonine‑protein kinase 3; MLKL, mixed lineage kinase domain‑like protein; 
DAMPs, damage‑associated molecular patterns; NADPH, nicotinamide adenine dinucleotide phosphate.
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metabolic regulation of SLC7A11 suggests potential interac‑
tions between ferroptosis and newly recognized forms of PCD. 
Further studies are required to determine whether modulation 
of this axis contributes to metabolic disease progression.

Tissue‑specific dominance and compensation of PCD path‑
ways in MetS. Although multiple PCD pathways coexist within 
metabolic tissues, their relative contributions vary according 
to tissue characteristics and disease stage. Therapeutic inhi‑
bition of one pathway may result in compensatory activation 
of alternative cell death pathways. Therefore, identifying 
dominant PCD patterns in different organs is essential for 
understanding MetS pathogenesis and designing targeted 
interventions. Adipose tissue dysfunction is a central feature 
of obesity‑associated MetS. Under conditions of exces‑
sive nutrient accumulation, adipocyte hypertrophy induces 
hypoxia, ERS and mitochondrial dysfunction, resulting in 
increased apoptosis (29). Dying adipocytes release inflam‑
matory signals that recruit macrophages and promote chronic 
adipose inflammation. Meanwhile, macrophage activation 
stimulates NLRP3 inflammasome formation and pyroptosis, 
leading to enhanced production of IL‑1β and IL‑18 (51). Thus, 
apoptosis and pyroptosis cooperate to establish an inflamma‑
tory microenvironment that promotes IR.

The liver is one of the major target organs affected by MetS. 
In MASLD, excessive lipid accumulation induces mitochon‑
drial dysfunction, oxidative stress and iron imbalance (147). 
Although hepatocyte apoptosis contributes to liver injury, 
increasing evidence suggests that ferroptosis serves a critical 
role in lipid peroxidation‑associated hepatic damage. Impaired 
antioxidant defense, particularly reduced GPX4 activity, 
increases susceptibility to ferroptosis (148). Meanwhile, defec‑
tive mitophagy further aggravates mitochondrial injury and 
lipid accumulation, creating a vicious cycle among mitophagy 
impairment, ferroptosis and inflammation.

Pancreatic β‑cells are particularly vulnerable to metabolic 
stress due to their limited antioxidant capacity. Chronic hyper‑
glycemia, inflammatory cytokines and ERS induce β‑cell 
apoptosis, leading to progressive loss of insulin‑producing 
cells  (30). In addition, inflammasome activation promotes 
β‑cell pyroptosis, further impairing insulin secretion. 
Therefore, apoptosis and pyroptosis represent complementary 
mechanisms contributing to pancreatic dysfunction in MetS. 
Vascular endothelial dysfunction is a major complication of 
MetS. Hyperglycemia, dyslipidemia and oxidative stress impair 
endothelial mitochondrial function and activate apoptotic path‑
ways (149). Emerging evidence also suggests that ferroptosis 
contributes to endothelial lipid peroxidation and vascular 
inflammation (150). Therefore, endothelial PCD regulation 
may represent an important therapeutic target for preventing 
cardiovascular complications associated with MetS.

Therapeutic importance of targeting multiple PCD pathways. 
Due to the extensive crosstalk and compensatory mechanisms 
among PCD pathways, targeting a single cell death modality 
may offer limited therapeutic efficacy. For example, inhibition 
of pyroptosis may reduce inflammatory injury but cannot 
fully ameliorate mitochondrial dysfunction or oxidative stress. 
Similarly, ferroptosis inhibition may protect hepatocytes from 
lipid peroxidation‑induced injury but may not completely 

resolve metabolic inflammation. Therefore, future therapeutic 
strategies should consider coordinated modulation of multiple 
PCD pathways rather than selective targeting of individual death 
programs. Pharmacological approaches targeting common 
upstream events, such as mitochondrial dysfunction, oxidative 
stress, inflammasome activation and metabolic dysregulation, 
may provide broader protective effects. For instance, AMPK 
activation can simultaneously enhance autophagy, improve 
mitochondrial function and suppress inflammatory signaling. 
Similarly, modulation of Nrf2 signaling may simultaneously 
enhance antioxidant defense, regulate ferroptosis susceptibility 
and modulate inflammatory responses. However, multi‑target 
regulation also presents challenges, including tissue specificity, 
potential interference with physiological cell death processes, 
and difficulties in determining optimal timing and dosage. 
Future studies integrating single‑cell sequencing, multi‑omics 
approaches and data from human clinical cohorts are needed 
to identify precise PCD regulatory networks and develop indi‑
vidualized therapeutic strategies for MetS.

