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Abstract: Metabolic syndrome (MS), characterized by central obesity, hyperglycemia, hypertension, and dyslipidemia, substantially 
increases the risk of cardiovascular and cerebrovascular events. Adipose tissue is an active endocrine organ, and dysregulated 
adipokine secretion may contribute to the link between MS and vascular injury. In this narrative review, we synthesize evidence on 
adipokines implicated in MS-related cardiocerebrovascular disease and discuss their therapeutic potential. Adiponectin, fibroblast 
growth factor 21 (FGF21), and omentin are generally associated with improved insulin sensitivity, lipid handling, and endothelial 
homeostasis, whereas leptin, resistin, tumor necrosis factor-α, and interleukin-6 can promote inflammation and endothelial dysfunction 
through pathways including NF-κB and JAK/STAT. However, these associations may be modified by obesity, insulin resistance, 
disease stage, and other confounding factors, and some adipokines, such as adipsin, show context-dependent effects. Current 
translational evidence is strongest for strategies targeting adiponectin/FGF21 signaling and IL-1/IL-6-related inflammatory pathways, 
while evidence for cerebrovascular outcomes remains limited. Adipokine-directed interventions therefore remain promising but require 
rigorous clinical validation and disease-specific stratification. 
Keywords: metabolic disorders, adipokines, cardiovascular disease, cerebro-vascular disease

Introduction
Metabolic syndrome (MS) is a clinical syndrome characterized by central obesity, hyperglycemia, hypertension, and 
dyslipidemia.1 In recent years, the global burden of this disease has continued to rise. Epidemiological data show that the 
prevalence of MS nearly doubled between 2000 and 2023; currently, approximately 154 million adults worldwide are 
affected by the disease, with a prevalence rate of 31.0% among women and 25.7% among men.2 MS has become one of 
the major chronic diseases threatening public health. Numerous studies have confirmed that MS is closely associated with 
the onset and progression of various cardiovascular and cerebrovascular diseases, including atherosclerotic cardiovas
cular disease, coronary heart disease, heart failure, stroke, and cognitive impairment.3 MS not only significantly increases 
the risk of cardiovascular adverse events in individuals, but also increases the risk of all-cause mortality by approxi
mately 1.5 times.4 Although metabolic disorders such as hypertension, hyperglycemia, dyslipidemia, and central obesity 
are considered major risk factors for cardiovascular and cerebrovascular diseases, the mechanisms underlying the 
development of these conditions in metabolic syndrome are highly complex, and their pathophysiology has not yet 
been fully elucidated.4–6 Therefore, a thorough investigation of the key mechanisms linking MS to cardiovascular and 
cerebrovascular diseases is of great significance for early intervention and precision treatment.

In recent years, as research into adipose tissue has deepened, scientists have gradually uncovered its biological 
characteristics as an important endocrine organ. Adipose tissue secretes a variety of bioactive molecules, collectively 
referred to as adipokines, including adiponectin, fibroblast growth factor 21 (FGF21), omentin, resistin, leptin, and 
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various inflammatory factors such as tumor necrosis factor-α (TNF-α) and interleukins.7 These factors contribute to the 
regulation of metabolic homeostasis, inflammatory responses, and vascular function. Further research indicates that 
different types of adipokines play distinct roles in MS and its associated cardiovascular and cerebrovascular diseases. 
Pro-inflammatory adipokines (such as resistin, interleukin-6, and TNF-α) promote the development of atherosclerosis and 
cardiovascular and cerebrovascular events by inducing chronic low-grade inflammation, impairing vascular endothelial 
function, and exacerbating insulin resistance.8,9 In contrast, anti-inflammatory adipokines (such as adiponectin, FGF21, 
and omentin) exert a protective effect on the cardiovascular and cerebrovascular systems through mechanisms such as 
suppressing inflammatory responses, improving insulin sensitivity, and maintaining vascular homeostasis.10–12 Therefore, 
dysregulated adipokine signaling may represent one pathophysiological mechanism linking metabolic disorders to 
cardiovascular and cerebrovascular damage.

Currently, intervention strategies for MS and related cardiovascular and cerebrovascular diseases continue to be based 
on lifestyle modifications, supplemented by symptomatic treatments such as blood pressure control, blood glucose 
control, and lipid-lowering therapy.1 However, poor long-term adherence and difficulties in maintaining treatment 
efficacy remain major clinical challenges. Although new weight-loss medications have demonstrated some efficacy in 
the short term, issues such as weight regain after discontinuation limit their long-term benefits.13 As research continues to 
advance, the role of adipokines in the prevention and treatment of metabolic and cardiovascular diseases is attracting 
increasing attention and is gradually moving into the clinical translation phase.14–17 Adipokines contribute to the onset 
and progression of MS and may also serve as key bridging mediators linking MS to cardiovascular and cerebrovascular 
diseases. Therefore, a thorough analysis of their mechanisms of action may provide a new theoretical basis for early 
intervention in cardiovascular and cerebrovascular diseases and offer potential directions for the development of novel 
targeted therapeutic strategies.

Literature Search and Scope
This narrative review was informed by a structured search of PubMed from database inception through July 2026. The 
search combined Medical Subject Headings, where applicable, and free-text terms covering three principal domains: 
metabolic syndrome and its metabolic components; adipokines; and cardiovascular and cerebrovascular diseases. Terms 
related to metabolic disorders included “metabolic syndrome”, “MetS”, “central obesity”, “obesity”, “insulin resistance”, 
“hyperglycemia”, “hypertension”, and “dyslipidemia”. Adipokine-related terms included “adipokine”, “adipocytokine”, 
“adiponectin”, “fibroblast growth factor 21” or “FGF21”, “omentin” or “omentin-1”, “chemerin”, “retinoic acid receptor 
responder 2” or “RARRES2”, “resistin”, “leptin”, “tumor necrosis factor-alpha” or “TNF-α”, “interleukin-1” or “IL-1”, 
“interleukin-6” or “IL-6”, “adipsin” or “complement factor D”, and “visfatin” or “nicotinamide phosphoribosyltransfer
ase/NAMPT”. These terms were combined, as appropriate, with “cardiovascular disease”, “cerebrovascular disease”, 
“atherosclerosis”, “coronary artery disease”, “coronary heart disease”, “heart failure”, “stroke”, “ischemic stroke”, 
“vascular cognitive impairment”, “vascular dementia”, and “dementia”. Additional mechanism- and translation-related 
terms included “inflammation”, “endothelial dysfunction”, “oxidative stress”, “insulin resistance”, “biomarker”, “ther
apeutic target”, “agonist”, “antagonist”, “analogue”, and “clinical trial”. Boolean operators AND and OR were used to 
combine terms, and focused searches pairing individual adipokines with specific diseases, mechanisms, or therapeutic 
agents were performed when necessary.

Titles and abstracts were initially screened for relevance, followed by full-text assessment of potentially relevant 
publications. Articles were considered relevant if they addressed at least one of the following: (1) the relationship 
between adipokines and metabolic syndrome or its major components; (2) associations between adipokines and 
cardiovascular or cerebrovascular diseases; (3) molecular mechanisms involving inflammation, endothelial dysfunction, 
oxidative stress, or metabolic dysregulation; or (4) the biomarker or therapeutic potential of adipokine-related pathways. 
English-language original studies, randomized and non-randomized clinical studies, observational studies, experimental 
animal and cellular studies, systematic reviews, meta-analyses, and authoritative narrative reviews were considered. 
Priority was given to recent human studies, prospective cohorts, clinical trials, systematic reviews, and meta-analyses, 
while earlier landmark studies were retained when they provided essential mechanistic or historical evidence. 
Publications that were unrelated to the predefined scope, provided insufficient information, or substantially duplicated 
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evidence reported in more comprehensive or recent studies were not prioritized. Reference lists of relevant reviews and 
key primary studies were also manually screened to identify additional pertinent publications. Because this was 
a narrative review, study selection was relevance-based rather than exhaustive, and no formal risk-of-bias assessment 
or quantitative evidence synthesis was performed.

The Multiple Roles of Adipokines in Metabolic Syndrome
In MS, adipokines—important signaling molecules primarily secreted by adipose tissue—play a multifaceted role in 
regulating energy metabolism, immune responses, and inflammatory reactions.7 Adipokines can be divided into three 
major categories: first, anti-inflammatory adipokines (adiponectin, FGF21, omentin, etc); second, pro-inflammatory 
adipokines (leptin, resistin, angiotensin II, TNF-α, and interleukins, etc); and third, adipokines that can act both as anti- 
inflammatory and pro-inflammatory agents (adipsin, visfatin).18–21 These factors are involved in lipid metabolism and 
have also been associated with the development and progression of cardiovascular disease. This paper primarily focuses 
on adipokines, which are closely associated with MS and cardiovascular complications, as shown in Figure 1.

Anti-Inflammatory Adipokines
Adiponectin
Adiponectin is a secreted protein containing a signal peptide, a collagen-like domain (Gly-X-Y repeats), and a globular 
domain; structurally, it bears significant similarity to proteins such as complement C1q and collagen α1(X).22 It exerts its 
biological functions through signaling pathways mediated by the AdipoR1, AdipoR2, and T-cadherin receptors.23,24 As 
an anti-inflammatory and metabolic regulator secreted by fat cells, adiponectin is attracting increasing attention for its 
role in MS.25 Low plasma adiponectin levels at baseline and a decline in adiponectin levels during follow-up were both 
independently associated with an increased risk of developing MS.26 Adiponectin has a wide range of biological effects. 
It primarily acts by binding to AdipoR1 and AdipoR2, thereby activating signaling pathways such as AMPK and PPAR- 
α, promoting fatty acid oxidation and glucose metabolism, and consequently improving insulin sensitivity.27 In addition, 
through its anti-inflammatory effects, adiponectin inhibits the NF-κB signaling pathway, reduces the expression of pro- 
inflammatory cytokines (such as TNF-α and IL-6), and alleviates systemic inflammatory responses, thereby potentially 
contributing to the pathophysiology of MS.28

In animal models, ACRP30 knockout mice exhibit metabolic disorders resulting from the absence of adiponectin/ 
ACRP30. Specifically, the absence of adiponectin leads to severe insulin resistance by elevating TNF-α levels, inhibiting 
the expression of FATP-1 mRNA in muscle, and reducing IRS-1-mediated insulin signaling.29 In contrast, in another study, 
researchers successfully increased adiponectin levels in mice by delivering the adiponectin gene via muscle-specific 
electroporation.10 This treatment significantly slowed weight gain and fat accumulation in mice induced by a high-fat, high- 
sugar diet, improved insulin sensitivity, and effectively improved glucose metabolism by enhancing hepatic insulin signaling 
and suppressing hepatic gluconeogenesis. In clinical studies, low plasma adiponectin levels have been closely associated with 
various core indicators of MS (such as hypertension, dyslipidemia, obesity, and diabetes). A case-control study involving 923 
patients with severe obesity and liver disease found that lower plasma adiponectin levels were associated with the develop
ment of dyslipidemia, hypertension, and diabetes, and that this association was not influenced by gender.30 Furthermore, 
prospective studies have shown that individuals with higher plasma adiponectin levels have a significantly lower risk of 
developing type 2 diabetes, further highlighting the potential preventive role of adiponectin in MS.31

FGF21
Fibroblast Growth Factor 21 (FGF21) is a secreted protein primarily produced by the liver and belongs to the endocrine 
fibroblast growth factor family.32 In humans, the mature protein consists of 209 amino acid residues and features 
a characteristic β-trefoil core structure, with extended loop structures at both the N-terminus and C-terminus; these features 
distinguish FGF21 from other members of the FGF family in terms of sequence and function.32–34 FGF21 exerts its effects in 
multiple target tissues by binding to the FGF receptor and its co-receptor β-Klotho, thereby activating downstream signaling 
pathways such as ERK1/2 and Akt.35 Its target organs include adipose tissue, the liver, and the central nervous system, where 
FGF21 regulates physiological processes such as energy metabolism, lipid homeostasis, and insulin resistance.36,37
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Figure 1 Adipocytokines closely related to metabolic syndrome and cardiovascular disease complications. 
Note: “↑” indicates increased levels and “↓” indicates decreased levels.
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In recent years, clinical research has focused on the potential of FGF21 and its analogues in the treatment of 
metabolic diseases. The FGF21 analog LY2405319 has demonstrated significant efficacy in patients with type 2 diabetes 
and obesity, improving lipid levels: LDL-C decreased by 20.2% to 29.5%, triglycerides decreased by 44.6% to 46.2%, 
and body weight decreased by 1.49 kg to 1.75 kg, while insulin levels were significantly reduced.11 Another randomized, 
double-blind, placebo-controlled study demonstrated that AKR-001, a long-acting Fc-FGF21 analog, consistently 
improved insulin sensitivity and lipid metabolism in patients with type 2 diabetes and was well tolerated.38 

Interestingly, existing GLP-1-based antidiabetic drugs also work by stimulating the liver to secrete FGF21, thereby 
inhibiting hepatic glucose output and significantly improving blood glucose control in people with diabetes.39 In addition, 
a study involving participants from four major ethnic groups (a total of 5783 participants) found a positive correlation 
between high levels of FGF21 and MS.40 This phenomenon may be due to a compensatory increase in FGF21 caused by 
metabolic stress, or it may be related to a mechanism of FGF21 resistance, whereby supraphysiological levels of FGF21 
are required to maintain its normal physiological function.

Omentin
Omentin is an adipokine secreted by adipose tissue; it belongs to the adipokine family and is primarily produced by 
stromal vascular cells in visceral adipose tissue.41 Omentin is a protein composed of 313 amino acids with a molecular 
weight of approximately 34 kDa; it contains a secretory signal sequence and a fibrinogen-related domain.41 Omentin 
primarily exists in two isoforms: Omentin-1 and Omentin-2, with Omentin-1 being the predominant form in serum and 
having been extensively studied in relation to metabolic diseases.42,43 Omentin-1 has been proposed to contribute to the 
regulation of insulin sensitivity and glucose and lipid metabolism. Specifically, Omentin-1 can improve insulin sensitivity 
by enhancing insulin-dependent glucose uptake, thereby counteracting insulin resistance; it has demonstrated potential 
therapeutic benefits, particularly in patients with obesity and type 2 diabetes.43–45

In clinical studies of MS, Omentin-1 levels are typically lower than those in healthy control groups and are negatively 
correlated with obesity, insulin resistance, blood glucose levels, blood lipids, and inflammatory markers. For example, in 
patients with MS, plasma and subcutaneous adipose tissue levels of omentin-1 are significantly lower than those in the 
general population, and this difference remains significant even after adjusting for obesity.12 Further studies have also 
shown that omentin-1 levels are significantly reduced in individuals with prediabetes and type 2 diabetes, and are 
negatively correlated with BMI, the homeostatic model assessment of insulin resistance, and inflammatory cytokines 
such as TNF-α and IL-6.46 These findings support the use of omentin-1 as a potential biomarker for MS.

Pro-Inflammatory Adipokines
Resistin
Resistin is a 114-amino acid peptide containing 11 cysteine residues that is secreted as a disulfide-linked dimer.47 It primarily 
causes metabolic disorders through inflammatory responses and insulin resistance. Studies have shown that resistin promotes 
systemic inflammatory responses by activating signaling pathways such as NF-κB, MAPK, and PI3K, thereby enhancing the 
expression of pro-inflammatory cytokines such as TNF-α, IL-6, and IL-12.48 Further research has shown that these 
inflammatory responses can lead to endothelial dysfunction and promote the development of atherosclerosis.49 Consistent 
with this, its concentration in the bloodstream is positively correlated with type 2 diabetes and coronary atherosclerosis.50 

However, the role of resistin in insulin resistance remains controversial. Although most studies support the view that resistin 
plays a significant role in the development of insulin resistance,51,52 some studies have proposed alternative perspectives. For 
example, Lee et al found that circulating resistin levels are not associated with obesity or insulin resistance in humans and are 
not modulated by fasting or leptin administration.53 Recent studies have further revealed that resistin, by inducing insulin 
resistance, suppresses the stem cell properties and metabolic characteristics of human adipose-derived mesenchymal stem 
cells.54 In terms of clinical associations, the SIRCA study suggests that resistin levels are significantly higher in patients with 
MS than in those without it.8 These findings are consistent with those of Ding et al, whose study demonstrated that serum 
resistin levels are positively correlated with key components of MS—triglycerides (TG) and fasting blood glucose— 
suggesting that disturbances in glucose and lipid metabolism may interact with elevated resistin levels and jointly contribute 
to the pathophysiological processes underlying MS.55
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Leptin
Leptin is a peptide hormone encoded by the ob/Lep gene located on chromosome 7.56 It has a molecular weight of 
approximately 16 kDa and consists of 167 amino acids; it is primarily synthesized in white adipose tissue.56 Leptin 
primarily regulates appetite, energy balance, and metabolic processes by binding to its receptor, LEPR.57 The proper 
functioning of these physiological processes depends on maintaining leptin concentrations in the bloodstream at effective 
levels. Leptin levels in the peripheral blood of obese patients are often significantly elevated, suggesting that obesity is 
not caused by insufficient leptin secretion, but rather by a decreased responsiveness to leptin, ie, leptin resistance.58 

Leptin levels are also generally elevated in patients with MS; particularly in female patients, leptin concentrations are 
positively correlated with markers of insulin resistance (such as the HOMA index), suggesting that leptin may play a role 
in the onset and progression of insulin resistance and related metabolic disorders.59 In patients with type 2 diabetes, 
elevated levels of soluble leptin receptors in serum are positively correlated with abnormal glucose metabolism and 
changes in proteolysis.60 In obese individuals, molecular and cellular mediators such as SOCS3, PTP1B, endoplasmic 
reticulum stress, and inflammation play a key role in the development of leptin resistance by directly inhibiting the 
LEPR-B signaling pathway.61 In addition, the mechanisms underlying leptin resistance include a reduction in the number 
of leptin receptors, impaired receptor function, reduced transport of leptin across the blood-brain barrier, and the 
suppression of leptin function by circulating inhibitory factors.62 In summary, leptin resistance is considered an important 
pathological feature of obesity and MS. This condition disrupts the negative feedback mechanism regulating energy 
balance, leading to increased food intake and further weight gain, thereby creating a persistent vicious cycle.

TNF-α and Interleukin
TNF-α is a cytokine secreted by cells such as adipocytes and macrophages, and its relationship with MS has been 
extensively studied.63 Studies have shown that TNF-α promotes the development of insulin resistance by inhibiting 
insulin signaling pathways, thereby exacerbating the pathological progression of MS.64 Specifically, TNF-α promotes 
insulin resistance by influencing free fatty acid levels, Glut4 protein expression, and insulin receptor signaling.65 Related 
studies have shown that mice lacking TNF-α exhibit significantly improved insulin sensitivity, further supporting 
a contributory role in metabolic disorders.65

The interleukin family, including IL-6 and IL-1β, also plays an important role in MS. IL-6 has both pro-inflammatory 
and anti-inflammatory effects. Its anti-inflammatory effects are primarily mediated through classical signaling pathways, 
whereas its pro-inflammatory effects are exerted through trans-signaling mechanisms.66 Research has shown that IL-6 
signaling helps regulate inflammation and metabolism through T cells during the early stages of obesity.67 However, over 
time, IL-6 enhances its pro-inflammatory effects through the soluble IL-6 receptor, thereby exacerbating late-stage 
inflammatory responses and insulin resistance.67 In addition, IL-6 promotes the development of hypertension through 
various mechanisms, including impairing endothelial function, activating the renin-angiotensin-aldosterone system 
(RAAS), stimulating sympathetic nerve activity, and directly acting on renal sodium channels.68 The role of IL-1β in 
obesity-related chronic inflammation has also attracted significant attention. Studies have shown that IL-1β enhances the 
interaction between insulin resistance and inflammatory responses by activating the NLRP3 inflammasome, thereby 
further exacerbating MS.69 IL-1β is also closely associated with lipid metabolism, fatty acid oxidation, and hepatic fat 
accumulation, further exacerbating the phenotype of MS.70 In addition, IL-1β interacts with pro-inflammatory factors 
such as TNF-α and IL-6 to form a complex cytokine network, which collectively drives the development of insulin 
resistance and chronic low-grade inflammation.71

Dual-Function Adipokines
Adipsin
Adipsin, also known as complement factor D, is an adipokine secreted by adipose tissue that contributes to metabolic 
homeostasis and inflammatory regulation.72 In the pathophysiological process of MS, adipsin has been associated with 
obesity, insulin resistance, and disturbances in glucose and lipid metabolism. However, its specific mechanisms of action and 
relationship with type 2 diabetes remain a subject of debate. Milek et al found that circulating levels of adipsin and its 
expression in adipose tissue were not associated with markers of impaired glucose or lipid metabolism in obese patients, 
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regardless of whether they had type 2 diabetes.73 However, other studies have shown that Adipsin is independently associated 
with the risk of gestational diabetes, suggesting that it may play different roles in different types of diabetes.74 The 
Framingham Heart Study found that higher plasma adipsin levels were associated with a more than 30% reduction in the 
risk of diabetes, but were also associated with a 68% increase in the risk of obesity, suggesting that adipsin may play different 
roles in different metabolic states.75 On the other hand, research also suggests that increased fat mass partially mediates the 
development of MS by raising serum adipsin levels.76 Adipsin may play a role in obesity-induced metabolic disorders through 
mechanisms such as promoting fat accumulation and adipocyte differentiation.76 In type 2 diabetes, further evidence suggests 
that Adipsin effectively protects pancreatic β-cells in mice with type 2 diabetes by promoting C3a production and down
regulating DUSP26 expression.75 This finding provides strong support for Adipsin as a potential therapeutic target for 
diabetes. Although the specific role of Adipsin in MS and diabetes is not yet fully understood, it may play diverse roles in 
various metabolic disorders and warrants further in-depth investigation.

Visfatin
Visfatin is a 52-kDa secreted protein, also known as nicotinamide phosphoribosyltransferase (NAMPT), which plays 
a crucial role in cellular metabolism by acting as the rate-limiting enzyme in the salvage pathway for NAD+ synthesis.77 

Visfatin primarily contributes to metabolic diseases by influencing oxidative stress responses, apoptosis, lipid and 
glucose metabolism, inflammation, and insulin resistance.78 A high-fat diet and aging impair NAMPT-mediated 
NAD+ biosynthesis, thereby disrupting normal metabolic processes and promoting the development of type 2 
diabetes.79 Serum visfatin levels are often elevated in obese individuals or those with hyperglycemia, but they may 
decrease following weight loss.80–82 Intervention strategies targeting the NAMPT/NAD+ pathway have attracted 
significant attention. Supplementation with nicotinamide mononucleotide (NMN) promotes NAD+ production and 
improves glucose tolerance;79 meanwhile, the compound P7C3, by activating NAMPT, has been shown to improve 
glucose metabolism, pancreatic β-cell function, and skeletal muscle function in T2DM model mice.83 However, the 
relationship between visfatin and metabolic abnormalities remains controversial. For example, in Asian Indian popula
tions, serum visfatin levels are significantly associated with obesity and visceral fat, but not with subcutaneous fat.84 

Although serum visfatin levels are elevated in patients with type 2 diabetes, this association is primarily mediated by 
obesity rather than by diabetes itself.84 However, a study by Pagano et al showed that visfatin levels are significantly 
reduced in obese patients, and this reduction is not associated with insulin resistance.85

Chemerin
Chemerin, encoded by the RARRES2 gene and also known as retinoic acid receptor responder protein 2, is an adipokine 
secreted predominantly by adipose tissue and the liver.86 It is initially released as the precursor prochemerin and 
subsequently undergoes C-terminal proteolytic processing to generate molecular forms with distinct biological activities. 
Chemerin interacts primarily with three receptors: CMKLR1, GPR1, and CCRL2.87,88 Its biological effects are highly 
context-dependent and are jointly determined by its proteolytically processed form, receptor expression profile, target cell 
type, and the local inflammatory microenvironment. Chemotactically active chemerin can promote the migration and 
recruitment of dendritic cells and macrophages through CMKLR1, thereby amplifying inflammatory responses.87 

Conversely, chemerin and its C-terminal-derived peptides may also exert anti-inflammatory effects under specific 
conditions. For example, C15 has been shown in murine models to attenuate neutrophilic inflammation, suppress the 
release of pro-inflammatory mediators, and enhance macrophage clearance of microbial particles and apoptotic 
neutrophils.87 Chemerin-9 can inhibit the expression of endothelial adhesion molecules and pro-inflammatory mediators, 
reduce monocyte adhesion, and attenuate macrophage inflammatory responses.89 In addition, it suppresses foam cell 
formation by downregulating CD36 and upregulating ABCA1, while limiting vascular smooth muscle cell migration and 
proliferation, suggesting potential anti-inflammatory and anti-atherosclerotic effects.89

In MS, chemerin may contribute to metabolic dysregulation by modulating adipogenesis and lipid metabolism, 
enhancing inflammatory responses, disrupting insulin signaling, and promoting vascular constriction and remodeling.90 

Studies have shown that elevated circulating chemerin levels are associated with MS and its adverse metabolic 
components, with independent positive correlations with fasting blood glucose, blood pressure, and triglyceride levels, 
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and an independent inverse correlation with high-density lipoprotein cholesterol levels.91 Animal studies have further 
demonstrated that the CMKLR1 antagonist CCX832 can attenuate vascular oxidative stress and partially restore insulin- 
mediated vasodilation in diabetic obese mice.92 However, the available clinical evidence is not entirely consistent. 
A cross-sectional study involving 149 participants found no significant difference in total serum chemerin levels between 
individuals with and without MS, and chemerin was not significantly associated with major cardiometabolic risk factors 
within the MS group.93 These findings suggest that the relationship between chemerin and MS may be influenced by 
factors such as its molecular isoforms, the characteristics of the study population, and the stage of disease.