6. Research on novel regulatory mechanisms in MetS

In MetS, epigenetic modifications, exosomes, and PCD 
form a dynamic and mutually regulated network that drives 
chronic inflammation and tissue injury. The high‑glucose, 
high‑fat, inflammatory environment associated with MetS 
induces epigenetic alterations, affecting the expression of 
genes involved in PCD. These epigenetic changes can be 
encapsulated into exosomes, released into the circulation and 
subsequently delivered to distant tissues. Exosomes transfer 
these aberrant signals, altering PCD processes in recipient 
cells, thus exacerbating metabolic dysfunction and organ 
damage (151). Therefore, targeting epigenetic mechanisms or 
using engineered exosomes to modulate PCD represents an 
innovative strategy for disrupting this detrimental cycle.

Epigenetic regulation of PCD in MetS. Epigenetic modifica‑
tions precisely control the initiation and execution of PCD 
by regulating gene expression via DNA methylation, histone 
modifications and non‑coding RNAs, without altering the 
underlying DNA sequence  (152). Concurrently, epigenetic 
mechanisms regulate autophagy during nutritional excess or 
deficiency. A previous study revealed that coactivator‑asso‑
ciated arginine methyltransferase 1‑mediated methylation of 
histone arginine residues critically regulates autophagy, partic‑
ularly activating autophagic processes during starvation (153). 
Experimental evidence indicates that obesity‑induced 
epigenetic changes in adipocytes establish cellular ‘memory’, 
increasing susceptibility to weight regain following caloric 
restriction and activating hepatic inf lammatory path‑
ways (154). Hypermethylation at cg02814054 promotes obesity 
by reducing microtubule associated serine/threonine kinase 3 
expression, whereas hypomethylation at cg06028605 elevates 
obesity risk by downregulating SLC5A11  (155). Despite 
substantial evidence linking epigenetic modifications to 
obesity onset and progression, mechanisms governing epigen‑
etic regulation of autophagy in response to drastic nutritional 
changes remain unclear. Laha et al (156) demonstrated that 
homocysteine modifies the epigenome, promoting lipogenesis 
and impairing fatty acid metabolism through Zfp407‑mediated 
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pyroptosis and peroxisome proliferator‑activated receptor 
γ‑dependent pathways, contributing notably to obesity and 
related metabolic dysfunctions. Extensive research has also 
examined epigenetic abnormalities, including DNA methyla‑
tion, histone modifications and miRNAs, in type 1 diabetes. 
DNA methylation and miRNAs are proposed biomarkers 
predicting pancreatic β‑cell death (157). Abnormal histone 
acetylation and deacetylation mechanisms are involved in 
hypertension; A previous study confirmed that elevated 
histone H3 acetylation associates with primary hypertension 
progression (158).