The Pathogenic Association and Therapeutic Effects of Adipokines in 
Cardiovascular and Cerebrovascular Events
MS is characterized by an imbalance in adipokine secretion, manifested by decreased levels of protective factors (such as 
adiponectin and FGF21) and excessive secretion of pro-inflammatory factors (such as leptin and resistin). This imbalance 
may contribute to insulin resistance and chronic inflammation and thereby influence the onset and progression of 
cardiovascular disease. It is worth noting that different adipokines play distinct roles in cardiovascular and cerebrovas
cular diseases: on the one hand, certain factors (such as leptin and resistin) promote pathological processes by inducing 
inflammation and oxidative stress; on the other hand, protective factors (such as adiponectin and FGF21) have potential 
therapeutic effects by modulating inflammatory responses and improving endothelial function. For example, restoring 
adiponectin function or using FGF21 analogues has been proposed as a potential therapeutic strategy. However, the 
effects of these factors vary across different pathological contexts and may yield different outcomes in various 
cardiovascular and cerebrovascular diseases. This chapter will thoroughly explore the pathogenic mechanisms and 
therapeutic roles of various adipokines in cardiovascular and cerebrovascular diseases.

Cardiovascular Diseases
Atherosclerosis and Coronary Artery Disease
Atherosclerosis is the pathological basis of coronary heart disease.94 It is the pathological basis of coronary heart disease. 
Resistin, leptin, TNF-α, and IL-6 play important roles in the development and progression of atherosclerosis and 
coronary heart disease. In animal models of atherosclerosis, local overexpression of resistin accelerates plaque formation 
and leads to plaque instability.95 Leptin accelerates the progression of atherosclerosis by regulating the adhesion of 
endothelial cells, increasing the uptake of oxidized low-density lipoprotein (oxLDL), and promoting the proliferation of 
vascular smooth muscle cells.96 Salvianolic acid B can suppress TNF-α-induced inflammatory responses and inhibit the 
activated NF-κB/NLRP3 signaling pathway, thereby slowing the progression of atherosclerosis.97 IL-6 further promotes 
endothelial inflammation and vascular remodeling by enhancing immune responses and platelet aggregation, thereby 
exacerbating the severity of atherosclerosis.98

Adiponectin levels are negatively correlated with BMI, waist-to-hip ratio, and triglycerides, and positively correlated 
with HDL and insulin sensitivity, highlighting its potential anti-atherosclerotic effects.99 Treatment with the FGF21 
analog pegozafermin significantly reduces levels of atherosclerosis-associated lipoproteins, including non-HDL-C, 
ApoB, and ApoC3, suggesting that it combats atherosclerosis by reducing the production of triglyceride-rich lipoproteins 
and improving their clearance.100 Omentin-1 has a preventive effect on atherosclerosis.101 Among 264 patients with 
chronic limb-threatening ischemia due to diabetes who underwent endovascular revascularization, low levels of omentin- 
1 were associated with an increased risk of major adverse cardiac events and major adverse limb events.102 The role of 
Adipsin in atherosclerosis remains controversial. One study suggests that it inhibits foam cell formation;103 another study 
found that higher levels of adipsin increase mortality following acute myocardial infarction.104 Although Visfatin plays 
a dual role in MS, it primarily acts as a contributing factor in atherosclerosis. Treatment with the Visfatin antagonist 
FK866 inhibits NF-κB activation, thereby reducing the expression of inflammatory mediators (such as IL-6 and IL-8) in 
human coronary endothelial cells.105 Elevated circulating chemerin levels have been associated with the presence of 
coronary artery disease (CAD) and greater disease burden in patients with MS. A cross-sectional study involving 112 
patients with MS showed that serum chemerin levels were significantly higher in those with CAD than in those without 
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CAD.106 After adjustment for relevant confounding factors, chemerin levels remained independently associated with the 
presence of CAD.106 Further studies demonstrated that elevated serum chemerin levels were independently associated 
with a higher risk of CAD, a greater number of diseased coronary vessels, and increased Gensini scores, and were also 
correlated with metabolic abnormalities, including elevated triglyceride and total cholesterol levels, insulin resistance, 
and MS.107 Figure 2 illustrates the roles of adipokines in atherosclerosis and coronary artery disease.

Heart Failure
MS—particularly obesity, insulin resistance, and hypertension—is a major risk factor for HF. It increases the burden on 
the heart and promotes inflammatory responses, thereby accelerating the onset of HF.108 Pro-inflammatory factors such as 
resistin, leptin, TNF-α, and interleukin often trigger the onset of HF. Studies have shown that higher levels of resistin are 
associated with greater baseline insulin resistance and higher C-reactive protein levels, and these markers have been 
shown to predict the incidence of HF.109 High leptin levels (>18.9 ng/mL) were significantly associated with the risk of 
hospitalization for HF; after adjusting for potential confounding factors, the risk nearly doubled, suggesting that high 
leptin levels may be an independent predictor of hospitalization for HF.110 In patients with HF, TNF-α levels are often 
elevated, and high levels of TNF-α are closely associated with structural and functional changes in the heart.111 Patients 
with psoriasis who receive anti-TNF-α biologics have a significantly reduced risk of cardiovascular disease.111 During 
HF, pro-inflammatory mediators (IL-6, IL-1β) promote pathological changes such as cardiomyocyte hypertrophy and 
fibrosis.112 In patients with HFpEF, elevated IL-6 levels are closely associated with greater body fat accumulation, 
a significant decline in exercise capacity, and poorer health status.113 These pro-inflammatory factors are associated with 
disease severity, poor prognosis, high hospitalization rates, and increased mortality.

Figure 2 The roles of adipokines in atherosclerosis and coronary artery disease. 
Note: “↑” indicates increased levels; green flat-headed arrows indicate inhibition; and red arrows indicate promotion.
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ALY688, an adiponectin receptor agonist, significantly improved cardiac function by alleviating stress-induced 
cardiac hypertrophy, fibrosis, inflammatory responses, and metabolic disorders, suggesting its potential clinical value 
in the treatment of HF with reduced ejection fraction (HFrEF).114 FGF21 exerts a protective effect in heart failure with 
preserved ejection fraction and slows the progression of cardiac hypertrophy.115,116 Omentin-1 can improve mitochon
drial biosynthetic function via the WNT5A/Ca2+ signaling pathway, thereby mitigating myocardial ischemia-induced 
damage and slowing the progression of HF.117 Lower serum levels of omentin-1 are significantly associated with the 
occurrence of adverse cardiac events in patients with HF.118 In the prospective EPIC-Potsdam cohort study, higher 
circulating chemerin levels were significantly associated with an increased risk of incident heart failure.119 After 
comprehensive adjustment for obesity, metabolic abnormalities, coronary heart disease, lipid parameters, and inflamma
tory markers, participants in the highest quartile of chemerin levels still had a 4.23-fold higher risk of heart failure than 
those in the lowest quartile.119 In rat models of diabetic cardiomyopathy and H9c2 cardiomyocytes, activation of the 
chemerin/CMKLR1 axis promoted myocardial inflammation, pyroptosis, hypertrophy, and fibrosis and aggravated 
cardiac dysfunction by activating the NLRP3 inflammasome and its downstream caspase-1/IL-1β signaling pathway, 
whereas CMKLR1 silencing partially reversed these pathological changes.120 Research on Adipsin and Visfatin in HF 
remains limited, and further investigation is urgently needed. Figure 3 illustrates the roles of adipokines in heart failure.

Cerebrovascular Diseases
Stroke
Adipokines are implicated in metabolic diseases, and a growing body of research suggests that they may also influence 
the onset, progression, and prognosis of ischemic stroke. The study found that elevated resistin levels are significantly 
associated with the risk of in-hospital mortality in patients with acute ischemic stroke, suggesting that resistin may serve 
as a promising prognostic biomarker.121 High levels of resistin in the bloodstream are closely associated with an 
increased risk of ischemic stroke, and this association is independent of obesity and other cardiovascular risk 

Figure 3 The roles of adipokines in heart failure. 
Note: The pointed arrows indicate promotion and the flat-headed arrows indicate inhibition.
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factors.122 Leptin, another adipokine, has attracted significant attention for its role in ischemic stroke. A study by Zhang 
et al indicates that leptin exerts significant neuroprotective effects by activating the ERK 1/2 signaling pathway and the 
CREB transcription factor, thereby effectively alleviating ischemic brain injury.123 It is worth noting that even when 
administered late after ischemic brain injury, leptin still demonstrates potential therapeutic value; therefore, leptin holds 
promise as a candidate drug for the treatment of ischemic stroke.123 In addition to resistin and leptin, IL-6 and TNF-α— 
inflammatory cytokines whose levels are elevated in patients with acute ischemic stroke—are also closely associated with 
stroke severity and long-term functional recovery.124 Therefore, early monitoring of these inflammatory biomarkers may 
provide important insights for assessing patient prognosis.

Although adiponectin is generally considered to have a protective effect in cardiovascular disease, recent studies have 
shown that elevated serum levels of adiponectin are associated with an increased risk of ischemic stroke.125 This finding 
contradicts a previous meta-analysis, which had indicated that there was no significant association between adiponectin 
and the risk of stroke.126 However, recent prospective cohort studies have found that higher serum adiponectin levels are 
associated with stroke severity, functional outcomes, and mortality risk in patients with ischemic stroke.127 Specifically, 
for every 1 μg/ml increase in adiponectin, the risk of an adverse clinical outcome increases by 24%.127 This discrepancy 
may be closely related to factors such as an individual’s metabolic status and inflammatory response, suggesting that, in 
certain circumstances, elevated adiponectin levels may actually serve as an indicator of poor prognosis. Therefore, 
although adiponectin has a protective effect in certain situations, its role in specific pathological conditions requires 
further in-depth study. Recombinant human FGF21 has also shown promise in studies on ischemic stroke. FGF21 inhibits 
the secretion of pro-inflammatory cytokines (such as IL-1β, TNF-α, and IL-6) and promotes the secretion of anti- 
inflammatory cytokines (such as IL-10 and TGF-β), thereby significantly reducing infarct volume (from 17.16% to 
9.66%) and improving neurological function in a mouse model of ischemic stroke, demonstrating its potential as an anti- 
inflammatory therapeutic strategy for stroke.128 In the PRIME study, elevated plasma levels of adipsin were indepen
dently associated with a 10-year risk of ischemic stroke.129 The study found that for every one-standard-deviation 
increase in plasma adipsin levels, the risk of ischemic stroke increases by approximately 2.01-fold, providing new 
evidence that adipsin may serve as a potential prognostic biomarker.129 In addition, exogenous visfatin exerts 
a neuroprotective effect in ischemic stroke through its NAMPT enzymatic activity. Under ischemic conditions, plasma 
visfatin concentrations increase significantly.130 Further studies have shown that in spontaneously hypertensive rats prone 
to stroke, plasma visfatin levels at 6 months of age were significantly lower than those in age-matched Wistar-Kyoto rats, 
and this difference was associated with increased stroke susceptibility.130 Visfatin enhances autophagy via astrocyte- 
derived exosomes (OGD/R-ADEXs) through the AMPK/mTOR signaling pathway, thereby reducing neuronal death and 
improving neurological function in acute ischemic stroke.131 Observational studies have shown that elevated circulating 
chemerin levels are associated with the occurrence of acute ischemic stroke, ischemic cerebrovascular disease, and more 
severe neurological deficits.132–134 However, experimental evidence suggests that the chemerin/ChemR23 axis may exert 
protective effects in ischemic brain injury that differ from those associated with total circulating chemerin. In mouse 
models of permanent middle cerebral artery occlusion and SH-SY5Y cell models subjected to oxygen–glucose depriva
tion, activation of ChemR23 by RvE1 or chemerin-9 attenuated ischemic brain injury by suppressing NLRP3 inflamma
some activation and GSDMD-mediated neuronal pyroptosis.135 Conversely, genetic deletion or pharmacological 
inhibition of ChemR23 aggravated these pathological changes.135 In addition, chemerin-15 enhanced microglial phago
cytic activity through the ChemR23/p38 MAPK pathway, thereby alleviating cerebral ischemia–reperfusion injury. 
Collectively, these findings suggest that the effects of chemerin in stroke may depend on the specific ligand form, tissue 
context, and stage of disease.136 Figure 4 illustrates the roles of adipokines in stroke.

Vascular Cognitive Impairment and Dementia
Vascular cognitive impairment (VCI) is one of the most common types of dementia in older adults. Its clinical symptoms 
typically worsen gradually over time and may eventually progress to vascular dementia.137 Studies have shown that pro- 
inflammatory cytokines (such as TNF-α, IL-1β, and IL-6) have been implicated in VCI caused by chronic cerebral 
hypoperfusion.138 These cytokines accelerate cognitive decline by triggering inflammatory cascades, disrupting the 
blood-brain barrier, and promoting nerve damage.
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Among the factors associated with dementia, the two adipokines resistin and leptin have shown a strong association in 
distinct studies. Higher levels of resistin and leptin are associated with a lower risk of dementia, particularly among 
individuals with a higher body mass index and those carrying the APOE ε4 genotype, suggesting that these two 
adipokines may play a protective role in the pathophysiology of dementia.139 Specifically, in Alzheimer’s disease, 
plasma leptin may have a certain protective effect against the pathological progression of AD.140 In addition, the 
adiponectin/PPARγ signaling pathway helps alleviate cognitive deficits in VCI by modulating microglial function. It 
has been found that a deficiency in adiponectin exacerbates inflammatory responses and nerve damage, whereas 
adiponectin receptor agonists suppress inflammatory responses and improve cognitive symptoms by increasing PPARγ 
expression.141 Therefore, the adiponectin pathway holds potential therapeutic value in the treatment of VCI. VCI is 
primarily caused by vascular risk factors and cerebrovascular disease.142 In this process, FGF21 plays an important 
protective role. The study found that mice lacking FGF21 exhibited larger areas of cerebral infarction (1.8-fold increase) 
following ischemic brain injury, as well as more severe neurological deficits, accompanied by enhanced glial reactivity 
and inflammatory responses.143 This suggests that FGF21 protects the brain from damage by regulating inflammatory and 
neurotrophic pathways. Although there are few studies on adipsin and VCI, existing research suggests that adipsin may 
play a role in mild cognitive impairment (MCI) among patients with type 2 diabetes. Among Chinese patients with type 2 
diabetes, elevated plasma adipsin levels are significantly associated with the onset of MCI, suggesting that adipsin may 
be associated with early cognitive decline in this population.144 In a model of chronic cerebral hypoperfusion, activation 
of the chemerin receptor ChemR23 attenuated brain tissue injury and improved cognitive function by suppressing 
NLRP3 inflammasome-mediated neuronal pyroptosis through the PI3K/AKT/Nrf2 signaling pathway.145 These findings 

Figure 4 The roles of adipokines in stroke. 
Note: The black pointed arrows indicate promotion, flat-headed arrows indicate inhibition, blue arrows indicate process progression, and upward arrow increased levels.
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suggest that the chemerin/ChemR23 axis may represent a potential therapeutic target for vascular cognitive impairment. 
Figure 5 illustrates the roles of adipokines in vascular cognitive impairment and dementia.

The Pathogenic Mechanism of Adipokines in Cardiovascular and 
Cerebrovascular Diseases
Inflammatory Response
Adipokines may contribute to the onset and progression of cardiovascular and cerebrovascular diseases. By modulating 
the function of immune cells, causing endothelial damage, and promoting vascular remodeling, they induce a chronic, 
low-grade inflammatory response, thereby accelerating the progression of cardiovascular and cerebrovascular diseases. 
Adipokines (such as resistin, leptin, TNF-α, and IL-6) participate in inflammatory responses through various small- 
molecule mechanisms.

Resistin enhances inflammatory responses by activating pro-inflammatory signaling pathways such as NF-κB, JAK/ 
STAT, and MAPK, leading to vascular endothelial damage and impaired vascular homeostasis, which in turn exacerbates 
atherosclerosis. By acting on macrophages and monocytes, it promotes the secretion of inflammatory factors such as 
TNF-α and IL-6, thereby further exacerbating the inflammatory response in the blood vessel walls.8 At the same time, it 
promotes the formation of foam cells by enhancing the uptake of oxLDL by macrophages, and by altering fatty acid 
metabolism, it increases the availability of non-esterified fatty acids within cells, thereby driving the progression of 
atherosclerosis and cardiovascular disease.146 In addition, resistin binds to the TLR4 receptor, activates the MyD88- 

Figure 5 The roles of adipokines in vascular cognitive impairment and dementia. 
Notes: (A) Pathogenesis of vascular cognitive impairment induced by chronic cerebral hypoperfusion. Chronic cerebral hypoperfusion reduces cerebral blood flow and 
promotes the release of pro-inflammatory cytokines, neuronal injury, cognitive decline, and ultimately the development of vascular cognitive impairment. (B) Protective and 
regulatory roles of adipocyte factors in vascular cognitive impairment. Adiponectin may alleviate cognitive impairment through the PPARγ signaling pathway, whereas 
adiponectin deficiency may exacerbate neuronal injury and promote inflammation. FGF21 may protect the brain by regulating inflammatory and neurotrophic pathways, 
whereas FGF21 deficiency may aggravate neuronal injury and inflammation. Among individuals with a higher BMI and those carrying the APOE ε4 allele, higher leptin and 
resistin levels are associated with a lower risk of dementia.
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dependent pathway, and enhances the NF-κB pathway, leading to the production of pro-inflammatory cytokines.147 

Resistin can also further impair vascular endothelial function by enhancing oxidative stress, thereby providing 
a pathological basis for cardiovascular and cerebrovascular diseases.148 Leptin activates the JAK2/STAT3 signaling 
pathway through its receptor, LepR, promoting the secretion of pro-inflammatory factors such as TNF-α and IL-6, 
thereby facilitating the activation of immune cells and causing damage to endothelial cells.149,150 In obese individuals, 
leptin also partially activates the Toll-like receptor signaling pathway, thereby activating the NF-κB pathway, promoting 
the development of chronic inflammation and insulin resistance, and further contributing to the onset and progression of 
cardiovascular and cerebrovascular diseases.151

TNF-α binds to the tumor necrosis factor receptor, thereby activating the NF-κB, MAPK, and AP-1 signaling 
pathways, enhancing inflammatory responses in endothelial cells and vascular smooth muscle cells, increasing vascular 
endothelial permeability, and promoting leukocyte aggregation.152,153 TNF-α also contributes to angiotensin II-induced 
hypertension and cardiac hypertrophy by upregulating AT1 receptor expression and activating the NF-κB signaling 
pathway, thereby providing a potential mechanism for the onset of MS and the progression of cardiovascular and 
cerebrovascular diseases.154 IL-6 and IL-1β are important mediators of the inflammatory response. IL-6 binds to the IL-6 
receptor, activates the JAK/STAT signaling pathway, promotes the synthesis of acute-phase reactants (such as CRP), and 
regulates lipid metabolism, thereby further contributing to the development of atherosclerosis.98 IL-1β triggers a cytokine 
storm by activating the NLRP3 inflammasome, exacerbating the systemic inflammatory response, which in turn leads to 
damage to the vascular endothelium and thickening of the arterial walls, thereby promoting the development of 
cardiovascular and cerebrovascular diseases.155

Endothelial Dysfunction
Impaired endothelial cell function is an important feature in cardiovascular and cerebrovascular diseases such as 
atherosclerosis and hypertension. Adipokines promote the onset and progression of cardiovascular and cerebrovascular 
diseases by regulating NO synthesis in endothelial cells, inhibiting vasodilation, and inducing apoptosis, thereby leading 
to vasoconstriction and impaired blood flow.

In endothelial cells, resistin promotes oxidative stress, thereby activating the reactive oxygen species(ROS)- 
dependent stress kinases p38 MAPK and JNK.156 The activation of these kinases enhances the activity of c-Jun and 
other bZIP transcription factors, thereby inducing apoptosis in endothelial cells under conditions of severe stress.156 At 
the same time, increased ROS levels exacerbate oxidative stress, directly damaging endothelial cells. Endothelial cell 
apoptosis reduces vascular repair capacity, increases vascular fragility, and leads to long-term endothelial dysfunction.157 

ROS reacts with NO to form peroxynitrite (ONOO−), which inhibits the biological activity of NO, further impairs 
endothelial vasodilation, and promotes the development of hypertension and atherosclerosis.158 In addition, elevated 
levels of leptin promote vasoconstriction by increasing the expression of endothelin-1 in endothelial cells, leading to 
increased vascular tension and thereby raising the risk of hypertension.159 Endothelin causes smooth muscle cell 
contraction via the ETA receptor and induces vasodilation in endothelial cells via the ETB receptor; the interaction 
between these two mechanisms may lead to dysregulation of vascular tone.160 Although leptin increases the expression of 
endothelial NO synthase (eNOS), it reduces available NO by decreasing intracellular L-arginine levels, thereby 
decoupling eNOS activity.9 This change leads to the formation of harmful ONOO−, thereby exacerbating endothelial 
dysfunction.9

TNF-α promotes endothelial cell apoptosis by activating the Fas/FasL pathway, thereby reducing the number of 
endothelial cells, impairing vascular repair functions, and further exacerbating endothelial dysfunction.161 TNF-α also 
increases ROS production by activating NADPH oxidase(NOX); ROS reacts with NO to form peroxynitrite, which 
inhibits the biological activity of NO, reduces the vasodilatory function of endothelial cells, enhances vascular 
contractility, and contributes to the progression of cardiovascular and cerebrovascular diseases.162

Excessive secretion of IL-6 not only increases oxidative stress levels in endothelial cells but also promotes the 
expression of endothelial cell adhesion molecules (such as ICAM-1 and VCAM-1), leading to increased leukocyte 
aggregation and further exacerbating endothelial damage.163 IL-1, on the other hand, enhances the inflammatory response 
in endothelial cells by activating the NF-κB pathway, increases vascular permeability, causing leukocytes and other 
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inflammatory cells to penetrate the vascular wall, and promotes the development of atherosclerosis.152 As a chemokine, 
IL-8 directs neutrophils to migrate to sites of endothelial damage, further increasing endothelial cell damage and 
exacerbating the inflammatory response in blood vessels, thereby worsening endothelial dysfunction.164

Oxidative Stress
Oxidative stress is one mechanism through which adipokines may contribute to the pathogenesis of cardiovascular and 
cerebrovascular diseases. Resistin induces the production of ROS by binding to receptors on endothelial cells, thereby 
causing oxidative damage to the endothelial cells.156 This process typically relies on the activation of the NOX system, 
which is an important source of oxidative stress responses by promoting the accumulation of ROS within cells.165 Studies 
have shown that when NOX2 is activated in endothelial cells, it not only promotes the production of ROS but also 
influences vasodilation by regulating the activity of eNOS.166 Resistin interacts with multiple signaling pathways, 
particularly the NF-κB pathway, to activate the secretion of downstream pro-inflammatory cytokines (such as TNF-α 
and IL-6), thereby further exacerbating oxidative damage.8 Specifically, Resistin-induced oxidative stress activates the 
JNK (c-Jun N-terminal kinase) and p38 MAPK (mitogen-activated protein kinase) pathways; the activation of these 
pathways not only increases endothelial cell permeability but also promotes endothelial cell apoptosis, thereby exacer
bating vascular damage.156 Leptin regulates the accumulation of ROS through its receptor OB-R, activates NOX- 
dependent signaling pathways, and promotes the expression of inflammatory factors such as cPLA2α and COX-2.167 

These reactions may exacerbate the onset and progression of cardiovascular and cerebrovascular diseases. TNF-α induces 
the production of ROS by activating mitochondria, NOX, and other enzymatic systems, and plays a regulatory role in 
signaling pathways such as NF-κB, MAPK, and JNK, thereby triggering apoptosis or necrosis.168 IL-6 enhances 
angiotensin II-induced oxidative stress by upregulating AT1 receptor expression, leading to the development of 
endothelial dysfunction.169 IL-1 promotes oxidative stress by activating inflammatory responses and increasing the 
production of ROS, thereby accelerating the progression of atherosclerosis.170 IL-4 enhances the expression of IL-6 in 
vascular endothelial cells via a NOX-mediated ROS production pathway, thereby further promoting vascular inflamma
tion and the progression of atherosclerosis.171 The pathogenic mechanisms involving adipocytokines in cardiovascular 
and cerebrovascular diseases are summarized in Table 1.

Table 1 Major Adipocytokine-Related Mechanisms Implicated in Cardiovascular and Cerebrovascular Diseases

Pathogenic 
Mechanism

Adipocytokines Representative Signaling Pathways or 
Molecular Changes

Principal Effects

Inflammatory 
response

Resistin Macrophage/monocyte activation; activation of NF- 
κB, JAK/STAT, and MAPK signaling.

Chronic low-grade inflammation and endothelial 
injury.

Leptin Activation of JAK2/STAT3 signaling.

TNF-α Activation of NF-κB, MAPK, and AP-1 signaling.
IL-6 and IL-1β Activation of JAK/STAT signaling.

Endothelial 
dysfunction

Resistin and 
TNF-α

Increased ROS generation and activation of p38 
MAPK/JNK and c-Jun/bZIP signaling, contributing 

to endothelial cell apoptosis. Reaction of ROS with 

NO to form ONOO− reduces NO bioavailability 
and promotes vasoconstriction.

Endothelial cell apoptosis; reduced NO 
bioavailability; vasoconstriction; increased ET-1 

production; upregulation of endothelial adhesion 

molecules; and endothelial injury.

Leptin Dysregulation of eNOS/L-arginine signaling, 
resulting in reduced eNOS activity and NO 

bioavailability; increased ET-1 production promotes 

vasoconstriction.
TNF-α Activation of Fas/FasL signaling.

IL-6 Upregulation of ICAM-1 and VCAM-1.