Exosome‑mediated regulation of PCD in MetS. Exosomes 
are nanoscale extracellular vesicles secreted by cells, carrying 
proteins, lipids, DNA and abundant non‑coding RNAs. They 
function as crucial mediators of inter‑organ communica‑
tion  (159). DNA methyltransferases or histone‑modifying 
enzymes carried by exosomes can enter the nucleus of 
recipient cells, directly altering the epigenetic state of genes 
associated with PCD. Under MetS conditions, the composi‑
tion of exosomes secreted by adipose tissue, liver and muscle 
cells undergoes notable alterations. Persistent hyperglycemia 
activates monocytes/macrophages, causing an imbalance in 
M1/M2 polarization. These activated cells release exosomes 
enriched with miR‑30a, interacting with renal tubular epithe‑
lial cells to activate the transient receptor potential canonical 
6‑calcineurin A‑nuclear factor of activated T cells pathway, 
thus triggering PCD (160). Adipocyte‑derived exosomes in 
MetS contain elevated pro‑inflammatory miRNAs (miR‑27a 
and miR‑155) and pro‑PCD miRNAs, whereas protec‑
tive miRNAs (miR‑30a and miR‑124) are decreased. For 
instance, a previous study demonstrated that extracellular 
adipocyte‑derived miR‑1224 suppresses M2 macrophage 
polarization in obesity‑induced inflammation via the Musashi 
RNA‑binding protein 2‑regulated Wnt/β‑catenin signaling 
axis (161). Additionally, exosome‑transported long non‑coding 
RNAs (lncRNAs) and circular RNAs function as competitive 
endogenous RNAs (ceRNAs) by sequestering miRNAs in 
recipient cells, thus releasing their suppression of PCD‑related 
gene expression. For instance, lncRNAs from adipocyte‑derived 
exosomes are taken up by hepatocytes, promoting pyroptosis 
and hepatic steatosis through the miR‑34a/sirtuin 1 pathway. 
Exosomes may also carry inflammasome components (such 
as NLRP3) or DAMPs, directly seeding inflammation and 
pyroptosis in recipient cells. Xiong et al (162) reported that 
astragaloside IV inhibits diabetic endothelial cell pyroptosis by 
enhancing exosome release from endothelial progenitor cells 
and modulating PI3KR2/SPRED1 signaling. Yan et al (163) 
demonstrated that a high‑fat diet reduces adipocyte AMPKα1 
activity, decreasing exosome secretion and inhibiting NAFLD 
progression both in vivo and in vitro, highlighting the potential 
of blocking exosome release from white adipose tissue as a 
novel therapeutic approach for NAFLD.

7. Therapeutic strategies targeting PCD: From 
experimental evidence to clinical translation

Pharmacological modulation. Due to the contribution of 
multiple PCD pathways to MetS progression, pharmacological 
modulation of specific cell death pathways has emerged as a 

potential therapeutic strategy. Several small‑molecule regula‑
tors targeting apoptosis, pyroptosis, ferroptosis, necroptosis 
and autophagy‑associated pathways have demonstrated 
protective effects in experimental models of metabolic 
diseases. However, most evidence is derived from preclinical 
studies, and clinical translation remains challenging. 
Apoptosis is the most extensively studied form of PCD. 
The serine protease inhibitor camostat mesilate was shown 
to alleviate hypertension and renal injury in MetS rats by 
inhibiting podocyte apoptosis and reducing podocyte injury 
through both dependent and independent mechanisms (164). 
Methyl‑β‑cyclodextrin, a cyclic oligosaccharide commonly 
used to lower membrane cholesterol, induces apoptosis in 
mesenchymal stromal cells, improves glucose transport 
and endoplasmic reticulum function, enhances antioxidant 
capacity, and effectively treats metabolic disorders such as IR, 
MetS and diabetes (165). Epigallocatechin‑3‑gallate (EGCG), 
a compound extracted from green tea known for its antioxidant 
and anti‑inflammatory effects, alleviates bladder apoptosis 
and ovarian hormone deficiency in rat models of MetS and 
ovarian dysfunction  (166). Strategies targeting pyroptosis 
have mainly focused on inhibiting inflammasome activation 
or gasdermin‑mediated membrane pore formation. MCC950 
is a selective NLRP3 inflammasome inhibitor that exerts 
anti‑inflammatory effects in experimental models of obesity, 
IR and MASLD by reducing caspase‑1 activation and IL‑1β 
production; however, caution is warranted due to the reported 
hepatotoxicity of MCC950 (55). Disulfiram, traditionally used 
for alcohol dependence, has been reported to inhibit GSDMD 
pore formation and suppress pyroptosis‑related inflamma‑
tory responses in preclinical studies (167,168). However, the 
safety profile and long‑term efficacy of inflammasome inhibi‑
tion require further evaluation because inflammasomes also 
contribute to host defense against infection. Exercise can 
notably enhance metabolic health by suppressing inflamma‑
tory pyroptosis, representing a novel therapeutic target for 
chronic disorders such as age‑related obesity, muscle atrophy 
and IR/T2DM (169). Therefore, exercise constitutes a prom‑
ising strategy to inhibit pyroptosis, reduce inflammation and 
promote metabolic health.