(Continued)
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Therapeutic Prospects of Adipokines
There are variations in the drug development potential and the level of evidence for adipokines, and they are currently 
still in the transitional phase from basic mechanisms to clinical application. The development of therapies targeting 
adipokines primarily follows two approaches: first, enhancing the signaling of protective adipokines; and second, 
inhibiting pro-inflammatory adipokines and their downstream inflammatory pathways. It is important to note that, 
although the adipokine network involves numerous molecules, the targets that have actually entered a more systematic 
drug development phase are primarily concentrated on adiponectin, FGF21, and the IL-1/IL-6-related inflammatory 
pathways. The remaining targets are still in the stage of mechanism validation or early exploration.

Among anti-inflammatory adipokines, the adiponectin and FGF21 pathways currently hold the greatest potential for 
translation. Existing research has shown that various AdipoR agonists can improve cardiovascular function, myocardial 
pathology, lipid levels, and inflammatory responses in models of HF, atherosclerosis, type 2 diabetes, fatty liver disease, 
and liver fibrosis, while also improving metabolic and liver function.14,114,172–175 At the same time, FGF21 analogs and 
their receptor complex agonists have demonstrated consistent metabolic benefits in conditions such as atherosclerosis, 
obesity, type 2 diabetes, severe hypertriglyceridemia, and MASH/NASH, including weight loss, improved lipid profiles, 
reduced hepatic steatosis, and attenuated inflammatory responses.15,100,176–182 Compared to strategies that activate 
protective adipokines, therapeutic approaches targeting pro-inflammatory adipokines focus more on blocking the 
inflammatory networks they mediate, particularly the IL-1 and IL-6 pathways. Current clinical studies suggest that 
inhibiting these inflammatory pathways can improve microcirculation, reduce acute myocardial injury, and decrease the 
incidence of recurrent cardiovascular events, while also offering protection against the development of HF.16,17,183,184 

However, there is no significant effect on stroke risk. Omentin, resistin, leptin, and TNF-α are associated with MS and 
cardiovascular and cerebrovascular events; however, due to the lack of robust evidence from interventions with clinical 
outcomes as endpoints, they remain potential therapeutic targets. Factors with dual effects, such as adipsin and visfatin, 
present challenges for clinical translation and have limited practicality when used directly as therapeutic targets. For 
recent advances in understanding the roles and associations of adipokines in cardiovascular and cerebrovascular diseases, 
refer to Table 2. For the role of adipokines in metabolic diseases and recent research advances, refer to Table 3.

In addition to the adipokines discussed above, other adipokines, including fatty acid-binding protein 4 (FABP4), 
plasminogen activator inhibitor-1 (PAI-1), and asprosin, have also shown potential for translational application. FABP4 is 
expressed predominantly in adipocytes and macrophages and contributes to the integration of lipid metabolism and 
inflammatory responses.186 In mouse models, its selective small-molecule inhibitor, BMS309403, has been reported to 
improve insulin sensitivity, attenuate adipose tissue inflammation, and substantially inhibit the development of athero
sclerotic lesions.186 In Western diet-fed LDL receptor-deficient mice, PAI-1 inhibition reduced obesity, adipose tissue 
inflammation, and hyperglycemia, while also decreasing cellular senescence and macrophage accumulation within 
atherosclerotic plaques.187 Asprosin is a glucogenic protein hormone released primarily from white adipose tissue during 
fasting and promotes hepatic glucose output through activation of the G protein–cAMP–PKA pathway in hepatocytes.188 

Preclinical studies have shown that asprosin-neutralizing antibodies can reduce food intake, body weight, fat mass, and 
blood glucose levels in several mouse models of MS, suggesting that targeting asprosin may represent a potential 
therapeutic strategy for simultaneously modulating energy intake and impaired glucose metabolism.189 Nevertheless, 
these targets remain largely at the preclinical stage, and their efficacy and safety in humans with MS and related 
cardiovascular and cerebrovascular diseases require further investigation.

Table 1 (Continued). 

Pathogenic 
Mechanism

Adipocytokines Representative Signaling Pathways or 
Molecular Changes

Principal Effects

Oxidative 
stress

Resistin, leptin, 
TNF-α, IL-6, and 

IL-1β

Increased ROS generation. ROS-mediated oxidative stress and vascular damage.
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Table 2 The Role and Correlation of Adipokines in Cardiovascular and Cerebrovascular Diseases: Research Progress

Adipokines Drug 
Name

Drug Class Disease Experiment 
Model

Duration of Intervention Effects of Cardiovascular and 
Cerebrovascular Diseases

Reference

Adiponectin AdipoRon Adiponectin 

receptor 

agonist

HFpEF Mice 4 weeks ↑Diastolic function 

↑Exercise capacity and glucose tolerance 

↓Cardiac hypertrophy 
↓BNP levels 

↓Pulmonary congestion/pulmonary 

edema 
↓Myocardial lipid deposition 

↓Myocardial fibrosis

[172]

Adiponectin ADP355 Adiponectin 
receptor 

agonist

Atherosclerosis ApoE-/- mice 12 weeks ↑HDL cholesterol levels 
↓The area of the lesional region in the 

diseased aortic segment and in the aortic 

root sinuses 
↓CD68 expression 

↓LDL cholesterol levels

[14]

Adiponectin ALY688 Adiponectin 
receptor 

agonist

HFrEF C57BL/6 mice 5 weeks ↓Hypertrophic remodeling 
↓Fibrosis 

↓Inflammation markers

[114]

FGF21 LY2405319 FGF21 
analogue

Atherosclerosis C57BL/6J 
ApoE−/− mice

5 weeks ↑Adiponectin levels 
↑HDL-cholesterol levels 

↓Triglycerides and LDL/VLDL 

cholesterol 
↓Atherosclerotic plaque area 

↓Fasting insulin levels and HOMA-IR

[15]

IL-6 Zltivekimab IL-6 
inhibition

Stage 3–5 chronic kidney disease with 
elevated hs-CRP and high atherosclerotic 

cardiovascular risk

Human clinical 
trials

12 weeks ↓Inflammatory biomarkers (hs-CRP, 
fibrinogen, SAA, and lipoprotein(a))

[16]

IL-6 Tocilizumab Interleukin-6 
receptor 

inhibitor

Acute STEMI Human clinical 
trials

Single-dose administration ↑Myocardial salvage 
↓Microvascular obstruction 

↓CRP 

↓Final infarct size trend 
Improved acute STEMI-related injury

[183]

IL-1 Canakinumab IL-1 

inhibitor

Atherosclerosis Human clinical 

trials

Subcutaneous injection every 

3 months; median follow-up 
3.7 years

↓Recurrent cardiovascular events 

↓Myocardial infarction risk 
↓Coronary revascularization 

Stroke risk showed no significant change

[17]

IL-1 Anakinra IL-1 
receptor 

antagonist

STEMI Human clinical 
trials

2 weeks ↓hsCRP 
↓Incidence of heart failure hospitalization 

and new onset/worsening heart failure

[184]

Notes: “↑” indicates increased levels and “↓” indicates decreased levels.
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Table 3 The Role of Adipokines in Metabolic Diseases and Related Research Progress

Adipokines Drug Name Drug Class Disease Experiment 
Model

Duration of 
Intervention

Effects of Diseases Reference

Adiponectin PEG- 
BHD1028

Adiponectin receptor agonist T2DM C57BLKS/J 
db/dB mice

① Daily administration

for 21 days (1–200 µg/
Kg SC); 

② Single injection (50–

200 µg/Kg SC) for
OGTT

↑Lipid metabolism and mitochondrial biogenesis 
↓Insulin resistance

[173]

Adiponectin JT003 Adiponectin receptor agonist NAFLD/NASH C57BL/6J 

mice

4 weeks ↓Mice weight, liver sizes and ALT 

↓Fasting blood glucose, fasting serum insulin levels 
and insulin resistance 

↓Lipid accumulation, steatosis 

↓Inflammation area

[174]

Adiponectin JT003 Adiponectin receptor agonist Liver fibrosis C57BL/6J 

mice

3 weeks ↓Inflammation, necrosis and fibrosis area 

↓The activation of HSC 

↓ER stress and mitochondrial dysfunction

[174]

Adiponectin AdipoRaMab Adiponectin receptor agonist NASH C57BL/6J 

Ham Slc-ob 

/ob mice

4 weeks ↓Insulin resistance 

↓Inflammation

[175]

FGF21 PF-05231023 FGF21 analogue Obesity Cynomolgus 

monkeys

4 weeks ↑Adiponectin levels 

↑HDL cholesterol levels 

↓Body weight and food intake 
↓TG, TC, and LDL

[176]

FGF21 PF-05231023 FGF21 analogue T2DM Human clinical 

trials

4 weeks ↑HDL cholesterol levels 

↓Triglycerides and VLDL cholesterol 
↓Weight

[176]

FGF21 pegbelfermin 

(BMS-986036)

FGF21 analogue NASH Human clinical 

trials

16 weeks ↑Adiponectin levels 

↑HDL-cholesterol levels 
↓LDL cholesterol levels and Fasting triglyceride 

levels  

↓ALT and AST 
↓Liver stiffness 

↓PRO-C3 levels

[177]

FGF21 pegozafermin FGF21 analogue Severe 
hypertriglyceridemia

Human clinical 
trials

8 weeks ↑HDL-C levels (significant in the 27 mg QW 
group) 

↓Non-HDL-C, ApoB and ApoC3 levels 

↓Liver steatosis 
↓ALT and AST (significant in the 27 mg QW group) 

↓hs-CRP

[100]
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FGF21 pegozafermin FGF21 analogue NASH Human clinical 
trials

24 weeks ↑Adiponectin levels 
↑HDL-cholesterol levels 

↓Triglycerides 

↓Liver fat content, liver enzymes, iron-corrected 
T1, liver stiffness, Pro-C3, liver volume, and spleen 

volume

[178]

FGF21 Efruxifermin FGF21 analogue MASH Human clinical 
trials

96 weeks ↑MASH remission 
↓Liver fibrosis

[179]

FGF21 Efimosfermin 

alfa 
(BOS-580)

FGF21 analogue MASH Human clinical 

trials

24 weeks ↑NAS 

↑HDL-cholesterol levels 
↓HFF 

↓Pro-C3 

↓ALT and AST 
↓TG 

↓HbA1c (In diabetic participants)

[180]

FGF21 BFKB8488A Bispecific anti-FGFR1/KLB 
agonist antibody

Obesity Cynomolgus 
monkeys

Single-dose 
administration

↑HMW adiponectin levels↑Spry4/Dusp4 
expression 

↓Weight,fat mass and food intake

[181]

FGF21 BFKB8488A Bispecific FGFR1c/β-Klotho 
agonist antibody

Overweight/obesity Human clinical 
trials

Single-dose 
administration

↑Adiponectin levels 
↑HDL-cholesterol levels 

↓weight (transient) 

↓TG and LDL-C 
↓Fasting insulin 

↓Sweet preference and carbohydrate intake 

Improved obesity-related metabolic dysfunction

[181]

FGF21 MK-3655 β-Klotho/FGFR1c receptor- 

complex agonist monoclonal 

antibody

Pre-cirrhotic MASH Human clinical 

trials

52 weeks ↑MASH resolution 

↓liver fat content 

↓Fibrosis improvement

[182]

Chemerin α-NETA CMKLR1 small molecule 

antagonist

Diabetic 

nephropathy

C57BL/6J 

mice

4 weeks ↑Creatinine clearance 

↓Fasting blood glucose, serum creatinine, urinary 

total protein and urinary albumin 
↓Glomerulosclerosis and renal inflammation

[185]

Notes: “↑” indicates increased levels and “↓” indicates decreased levels.
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Overall, adipokines show some therapeutic potential, but the evidence is primarily focused on atherosclerosis, STEMI, HF, 
and metabolic diseases; research on cerebrovascular conditions remains limited. Future research should involve large-scale, 
long-term follow-up studies with a clear focus on clinical outcomes to evaluate benefits, safety, and the appropriate patient 
population, thereby facilitating the transition from mechanistic targets to verifiable treatment strategies.

Conclusion and Prospects
Adipokines may serve as important regulatory mediators linking MS with cardiovascular and cerebrovascular diseases. 
Their dysregulation may contribute to disease onset and progression through multiple pathways, including metabolic 
disturbances, chronic inflammation, endothelial dysfunction, and oxidative stress. Different adipokines may exert 
protective, pro-inflammatory, or context-dependent effects, highlighting the complexity and heterogeneity of their 
regulatory networks. Current evidence has provided an important basis for understanding the roles of adipokines in 
MS and related cardiovascular and cerebrovascular diseases; however, much of the available evidence is still derived 
from basic research, animal studies, and observational investigations. The bidirectional effects and causal relationships of 
certain adipokines remain incompletely understood, while evidence regarding long-term clinical outcomes and the safety 
of adipokine-targeted interventions is still limited.