Unlike numerous classical PCD pathways, autophagy 
exhibits a dual role in MetS, and therapeutic modulation 
requires careful consideration of disease stage and tissue 
context. Rapamycin‑induced autophagy activation has demon‑
strated beneficial effects in experimental models by improving 
mitochondrial quality control and lipid metabolism  (79). 
Conversely, excessive inhibition of autophagy may aggravate 
metabolic dysfunction, highlighting the importance of precise 
regulation rather than indiscriminate activation or inhibition. 
Peng et al (170) demonstrated that EGCG inhibits obesity and 
glucose intolerance induced by a high‑fat diet in C57BL/6 
mice by modulating autophagy and lipolysis. Furthermore, 
compounds including luteolin (171), berberine (172), ferulic 
acid  (173), MSI‑1436  (174), elamipretide  (175) and mela‑
tonin (176) exhibit therapeutic potential in MetS by regulating 
autophagy and ferroptosis pathways. Lim et al (177) identi‑
fied a small molecule named MSL through chemical library 
screening, which enhances autophagic flux and improves 
metabolic profiles in obese and MetS mice, thus repre‑
senting a promising therapeutic candidate. Drugs such as 
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memantine (178) and moxonidine (179) have shown beneficial 
effects in MetS model rats by modulating autophagy. Cai (180) 
conducted a randomized controlled trial involving 84 patients 
with MetS who were classified according to the Traditional 
Chinese Medicine (TCM) syndrome differentiation framework 
as having Qi stagnation and phlegm‑stasis syndrome, a TCM 
diagnostic pattern characterized by impaired Qi circulation 
and the accumulation of phlegm and blood stasis. Participants 
were randomized into a control group receiving conventional 
Western medical treatment and a treatment group receiving 
conventional treatment combined with Shugan Wendan 
Decoction, a traditional Chinese herbal formula. After 
12 weeks, the results indicated that Shugan Wendan Decoction 
improves IR, glucose and lipid metabolism, and oxidative stress 
in patients with MetS by upregulating liver X receptor α and 
mediating autophagy/apoptosis pathways. Additionally, the 
PTP1B inhibitor MSI‑1436 has entered Phase 1 and 1b clinical 
trials, although currently only for obesity and T2DM treatment 
(NCT00606112, 2008; NCT00806338, 2009) (174). Regarding 
non‑pharmacological interventions, a previous study demon‑
strated that intermittent fasting and ketogenic diets enhance 
insulin sensitivity, promote autophagy, reduce inflammation 
and improve metabolic indicators in patients with MetS and 
T2DM, including reductions in HbA1c, fasting blood glucose, 
body weight and TGs (181). Additionally, chronic intermittent 
hypobaric hypoxia protects vascular endothelium by modu‑
lating autophagy in MetS rat models (182).

Ferroptosis has attracted increasing attention as a poten‑
tial therapeutic target for metabolic liver diseases due to its 
close association with lipid peroxidation and oxidative stress. 
Ferrostatin‑1, a classical ferroptosis inhibitor, suppresses 
lipid peroxidation by preventing iron‑dependent oxidative 
damage (183). In cellular and animal models of metabolic liver 
injury, inhibition of ferroptosis has been shown to preserve 
hepatocyte viability, reduce oxidative stress and alleviate 
inflammatory responses (184). Similar protective effects have 
been reported for liproxstatin‑1, another ferroptosis inhibitor, 
particularly in experimental models of hepatic injury (185). 
Nevertheless, whether ferroptosis inhibition provides 
long‑term metabolic benefits remains uncertain because 
ferroptosis may also participate in physiological iron metabo‑
lism and immune regulation. In addition, although GPX4 
activators can alleviate ferroptosis by inhibiting lipid peroxi‑
dation, they also exhibit limited target specificity. Therapeutic 
inhibition of necroptosis has mainly focused on targeting the 
RIPK1/RIPK3/MLKL signaling axis. Necrostatin‑1 (Nec‑1), 
a selective RIPK1 inhibitor, has been widely used as a phar‑
macological tool to suppress necroptosis. In experimental 
models of metabolic disorders, inhibition of RIPK1 signaling 
has been shown to reduce inflammatory responses, improve 
insulin sensitivity and attenuate tissue injury  (186). For 
example, Nec‑1 treatment reduced inflammatory signaling 
activation and cell death in models of obesity‑associated 
metabolic dysfunction and hepatic injury (187). However, the 
application of Nec‑1 in clinical settings is limited by concerns 
regarding target specificity, pharmacokinetic properties and 
the physiological roles of necroptosis in immune regulation. 
Additional compounds, including orientin (188), dihydroquer‑
cetin (189), clofibrate (190), astaxanthin (191), longan flower 
water extract  (192), 5‑azacytidine/resveratrol  (193) and 

clomiphene (194), have also been investigated for their poten‑
tial effects on PCD‑related processes in experimental models. 
Representative compounds and drugs targeting PCD pathways 
for the treatment of MetS are summarized in Table II (164-
166,170‑176,179,180,188‑197).

Current clinical status and challenges for translation. Due to 
the extensive crosstalk among PCD pathways, simultaneous 
modulation of multiple cell death programs may provide 
superior therapeutic effects compared with single‑pathway 
inhibition. Targeting PCD represents a promising therapeutic 
strategy for MetS. However, translating mechanistic discov‑
eries into clinical applications remains challenging. Current 
therapeutic strategies are mainly supported by preclinical 
studies, with most approaches focusing on pharmacological 
modulation of specific PCD pathways. Therefore, beyond the 
identification of potential therapeutic agents, it is essential to 
critically evaluate the translational barriers, including target 
specificity, tissue selectivity, biomarker availability and 
long‑term safety. Despite promising preclinical findings, no 
PCD‑targeting agent has yet been approved specifically for 
the treatment of MetS. Most available evidence is derived 
from cellular and animal studies, and several barriers limit 
clinical translation: i) Limited clinical evidence: Although 
several metabolic interventions indirectly influence PCD 
pathways, including lifestyle interventions and existing meta‑
bolic therapies, direct clinical trials targeting specific PCD 
pathways in MetS or MASLD remain scarce; ii) off‑target 
effects: Numerous PCD regulators participate in physiological 
processes beyond cell death regulation; for example, inhibi‑
tion of apoptosis or inflammasome signaling may interfere 
with immune surveillance and tissue homeostasis; iii) tissue 
specificity: A major challenge is achieving tissue‑specific 
modulation; a PCD pathway that is harmful in one tissue may 
be protective in another, therefore systemic inhibition may 
produce unpredictable outcomes; and iv)  long‑term safety: 
Because PCD pathways are essential for normal development, 
immune regulation and tissue renewal, long‑term safety evalu‑
ation is required before clinical application.

8. Conclusions and outlook

MetS is a complex metabolic disorder characterized by a 
markedly high global prevalence. The primary drivers of 
MetS include IR, chronic inflammation and adipose tissue 
dysfunction, which collectively pose substantial challenges 
for effective management. Current evidence indicates that 
PCD is not only a consequence but also a critical pathological 
factor influencing the onset and progression of MetS. Various 
forms of PCD interact with metabolic tissue injury, such as 
in adipose tissue, liver, pancreatic islets and blood vessels, 
triggering cascading reactions leading ultimately to systemic 
metabolic dysfunction. Specifically, apoptosis of pancreatic 
β‑cells reduces insulin secretion, while adipocyte apoptosis 
intensifies adipose dysfunction and promotes pro‑inflamma‑
tory adipokine release. Metabolic stress‑induced necroptosis 
exacerbates inflammation and strongly associates with fatty 
liver disease and IR. Lipotoxicity, hyperglycemia and related 
stressors activate the NLRP3 inflammasome, inducing pyrop‑
tosis and amplifying chronic, low‑grade inflammation in 
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Table II. Representative compounds/drugs targeting programmed cell death for MetS treatment.

Compounds/drugs	 Research model	 Target molecule	 Mechanism	 (Refs.)