Future research should focus on several key areas: (1) conducting large-scale, multicenter prospective studies with 
long-term follow-up and randomized controlled trials to clarify the causal relationships between adipokines and 
cardiovascular and cerebrovascular outcomes and to assess their predictive value; (2) integrating multi-omics approaches 
and single-cell technologies to further elucidate adipokine regulatory networks and their differential effects across 
distinct metabolic states; (3) establishing standardized detection methods and evaluation frameworks, together with 
stratified analyses according to sex, age, metabolic phenotype, and disease stage; and (4) exploring precision intervention 
strategies targeting protective and pro-inflammatory adipokines after rigorous evaluation of their efficacy and safety. 
Overall, adipokines show promise as potential biomarkers and therapeutic targets for MS and its cardiovascular and 
cerebrovascular complications; however, their clinical application will require more rigorous mechanistic investigation 
and validation through high-quality clinical evidence.

Abbreviations
MS, Metabolic syndrome; IL-6, Interleukin-6; IL-8, Interleukin-8; IL-10, Interleukin-10; IL-1β, Interleukin-1β; TGF-β, 
Transforming growth factor-beta; TNF-α, Tumor necrosis factor-α; ROS, Reactive oxygen species; TG, Triglycerides; TC, 
Total cholesterol; LDL, Low-density lipoprotein; VLDL, Very low-density lipoprotein; HDL, High-density lipoprotein; RAAS, 
Renin-angiotensin-aldosterone system; NAMPT, Nicotinamide phosphoribosyltransferase; NMN, Nicotinamide mononucleo
tide; NF-κB, Nuclear factor kappa-light-chain-enhancer of activated B cells; MAPK, Mitogen-activated protein kinase; oxLDL, 
Oxidized low-density lipoprotein; NO, Nitric oxide; AMI, Acute myocardial infarction; HF, Heart failure; HFpEF, Heart failure 
with preserved ejection fraction; HFrEF, Heart failure with reduced ejection fraction; VCI, Vascular cognitive impairment; 
MCI, Mild cognitive impairment; CRP, C-reactive protein; ONOO−, Peroxynitrite; eNOS, Endothelial nitric oxide synthase; 
NOX, NADPH oxidase; FGFR1, Fibroblast growth factor receptor 1; FGF21, Fibroblast growth factor 21; ALT, Alanine 
aminotransferase; AST, Aspartate aminotransferase; PRO-C3, Procollagen III N-terminal peptide; HMW, High-molecular- 
weight; MASH, Metabolic dysfunction-associated steatohepatitis; NASH, Non-alcoholic steatohepatitis; BNP, B-type natriure
tic peptide; HOMA-IR, Homeostasis model assessment of insulin resistance.

Data Sharing Statement
No datasets were generated or analysed during the current study.

Acknowledgments
We are grateful to Bio Render for supplying the drawing platform.

https://doi.org/10.2147/DMSO.S627279                                                                                                                              Diabetes, Metabolic Syndrome and Obesity 2026:19 20

Wu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Author Contributions
Yue Wu: Conceptualization, Methodology, Writing - original draft. Jialin Zhong: Conceptualization, Methodology, Writing - 
original draft. Xiaodan Yan: Validation, Writing – review and editing. Lin Jin: Visualization, Writing - review and editing. 
Yunjiao Yang: Visualization, Writing - review and editing. Qiu Chen: Conceptualization, Methodology, Project administra
tion, Supervision, Writing-review and editing. All authors gave final approval of the version to be published; have agreed on 
the journal to which the article has been submitted; and agree to be accountable for all aspects of the work.

Funding
The correct funding statement should read: “This work was supported by the Noncommunicable Chronic Diseases– 
National Science and Technology Major Project [No. 2023ZD0509400]; the Chengdu Municipal 2025 Commission– 
University Joint Innovation Fund Project, “Research on the Development and Demonstration of a Comprehensive 
Prevention–Treatment–Management System Integrating Traditional Chinese and Western Medicine for Diabetes and 
Related Diseases” [No. WXLH202501043]; and the Special Project for Scientific and Technological Research of the 
Sichuan Provincial Administration of Traditional Chinese Medicine, “Clinical Efficacy of Qing Tou Huo Luo Decoction in 
the Treatment of Diabetic Peripheral Neuropathy Based on the Traditional Chinese Medicine Theory that ‘Heat and Micro- 
Stimulation Cause Itching’” [No. 26MSZX105].

Disclosure
The authors report no conflicts of interest in this work.

References
1. Neeland IJ, Lim S, Tchernof A, et al. Metabolic syndrome. Nat Rev Disease Primers. 2024;10(1):77. doi:10.1038/s41572-024-00563-5
2. Noubiap JJ, Nansseu JR, Nyaga UF, et al. Worldwide trends in metabolic syndrome from 2000 to 2023: a systematic review and modelling 

analysis. Nat Commun. 2025;17(1):573. doi:10.1038/s41467-025-67268-5
3. Shin JA, Lee JH, Lim SY, et al. Metabolic syndrome as a predictor of type 2 diabetes, and its clinical interpretations and usefulness. J Diabetes 

Investig. 2013;4(4):334–343. doi:10.1111/jdi.12075
4. Mottillo S, Filion KB, Genest J, et al. The metabolic syndrome and cardiovascular risk a systematic review and meta-analysis. J Am Coll 

Cardiol. 2010;56(14):1113–1132. doi:10.1016/j.jacc.2010.05.034
5. Arenillas JF, Moro MA, Dávalos A. The metabolic syndrome and stroke: potential treatment approaches. Stroke. 2007;38(7):2196–2203. 

doi:10.1161/strokeaha.106.480004
6. Qiu SD, Zhang DD, Ma LY, et al. Associations of metabolic syndrome with risks of dementia and cognitive impairment: a systematic review 

and meta-analysis. J Alzheimers Disease. 2025;105(1):15–27. doi:10.1177/13872877251326553
7. Ouchi N, Parker JL, Lugus JJ, Walsh K. Adipokines in inflammation and metabolic disease. Nat Rev Immunol. 2011;11(2):85–97. doi:10.1038/nri2921
8. Reilly MP, Lehrke M, Wolfe ML, Rohatgi A, Lazar MA, Rader DJ. Resistin is an inflammatory marker of atherosclerosis in humans. 

Circulation. 2005;111(7):932–939. doi:10.1161/01.Cir.0000155620.10387.43
9. Korda M, Kubant R, Patton S, Malinski T. Leptin-induced endothelial dysfunction in obesity. Am J Physiol Heart Circulatory Physiol. 2008;295 

(4):H1514–21. doi:10.1152/ajpheart.00479.2008
10. Kandasamy AD, Sung MM, Boisvenue JJ, Barr AJ, Dyck JR. Adiponectin gene therapy ameliorates high-fat, high-sucrose diet-induced 

metabolic perturbations in mice. Nutr Diabetes. 2012;2(9):e45. doi:10.1038/nutd.2012.18
11. Gaich G, Chien JY, Fu H, et al. The effects of LY2405319, an FGF21 analog, in obese human subjects with type 2 diabetes. Cell Metab. 

2013;18(3):333–340. doi:10.1016/j.cmet.2013.08.005
12. Jialal I, Devaraj S, Kaur H, Adams-Huet B, Bremer AA. Increased chemerin and decreased omentin-1 in both adipose tissue and plasma in 

nascent metabolic syndrome. J Clin Endocr Metab. 2013;98(3):E514–7. doi:10.1210/jc.2012-3673
13. Elmaleh-Sachs A, Schwartz JL, Bramante CT, Nicklas JM, Gudzune KA, Jay M. Obesity Management in adults: a review. JAMA. 2023;330 

(20):2000–2015. doi:10.1001/jama.2023.19897
14. Sun L, Yang X, Li Q, et al. Activation of adiponectin receptor regulates Proprotein Convertase Subtilisin/Kexin type 9 expression and inhibits 

lesions in ApoE-Deficient mice. Arterioscler Thromb Vasc Biol. 2017;37(7):1290–1300. doi:10.1161/atvbaha.117.309630
15. Maeng HJ, Lee GY, Bae JH, Lim S. Effect of fibroblast growth factor 21 on the development of atheromatous plaque and lipid metabolic 

profiles in an atherosclerosis-prone mouse model. Int J Mol Sci. 2020;21(18):6836. doi:10.3390/ijms21186836
16. Ridker PM, Devalaraja M, Baeres FMM, et al. IL-6 inhibition with ziltivekimab in patients at high atherosclerotic risk (rescue): a double-blind, 

randomised, placebo-controlled, phase 2 trial. Lancet. 2021;397(10289):2060–2069. doi:10.1016/s0140-6736(21)00520-1
17. Ridker PM, Everett BM, Thuren T, et al. Antiinflammatory therapy with Canakinumab for atherosclerotic disease. N Engl J Med. 2017;377 

(12):1119–1131. doi:10.1056/NEJMoa1707914
18. Cai M, Zhao D, Han X, et al. The role of perivascular adipose tissue-secreted adipocytokines in cardiovascular disease. Front Immunol. 

2023;14:1271051. doi:10.3389/fimmu.2023.1271051
19. Kong Y, Wang N, Tong Z, et al. Role of complement factor D in cardiovascular and metabolic diseases. Front Immunol. 2024;15:1453030. 

doi:10.3389/fimmu.2024.1453030

Diabetes, Metabolic Syndrome and Obesity 2026:19                                                                          https://doi.org/10.2147/DMSO.S627279                                                                                                                                                                                                                                                                                                                                                                                                      21

Wu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1038/s41572-024-00563-5
https://doi.org/10.1038/s41467-025-67268-5
https://doi.org/10.1111/jdi.12075
https://doi.org/10.1016/j.jacc.2010.05.034
https://doi.org/10.1161/strokeaha.106.480004
https://doi.org/10.1177/13872877251326553
https://doi.org/10.1038/nri2921
https://doi.org/10.1161/01.Cir.0000155620.10387.43
https://doi.org/10.1152/ajpheart.00479.2008
https://doi.org/10.1038/nutd.2012.18
https://doi.org/10.1016/j.cmet.2013.08.005
https://doi.org/10.1210/jc.2012-3673
https://doi.org/10.1001/jama.2023.19897
https://doi.org/10.1161/atvbaha.117.309630
https://doi.org/10.3390/ijms21186836
https://doi.org/10.1016/s0140-6736(21)00520-1
https://doi.org/10.1056/NEJMoa1707914
https://doi.org/10.3389/fimmu.2023.1271051
https://doi.org/10.3389/fimmu.2024.1453030


20. Romacho T, Azcutia V, Vázquez-Bella M, et al. Extracellular PBEF/NAMPT/visfatin activates pro-inflammatory signalling in human vascular smooth 
muscle cells through nicotinamide phosphoribosyltransferase activity. Diabetologia. 2009;52(11):2455–2463. doi:10.1007/s00125-009-1509-2

21. Lin YC, Wu HC, Liao CC, Chou YC, Pan SF, Chiu CM. Secretion of one adipokine Nampt/visfatin suppresses the inflammatory stress-induced 
NF-κB activity and affects Nampt-dependent cell viability in huh-7 cells. Mediators Inflamm. 2015;2015:392471. doi:10.1155/2015/392471

22. Hu E, Liang P, Spiegelman BM. AdipoQ is a novel adipose-specific gene dysregulated in obesity. J Biol Chem. 1996;271(18):10697–10703.
doi:10.1074/jbc.271.18.10697

23. Yamauchi T, Kamon J, Ito Y, et al. Cloning of adiponectin receptors that mediate antidiabetic metabolic effects. Nature. 2003;423 
(6941):762–769. doi:10.1038/nature01705

24. Hug C, Wang J, Ahmad NS, Bogan JS, Tsao TS, Lodish HF. T-cadherin is a receptor for hexameric and high-molecular-weight forms of
Acrp30/adiponectin. Proc Natl Acad Sci USA. 2004;101(28):10308–10313. doi:10.1073/pnas.0403382101

25. Han Y, Sun Q, Chen W, et al. New advances of adiponectin in regulating obesity and related metabolic syndromes. J Pharm Anal. 2024;14 
(5):100913. doi:10.1016/j.jpha.2023.12.003

26. Lindberg S, Jensen JS, Bjerre M, et al. Low adiponectin levels at baseline and decreasing adiponectin levels over 10 years of follow-up predict
risk of the metabolic syndrome. Diabetes Metab. 2017;43(2):134–139. doi:10.1016/j.diabet.2016.07.027

27. Ruan H, Dong LQ. Adiponectin signaling and function in insulin target tissues. J Mol Cell Biol. 2016;8(2):101–109. doi:10.1093/jmcb/mjw014
28. Choi HM, Doss HM, Kim KS. Multifaceted physiological roles of adiponectin in inflammation and diseases. Int J Mol Sci. 2020;21(4):1219.

doi:10.3390/ijms21041219
29. Maeda N, Shimomura I, Kishida K, et al. Diet-induced insulin resistance in mice lacking adiponectin/ACRP30. Nat Med. 2002;8(7):731–737.

doi:10.1038/nm724
30. Castañé H, Jiménez-Franco A, Onoiu AI, et al. Dysregulation of the FGF21-adiponectin axis in a large cohort of patients with severe obesity

and liver disease. Int J Mol Sci. 2025;26(17):8510. doi:10.3390/ijms26178510
31. Li S, Shin HJ, Ding EL, van Dam RM. Adiponectin levels and risk of type 2 diabetes: a systematic review and meta-analysis. JAMA. 2009;302 

(2):179–188. doi:10.1001/jama.2009.976
32. Nishimura T, Nakatake Y, Konishi M, Itoh N. Identification of a novel FGF, FGF-21, preferentially expressed in the liver. Biochim Biophys

Acta. 2000;1492(1):203–206. doi:10.1016/s0167-4781(00)00067-1
33. Staiger H, Keuper M, Berti L, Hrabe de Angelis M, Häring HU. Fibroblast growth factor 21-metabolic role in mice and men. Endocr Rev. 