Camostat mesilate	 MetS model rats	 TG ↓, TC ↓, Bax/Bcl‑2 ↓, pro‑caspase‑3 ↓	 Apoptosis ↓	 (164)
Methyl‑β‑cyclodextrin	 Horse MetS model	 ROS ↓, SOD ↑, iNOS ↑, Bcl‑2 ↓, p53 ↑,	 Apoptosis ↑	 (165)
		  Bax ↑		
Epigallocatechin‑3‑gallate	 MetS model rats	 Apoptotic cells ↓, Bcl‑2 ↑, GRP78 ↓,	 Apoptosis ↓	 (166)
		C  HOP ↓, caspase‑12 ↓		
	 MetS mouse model	 PPARγ ↓, C/EBPα ↓, FASN ↓, HSL ↑,	 Autophagy ↑	 (170)
		  ATGL ↑, LC3 ↓, p62 ↓		
Luteolin	 Rat model of MetS‑	 BCL‑2 ↓, CASP‑3 ↑, CASP‑9 ↑, 	 Apoptosis ↓, 	 (171)
	 induced cardiac	 NR4A2 ↓, p53 ↓, IL‑6 ↓, IL‑1β ↓,	 autophagy ↑	
	 injury	 TNF‑α ↓
Berberine	 Rat model of MetS 	 Wnt/GSK‑3β/β‑catenin 	 Apoptosis ↓	 (172)
	 combined with 	 pathway activity ↓		
	 carotid stenosis			 
Ferulic acid	 MetS hepatocyte 	 MMP ↓, ROS ↓, ATP ↑, AMPK ↑,	 Autophagy ↑	 (173)
	 model	 SIRT1 ↑		
MSI‑1436	 Horse MetS model	 IL‑1β ↓, TNF‑α ↓, TGF‑β ↓, hs70 ↑, 	 Autophagy ↑	 (174)
		  Beclin‑1 ↑, MFN2 ↑, PINK1 ↑, CHOP ↓, 		
		  ATF6 ↓, HSPA5 ↓, XBP1 ↓, LC3A ↑,
		  LC3B‑I ↓, LC3B‑II ↓		
Elamipretide	 MetS pig kidney	 p62 ↑, ATG5‑12 ↑, mTOR ↑, AMPK ↑,	 Autophagy ↑, 	 (175)
	 cell model	 ULK‑1 ↑, cytochrome c ↑	 apoptosis ↓	
Melatonin	 MetS hamster 	 mTOR ↑, LC3‑II ↑, LC3‑II/LC3‑Ⅰ ↑,	 Autophagy ↑	 (176)
	 model	 Beclin1 ↑		
Moxonidine	 MetS model rats	 IL‑6 ↓, c‑TnI ↓, caspase‑3 ↓, TGF‑β1 ↓,	 Autophagy ↑, 	 (179)
		  MMP‑9 ↓, NR4A2 ↓, p53 ↑, LC3A/B ↑,	 apoptosis ↓	
		  Beclin‑1 ↑, SQSTM1 ↓, p62 ↓		
Shugan Wendan decoction	 Patients with MetS	 FPG ↓, HbA1c ↓, FINS ↓,  HOMA‑IR ↓,	 Autophagy ↑, 	 (180)
		  TC ↓, TG ↓, LDL‑C ↓, HOMA‑IR ↓,	 apoptosis ↓	
		  MDA ↓, HDL‑C ↑, SOD ↑, GSH‑PX ↑		
Orientin	 Horse MetS model	 Bax/Bcl‑2 ↓, p21 ↓, TP53, ROS ↓,	 Apoptosis ↑	 (188)
		  SOD1 ↑		
Dihydroquercetin	 MetS model rats	 GSH‑Px ↑, GSH ↑, TNF‑α ↓, IL‑1β ↓,	 Apoptosis ↓	 (189)
		  BDNF ↑, ROS, apoptotic cells ↓		
Clofibrate	 MetS model rats	 IL‑1β ↓, IL‑6 ↓, TNF‑α ↓, MMP‑2 ↓,	 Apoptosis ↓	 (190)
		  apoptotic cells ↓		
Astaxanthin	 Horse MetS model	 p21 ↓, p53 ↓, Bax ↓, caspase‑3 ↓,	 Apoptosis ↓	 (191)
		  caspase‑8 ↓, caspase‑9 ↓, Bcl‑2 ↑,
		  SOD1 ↑, SOD2 ↑		
Longan flower water extract	 MetS model rats	 Fas ↓, FADD ↓, caspase‑8 ↓, caspase‑3	 Apoptosis ↓	 (192)
		  ↓, Bax ↓, Bak ↓, Bax/Bcl‑2 ↓, Bak/Bcl‑
		  xL ↓, IGF‑1R ↑, Bcl‑2 ↑		
5‑azacytidine, resveratrol	 Horse MetS model	 p21 ↓, Bax ↑, Bcl‑2 ↑, Beclin‑3 ↓, LC3 ↓,	 Autophagy ↑	 (193)
		  LAMP‑2 ↑, MMP ↑, SOD ↑, p62 ↑, 		
		  LAMP‑2 ↑, mTOR ↓		
Clomiphene citrate	 MetS mouse model	 LC3‑II ↑, p62 ↑, LAMP2 ↑, CTSB ↑,	 Autophagy ↑	 (194)
		C  TSD ↑, ATGL ↑, HSL ↑, MGL ↑,
		  LAL ↑		
Pioglitazone	 MetS model rats	 Apoptotic cells ↓, p62 ↑, LC3 ↑	 Autophagy ↑, 	 (195)
			   apoptosis ↓	
Chaiqi decoction	 MetS model rats	 LC3 ↑, LC3II/I ↑, Beclin‑1 ↑	 Autophagy ↑	 (196)
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MetS. Ferroptosis, marked by iron‑dependent lipid peroxida‑
tion, correlates closely with hepatocyte loss and endothelial 
injury in NASH. Autophagy exerts protective functions in 
insulin‑sensitive tissues, whereas impaired autophagy acceler‑
ates metabolic deterioration. Recently discovered mechanisms 
such as PANoptosis and disulfidptosis provide novel insights 
into the complex pathophysiology of MetS. Furthermore, 
innovative regulatory mechanisms involving epigenetics and 
exosomes notably influence chronic inflammation and tissue 
damage in MetS by modulating PCD, highlighting their poten‑
tial as therapeutic targets.