2017;38(5):468–488. doi:10.1210/er.2017-00016
34. Jung Y-E, Lee KW, Cho JH, et al. Heating-mediated purification of active FGF21 and structure-based design of its variant with enhanced

potency. Sci Rep. 2023;13(1):1005. doi:10.1038/s41598-023-27717-x
35. Li S, Zou T, Chen J, Li J, You J. Fibroblast growth factor 21: an emerging pleiotropic regulator of lipid metabolism and the metabolic network.

Genes Dis. 2024;11(3):101064. doi:10.1016/j.gendis.2023.06.033
36. Cheng STW, Li SYT, Leung PS. Fibroblast growth factor 21 stimulates pancreatic islet autophagy via inhibition of AMPK-mTOR signaling.

Int J Mol Sci. 2019;20(10):2517. doi:10.3390/ijms20102517
37. Prida E, Álvarez-Delgado S, Pérez-Lois R, et al. Liver brain interactions: focus on FGF21 a systematic review. Int J Mol Sci. 2022;23 

(21):13318. doi:10.3390/ijms232113318
38. Kaufman A, Abuqayyas L, Denney WS, Tillman EJ, Rolph T. AKR-001, an Fc-FGF21 analog, showed sustained pharmacodynamic effects on

insulin sensitivity and lipid metabolism in type 2 diabetes patients. Cell Rep Med. 2020;1(4):100057. doi:10.1016/j.xcrm.2020.100057
39. Liu J, Yang K, Yang J, et al. Liver-derived fibroblast growth factor 21 mediates effects of glucagon-like peptide-1 in attenuating hepatic glucose

output. EBioMedicine. 2019;41:73–84. doi:10.1016/j.ebiom.2019.02.037
40. Ong KL, McClelland RL, Allison MA, et al. Association of elevated circulating fibroblast growth factor 21 levels with prevalent and incident 

metabolic syndrome: the multi-ethnic study of atherosclerosis. Atherosclerosis. 2019;281:200–206. doi:10.1016/j.atherosclerosis.2018.10.011
41. Yang R-Z, Lee M-J, Hu H, et al. Identification of omentin as a novel depot-specific adipokine in human adipose tissue: possible role in 

modulating insulin action. Am J Physiol Endocrinol Metab. 2006;290(6):E1253–E1261. doi:10.1152/ajpendo.00572.2004
42. Antonio de Luis D, Izaola O, Primo D, Aller R. Modifications of serum levels of omentin-1 and other cardiovascular risk factors following

weight loss secondary to a Mediterranean hypocaloric diet. Clin Nutr. 2018;37(6, Part A):2280–2283. doi:10.1016/j.clnu.2017.11.009
43. Sena CM. Omentin: a key player in glucose homeostasis, Atheroprotection, and anti-inflammatory potential for cardiovascular health in obesity

and diabetes. Biomedicines. 2024;12(2):284. doi:10.3390/biomedicines12020284
44. Ratter-Rieck JM, Zepina A, Niersmann C, et al. Omentin increases glucose uptake, but not insulin sensitivity in human myotubes dependent on 

Extracellular Lactotransferrin. Obes Facts. 2025;18(2):121–129. doi:10.1159/000541915
45. Castro CAD, Silva KAD, Rocha MC, et al. Exercise and Omentin: their role in the Crosstalk between muscle and adipose tissues in type 2 

diabetes mellitus Rat models. Front Physiol. 2019;9. doi:10.3389/fphys.2018.01881
46. Pan HY, Guo L, Li Q. Changes of serum omentin-1 levels in normal subjects and in patients with impaired glucose regulation and with newly 

diagnosed and untreated type 2 diabetes. Diabetes Res Clin Pr. 2010;88(1):29–33. doi:10.1016/j.diabres.2010.01.013
47. Steppan CM, Lazar MA. Resistin and obesity-associated insulin resistance. Trends Endocrinol Metab. 2002;13(1):18–23. doi:10.1016/s1043-

2760(01)00522-7
48. Filková M, Haluzík M, Gay S, Senolt L. The role of resistin as a regulator of inflammation: implications for various human pathologies. Clin 

Immunol. 2009;133(2):157–170. doi:10.1016/j.clim.2009.07.013
49. Wassink AM, Olijhoek JK, Visseren FL. The metabolic syndrome: metabolic changes with vascular consequences. Eur J Clin Investigation. 

2007;37(1):8–17. doi:10.1111/j.1365-2362.2007.01755.x
50. Park HK, Ahima RS. Resistin in rodents and humans. Diabetes Metab J. 2013;37(6):404–414. doi:10.4093/dmj.2013.37.6.404
51. Rea R, Donnelly R. Resistin: an adipocyte-derived hormone. Has it a role in diabetes and obesity? Diabetes Obes Metab. 2004;6(3):163–170.

doi:10.1111/j.1462-8902.2004.00334.x
52. Benomar Y, Taouis M. Molecular mechanisms underlying obesity-induced hypothalamic inflammation and insulin resistance: pivotal role of 

resistin/TLR4 pathways. Front Endocrinol. 2019;10:140. doi:10.3389/fendo.2019.00140

https://doi.org/10.2147/DMSO.S627279                                                                                                                              Diabetes, Metabolic Syndrome and Obesity 2026:19 22

Wu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1007/s00125-009-1509-2
https://doi.org/10.1155/2015/392471
https://doi.org/10.1074/jbc.271.18.10697
https://doi.org/10.1038/nature01705
https://doi.org/10.1073/pnas.0403382101
https://doi.org/10.1016/j.jpha.2023.12.003
https://doi.org/10.1016/j.diabet.2016.07.027
https://doi.org/10.1093/jmcb/mjw014
https://doi.org/10.3390/ijms21041219
https://doi.org/10.1038/nm724
https://doi.org/10.3390/ijms26178510
https://doi.org/10.1001/jama.2009.976
https://doi.org/10.1016/s0167-4781(00)00067-1
https://doi.org/10.1210/er.2017-00016
https://doi.org/10.1038/s41598-023-27717-x
https://doi.org/10.1016/j.gendis.2023.06.033
https://doi.org/10.3390/ijms20102517
https://doi.org/10.3390/ijms232113318
https://doi.org/10.1016/j.xcrm.2020.100057
https://doi.org/10.1016/j.ebiom.2019.02.037
https://doi.org/10.1016/j.atherosclerosis.2018.10.011
https://doi.org/10.1152/ajpendo.00572.2004
https://doi.org/10.1016/j.clnu.2017.11.009
https://doi.org/10.3390/biomedicines12020284
https://doi.org/10.1159/000541915
https://doi.org/10.3389/fphys.2018.01881
https://doi.org/10.1016/j.diabres.2010.01.013
https://doi.org/10.1016/s1043-2760(01)00522-7
https://doi.org/10.1016/s1043-2760(01)00522-7
https://doi.org/10.1016/j.clim.2009.07.013
https://doi.org/10.1111/j.1365-2362.2007.01755.x
https://doi.org/10.4093/dmj.2013.37.6.404
https://doi.org/10.1111/j.1462-8902.2004.00334.x
https://doi.org/10.3389/fendo.2019.00140


53. Lee JH, Chan JL, Yiannakouris N, et al. Circulating resistin levels are not associated with obesity or insulin resistance in humans and are not 
regulated by fasting or leptin administration: cross-sectional and interventional studies in normal, insulin-resistant, and diabetic subjects. J Clin 
Endocr Metab. 2003;88(10):4848–4856. doi:10.1210/jc.2003-030519

54. Rawal K, Purohit KM, Patel TP, Karont N, Gupta S. Resistin mitigates stemness and metabolic profile of human adipose-derived mesenchymal 
stem cells via insulin resistance. Cytokine. 2021;138:155374. doi:10.1016/j.cyto.2020.155374

55. Ding L, Ren JY, Huang YF, et al. Resistin upregulates fatty acid oxidation in synoviocytes of metabolic syndrome-associated knee osteoarthritis 
via CAP1/PKA/CREB to promote inflammation and catabolism. Arthritis Res Ther. 2025;27(1):99. doi:10.1186/s13075-025-03527-6

56. Münzberg H, Morrison CD. Structure, production and signaling of leptin. Metabolism. 2015;64(1):13–23. doi:10.1016/j.metabol.2014.09.010
57. Scheja L, Heeren J. The endocrine function of adipose tissues in health and cardiometabolic disease. Nat Rev Endocrinol. 2019;15(9):507–524. 

doi:10.1038/s41574-019-0230-6
58. Considine RV, Sinha MK, Heiman ML, et al. Serum immunoreactive-leptin concentrations in normal-weight and obese humans. NEJM Evid. 

1996;334(5):292–295. doi:10.1056/nejm199602013340503
59. Belhayara MI, Mellouk Z, Hamdaoui MS, Bachaoui M, Kheroua O, Malaisse WJ. Relationship between the insulin resistance and circulating 

predictive biochemical markers in metabolic syndrome among young adults in western Algeria. Diabetes Metabolic Syndr. 2019;13(1):504–509. 
doi:10.1016/j.dsx.2018.11.019

60. Alzamil H, Aldokhi L. Triglycerides and leptin soluble receptor: which one is the target to protect β-cells in patients with type 2 diabetes? Front 
Endocrinol. 2023;14:1077678. doi:10.3389/fendo.2023.1077678

61. Myers MG, Leibel RL, Seeley RJ, Schwartz MW. Obesity and leptin resistance: distinguishing cause from effect. Trends Endocrinol Metab. 
2010;21(11):643–651. doi:10.1016/j.tem.2010.08.002

62. Gruzdeva O, Borodkina D, Uchasova E, Dyleva Y, Barbarash O. Leptin resistance: underlying mechanisms and diagnosis. Diabetes Metab 
Syndr Obes. 2019;12:191–198. doi:10.2147/dmso.S182406

63. Koh KK, Han SH, Quon MJ. Inflammatory markers and the metabolic syndrome: insights from therapeutic interventions. J Am Coll Cardiol. 
2005;46(11):1978–1985. doi:10.1016/j.jacc.2005.06.082

64. Hotamisligil GS, Shargill NS, Spiegelman BM. Adipose expression of tumor necrosis factor-alpha: direct role in obesity-linked insulin 
resistance. Science. 1993;259(5091):87–91. doi:10.1126/science.7678183

65. Uysal KT, Wiesbrock SM, Marino MW, Hotamisligil GS. Protection from obesity-induced insulin resistance in mice lacking TNF-alpha 
function. Nature. 1997;389(6651):610–614. doi:10.1038/39335

66. Xu S, Deng KQ, Lu C, et al. Interleukin-6 classic and trans-signaling utilize glucose metabolism reprogramming to achieve anti- or 
pro-inflammatory effects. Metabolism. 2024;155:155832. doi:10.1016/j.metabol.2024.155832

67. Xu E, Pereira MMA, Karakasilioti I, et al. Temporal and tissue-specific requirements for T-lymphocyte IL-6 signalling in obesity-associated 
inflammation and insulin resistance. Nat Commun. 2017;8:14803. doi:10.1038/ncomms14803

68. Dos Passos RR, Santos CV, Priviero F, et al. Immunomodulatory activity of cytokines in hypertension: a vascular Perspective. Hypertension. 
2024;81(7):1411–1423. doi:10.1161/hypertensionaha.124.21712

69. Esser N, Legrand-Poels S, Piette J, Scheen AJ, Paquot N. Inflammation as a link between obesity, metabolic syndrome and type 2 diabetes. 
Diabetes Res Clin Pr. 2014;105(2):141–150. doi:10.1016/j.diabres.2014.04.006

70. Hardaway AL, Podgorski I. IL-1β, rage and FABP4: targeting the dynamic trio in metabolic inflammation and related pathologies. Future Med 
Chem. 2013;5(10):1089–1108. doi:10.4155/fmc.13.90

71. Gao D, Madi M, Ding C, et al. Interleukin-1β mediates macrophage-induced impairment of insulin signaling in human primary adipocytes. Am 
J Physiol Endocrinol Metab. 2014;307(3):E289–304. doi:10.1152/ajpendo.00430.2013

72. Pan J, Li Q, Sun Y, et al. Increased serum adipsin correlates with MAFLD and metabolic risk abnormalities. Diabetes Metab Syndr Obes. 
2023;16:187–200. doi:10.2147/dmso.S396335