Although substantial progress has been achieved in 
understanding the role of PCD in MetS, several fundamental 
questions remain unresolved. First, the precise mechanisms 
determining cell fate selection among different PCD pathways 
remain unclear. Under metabolic stress, cells may undergo 
apoptosis, pyroptosis, ferroptosis or interconnected forms 
of cell death; however, the molecular switches controlling 
these transitions require further investigation. Second, the 
tissue‑specific regulation of PCD networks remains poorly 
understood. Different metabolic organs exhibit distinct 
metabolic environments and stress responses, suggesting that 
universal PCD‑targeting strategies may not be optimal. Third, 
clinically applicable biomarkers for monitoring PCD activity 
are urgently needed. Current assessment of PCD activity 
mainly relies on experimental markers, whereas circulating 
indicators capable of predicting disease progression and thera‑
peutic response remain limited. Fourth, future therapeutic 
development should move beyond single‑pathway interven‑
tions toward precision regulation of PCD networks. Emerging 
approaches, including targeted nanoparticles, tissue‑specific 
delivery systems and multi‑omics‑guided treatment strategies, 
may provide new opportunities for personalized management 
of MetS. Fifth, the current understanding of PCD in MetS 
is largely based on experimental models, and differences 

in disease models, tissue specificity and methodological 
approaches limit direct clinical translation.

To address these limitations, future research should focus 
on several key areas. At the mechanistic level, multi‑omics 
techniques, including single‑cell sequencing, spatial transcrip‑
tomics and proteomics, should be utilized to systematically 
decipher tissue‑specific activation patterns of distinct forms of 
PCD across various MetS‑related tissues. Such analyses will 
clarify the complex interactions between PCD pathways and 
factors such as metabolic reprogramming, gut microbiome 
dysbiosis and epigenetic modifications, thus identifying 
crucial regulatory molecules and signaling cascades. These 
insights will enable more precise therapeutic targeting. 
Additionally, greater emphasis should be placed on exploring 
the interactions between different PCD subtypes, examining 
their synergistic or antagonistic roles in disease progression, 
thereby revealing multidimensional regulatory mechanisms 
driving MetS development. Regarding model optimization, 
more clinically relevant models, such as gene‑edited animal 
models and patient‑derived organoid systems, should be devel‑
oped to improve replication of human disease features. These 
advanced models will provide robust platforms for validating 
molecular mechanisms and screening potential therapeutics. 
Furthermore, establishing a comprehensive clinical database 
of PCD characteristics through multicenter cohort studies 
involving patients with MetS will be beneficial. Integrating 
clinical phenotypes with prognostic data will help clarify 
the clinical relevance of PCD‑related biomarkers. In the 
context of clinical translation, accelerating the development 
and clinical trials of PCD‑targeted therapies should become 
a priority, emphasizing combination treatment strategies to 
enhance therapeutic efficacy and minimize adverse effects. 
Concurrently, research into personalized treatments based 
on genetic backgrounds, metabolic profiles and individual 
patterns of PCD activation should be intensified. Precision 

Table II. Continued.

Compounds/drugs	 Research model	 Target molecule	 Mechanism	 (Refs.)

Metformin	 MetS mouse model	 ROS ↓, Nrf2 ↑, SLC7A11 ↑, GPX4 ↑,	 Ferroptosis ↓	 (197)
		  MDA ↓, GSH ↓		

↑, increased expression levels; ↓, decreased expression levels; MetS, metabolic syndrome; TG, triglycerides; TC, total cholesterol; Bax, 
BCL2‑associated X protein; Bcl‑2, B‑cell lymphoma 2; ROS, reactive oxygen species; SOD, superoxide dismutase; iNOS, inducible nitric 
oxide synthase; p53, tumor protein p53; GRP78, glucose‑regulated protein 78; CHOP, C/EBP homologous protein; PPARγ, peroxisome 
proliferator‑activated receptor γ; C/EBPα, CCAAT/enhancer‑binding protein α; FASN, fatty acid synthase; HSL, hormone‑sensitive lipase; 
ATGL, adipose triglyceride lipase; LC3, microtubule‑associated protein 1 light chain 3; NR4A2, nuclear receptor subfamily 4 group A 
member  2; IL‑6, interleukin‑6; IL‑1β, interleukin‑1β; TNF‑α, tumor necrosis factor‑α; Wnt, Wingless‑related integration site; GSK‑3β, 
glycogen synthase kinase 3β; MMP, matrix metalloproteinase; ATP, adenosine triphosphate; AMPK, AMP‑activated protein kinase; SIRT1, 
sirtuin 1; TGF‑β, transforming growth factor‑β; HSPA5, heat shock protein family A member 5; MFN2, mitofusin 2; PINK1, PTEN‑induced 
kinase 1; ATF6, activating transcription factor 6; XBP1, X‑box binding protein 1; LC3A/B, microtubule‑associated protein 1 light chain 3 A/B; 
ATG5‑12, autophagy‑related 5‑12 conjugate; mTOR, mechanistic target of rapamycin; ULK1, unc‑51‑like autophagy activating kinase 1; FPG, 
fasting plasma glucose; HbA1c, glycated hemoglobin; FINS, fasting insulin; HOMA‑IR, homeostatic model assessment of insulin resistance; 
LDL‑C, low‑density lipoprotein cholesterol; MDA, malondialdehyde; HDL‑C, high‑density lipoprotein cholesterol; GSH‑Px, glutathione 
peroxidase; TP53, tumor protein p53; SOD, superoxide dismutase; GSH, glutathione; BDNF, brain‑derived neurotrophic factor; Fas, Fas cell 
surface death receptor; FADD, Fas‑associated death domain protein; Bak, BCL2 antagonist/killer 1; Bcl‑xL, B‑cell lymphoma‑extra large; 
IGF‑1R, insulin‑like growth factor 1 receptor; LAMP‑2, lysosomal‑associated membrane protein 2; CTSB, cathepsin B; CTSD, cathepsin D; 
MGL, monoglyceride lipase; LAL, lysosomal acid lipase; Nrf2, nuclear factor erythroid 2‑related factor 2; SLC7A11, solute carrier family 7 
member 11; GPX4, glutathione peroxidase 4.
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medicine methodologies should be adopted to identify popu‑
lations that would most benefit, enabling targeted prevention 
and intervention in MetS. Additionally, efforts should focus 
on developing standardized, highly specific and sensitive 
biomarker detection systems for PCD, facilitating their clinical 
adoption for early diagnosis, monitoring therapeutic efficacy 
and prognostic evaluation.

In summary, the importance of PCD in MetS is becoming 
increasingly clear, and numerous therapeutic targets are 
actively being investigated. Future studies should prioritize 
elucidating intricate interactions among these pathways and 
accelerating their translation into clinical practice. These steps 
are crucial for developing precise, effective therapeutics for 
MetS, ultimately reducing the substantial global burden posed 
by this widespread health issue.
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