73. Milek M, Moulla Y, Kern M, et al. Adipsin serum concentrations and adipose tissue expression in people with obesity and type 2 diabetes. 
Int J Mol Sci. 2022;23(4). doi:10.3390/ijms23042222

74. Cai M, Jiang X, Xu X, et al. Integrating adipsin with novel cardiometabolic and inflammatory indices for enhanced early prediction of 
gestational diabetes mellitus: a prospective cohort study. Cardiovasc Diabetol. 2025;24(1):189. doi:10.1186/s12933-025-02744-2

75. Gómez-Banoy N, Guseh JS, Li G, et al. Adipsin preserves beta cells in diabetic mice and associates with protection from type 2 diabetes in 
humans. Nat Med. 2019;25(11):1739–1747. doi:10.1038/s41591-019-0610-4

76. Guo D, Liu J, Zhang P, et al. Adiposity measurements and metabolic syndrome are linked through circulating neuregulin 4 and adipsin levels in 
obese adults. Front Physiol. 2021;12:667330. doi:10.3389/fphys.2021.667330

77. Dahl TB, Holm S, Aukrust P, Halvorsen B. Visfatin/NAMPT: a multifaceted molecule with diverse roles in physiology and pathophysiology. 
Annu Rev Nutr. 2012;32:229–243. doi:10.1146/annurev-nutr-071811-150746

78. Garten A, Schuster S, Penke M, Gorski T, de Giorgis T, Kiess W. Physiological and pathophysiological roles of NAMPT and NAD metabolism. 
Nat Rev Endocrinol. 2015;11(9):535–546. doi:10.1038/nrendo.2015.117

79. Yoshino J, Mills KF, Yoon MJ, Imai S. Nicotinamide mononucleotide, a key NAD(+) intermediate, treats the pathophysiology of diet- and 
age-induced diabetes in mice. Cell MetabCell Metab. 2011;14(4):528–536. doi:10.1016/j.cmet.2011.08.014

80. Curat CA, Wegner V, Sengenès C, et al. Macrophages in human visceral adipose tissue: increased accumulation in obesity and a source of 
resistin and visfatin. Diabetologia. 2006;49(4):744–747. doi:10.1007/s00125-006-0173-z

81. Haider DG, Schaller G, Kapiotis S, Maier C, Luger A, Wolzt M. The release of the adipocytokine visfatin is regulated by glucose and insulin. 
Diabetologia. 2006;49(8):1909–1914. doi:10.1007/s00125-006-0303-7

82. Haider DG, Schindler K, Schaller G, Prager G, Wolzt M, Ludvik B. Increased plasma visfatin concentrations in morbidly obese subjects are 
reduced after gastric banding. J Clin Endocr Metab. 2006;91(4):1578–1581. doi:10.1210/jc.2005-2248

83. Manickam R, Tur J, Badole SL, et al. Nampt activator P7C3 ameliorates diabetes and improves skeletal muscle function modulating cell 
metabolism and lipid mediators. J Cachexia Sarcopenia Muscle. 2022;13(2):1177–1196. doi:10.1002/jcsm.12887

84. Sandeep S, Velmurugan K, Deepa R, Mohan V. Serum visfatin in relation to visceral fat, obesity, and type 2 diabetes mellitus in Asian Indians. 
Metabolism. 2007;56(4):565–570. doi:10.1016/j.metabol.2006.12.005

Diabetes, Metabolic Syndrome and Obesity 2026:19                                                                          https://doi.org/10.2147/DMSO.S627279                                                                                                                                                                                                                                                                                                                                                                                                      23

Wu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1210/jc.2003-030519
https://doi.org/10.1016/j.cyto.2020.155374
https://doi.org/10.1186/s13075-025-03527-6
https://doi.org/10.1016/j.metabol.2014.09.010
https://doi.org/10.1038/s41574-019-0230-6
https://doi.org/10.1056/nejm199602013340503
https://doi.org/10.1016/j.dsx.2018.11.019
https://doi.org/10.3389/fendo.2023.1077678
https://doi.org/10.1016/j.tem.2010.08.002
https://doi.org/10.2147/dmso.S182406
https://doi.org/10.1016/j.jacc.2005.06.082
https://doi.org/10.1126/science.7678183
https://doi.org/10.1038/39335
https://doi.org/10.1016/j.metabol.2024.155832
https://doi.org/10.1038/ncomms14803
https://doi.org/10.1161/hypertensionaha.124.21712
https://doi.org/10.1016/j.diabres.2014.04.006
https://doi.org/10.4155/fmc.13.90
https://doi.org/10.1152/ajpendo.00430.2013
https://doi.org/10.2147/dmso.S396335
https://doi.org/10.3390/ijms23042222
https://doi.org/10.1186/s12933-025-02744-2
https://doi.org/10.1038/s41591-019-0610-4
https://doi.org/10.3389/fphys.2021.667330
https://doi.org/10.1146/annurev-nutr-071811-150746
https://doi.org/10.1038/nrendo.2015.117
https://doi.org/10.1016/j.cmet.2011.08.014
https://doi.org/10.1007/s00125-006-0173-z
https://doi.org/10.1007/s00125-006-0303-7
https://doi.org/10.1210/jc.2005-2248
https://doi.org/10.1002/jcsm.12887
https://doi.org/10.1016/j.metabol.2006.12.005


85. Pagano C, Pilon C, Olivieri M, et al. Reduced plasma visfatin/pre-B cell colony-enhancing factor in obesity is not related to insulin resistance in 
humans. J Clin Endocr Metab. 2006;91(8):3165–3170. doi:10.1210/jc.2006-0361

86. Helfer G, Wu QF. Chemerin: a multifaceted adipokine involved in metabolic disorders. J Endocrinol. 2018;238(2):R79–r94. doi:10.1530/joe-
18-0174

87. Kennedy AJ, Davenport AP. International Union of basic and clinical pharmacology CIII: chemerin receptors CMKLR1 (Chemerin(1)) and
GPR1 (Chemerin(2)) nomenclature, pharmacology, and function. Pharmacol Rev. 2018;70(1):174–196. doi:10.1124/pr.116.013177

88. Schioppa T, Sozio F, Barbazza I, et al. Molecular basis for CCRL2 regulation of leukocyte migration. Front Cell Dev Biol. 2020;8:615031. 
doi:10.3389/fcell.2020.615031

89. Sato K, Yoshizawa H, Seki T, et al. Chemerin-9, a potent agonist of chemerin receptor (ChemR23), prevents atherogenesis. Clin Sci. 2019;133 
(16):1779–1796. doi:10.1042/cs20190336

90. Tan L, Lu X, Danser AHJ, Verdonk K. The role of chemerin in metabolic and cardiovascular disease: a literature review of its physiology and
pathology from a nutritional Perspective. Nutrients. 2023;15(13):2878. doi:10.3390/nu15132878

91. Ebert T, Gebhardt C, Scholz M, et al. Relationship between 12 Adipocytokines and distinct components of the metabolic syndrome. J Clin 
Endocr Metab. 2018;103(3):1015–1023. doi:10.1210/jc.2017-02085

92. Neves KB, Nguyen Dinh Cat A, Alves-Lopes R, et al. Chemerin receptor blockade improves vascular function in diabetic obese mice via 
redox-sensitive and Akt-dependent pathways. Am J Physiol Heart Circulatory Physiol. 2018;315(6):H1851–h1860. doi:10.1152/
ajpheart.00285.2018

93. Pelczyńska M, Mikulska AA, Czyżewska K, Bogdański P, Grzelak T. The association of serum circulating Neuropeptide Q and chemerin levels 
with cardiometabolic risk factors among patients with metabolic syndrome. Biomolecules. 2021;11(12):1863. doi:10.3390/biom11121863

94. Wang C, Li Z, Liu Y, Yuan L. Exosomes in atherosclerosis: performers, bystanders, biomarkers, and therapeutic targets. Theranostics. 2021;11 
(8):3996–4010. doi:10.7150/thno.56035

95. Cho Y, Lee SE, Lee HC, et al. Adipokine resistin is a key player to modulate monocytes, endothelial cells, and smooth muscle cells, leading to 
progression of atherosclerosis in rabbit carotid artery. J Am Coll Cardiol. 2011;57(1):99–109. doi:10.1016/j.jacc.2010.07.035

96. Raman P, Khanal S. Leptin in atherosclerosis: focus on macrophages, endothelial and smooth muscle cells. Int J Mol Sci. 2021;22(11):5446. 
doi:10.3390/ijms22115446

97. Zhao Y, Shao C, Zhou H, et al. Salvianolic acid B inhibits atherosclerosis and TNF-α-induced inflammation by regulating NF-κB/NLRP3
signaling pathway. Phytomedicine. 2023;119:155002. doi:10.1016/j.phymed.2023.155002

98. Huse C, Gregersen I, Holme FA, et al. Role of Interleukin-6 in Atherothrombosis and Myocardial infarction. Curr Atheroscler Rep. 2026;28 
(1):13. doi:10.1007/s11883-025-01387-8

99. Zusi C, Csermely A, Rinaldi E, et al. Crosstalk between genetic variability of adiponectin and leptin, glucose-insulin system and subclinical 
atherosclerosis in patients with newly diagnosed type 2 diabetes. The verona newly diagnosed type 2 diabetes study 14. Diabetes Obes Metab. 
2023;25(9):2650–2658. doi:10.1111/dom.15152

100. Bhatt DL, Bays HE, Miller M, et al. The FGF21 analog pegozafermin in severe hypertriglyceridemia: a randomized phase 2 trial. Nat Med. 
2023;29(7):1782–1792. doi:10.1038/s41591-023-02427-z

101. Vasamsetti SB, Natarajan N, Sadaf S, Florentin J, Dutta P. Regulation of cardiovascular health and disease by visceral adipose tissue-derived 
metabolic hormones. J Physiol. 2023;601(11):2099–2120. doi:10.1113/jp282728

102. Nardella E, Biscetti F, Rando MM, et al. Development of a biomarker panel for assessing cardiovascular risk in diabetic patients with chronic 
limb-threatening ischemia (CLTI): a prospective study. Cardiovasc Diabetol. 2023;22(1):136. doi:10.1186/s12933-023-01872-x

103. Duan Y, Zhang X, Zhang X, et al. Inhibition of macrophage-derived foam cells by Adipsin attenuates progression of atherosclerosis. Biochim 
Biophys Acta Mol Basis Dis. 2022;1868(12):166533. doi:10.1016/j.bbadis.2022.166533

104. Ohtsuki T, Satoh K, Shimizu T, et al. Identification of Adipsin as a novel prognostic biomarker in patients with coronary artery disease. J Am 
Heart Assoc. 2019;8(23):e013716. doi:10.1161/jaha.119.013716

105. Shi KL, Qian JY, Qi L, et al. Atorvastatin antagonizes the visfatin-induced expression of inflammatory mediators via the upregulation of NF-κB
activation in HCAECs. Oncol Lett. 2016;12(2):1438–1444. doi:10.3892/ol.2016.4796

106. Dong B, Ji W, Zhang Y. Elevated serum chemerin levels are associated with the presence of coronary artery disease in patients with metabolic
syndrome. Intern Med. 2011;50(10):1093–1097. doi:10.2169/internalmedicine.50.5025

107. Yan Q, Zhang Y, Hong J, et al. The association of serum chemerin level with risk of coronary artery disease in Chinese adults. Endocrine. 
2012;41(2):281–288. doi:10.1007/s12020-011-9550-6

108. Zheng W, Qi Q, Li J, He C, Fan H. Heart failure with preserved ejection fraction and obesity: emerging metabolic therapeutic strategies.
Diabetology Metabolic Syndr. 2025;17(1):336. doi:10.1186/s13098-025-01917-z

109. Frankel DS, Vasan RS, D’agostino RB, et al. Resistin, adiponectin, and risk of heart failure the Framingham offspring study. J Am Coll Cardiol. 
2009;53(9):754–762. doi:10.1016/j.jacc.2008.07.073

110. Mayer O, Bruthans J, Seidlerová J, et al. High leptin status indicates an increased risk of mortality and heart failure in stable coronary artery
disease. Nutr Metab Cardiovasc Dis. 2022;32(9):2137–2146. doi:10.1016/j.numecd.2022.06.006

111. Lin TL, Fan YH, Fan KS, Juan CK, Chen YJ, Wu CY. Cardiovascular disease risk in patients with psoriasis receiving biologics targeting TNF- 
α, IL-12/23, IL-17, and IL-23: a population-based retrospective cohort study. PLoS Med. 2025;22(4):e1004591. doi:10.1371/journal.
pmed.1004591

112. Luo Q, Zhang Q, Kong Y, Wang S, Wei Q. Heart failure, inflammation and exercise. Int J Biol Sci. 2025;21(8):3324–3350. doi:10.7150/
ijbs.109917

113. Alogna A, Koepp KE, Sabbah M, et al. Interleukin-6 in patients with heart failure and preserved ejection fraction. JACC Heart Fail. 2023;11 
(11):1549–1561. doi:10.1016/j.jchf.2023.06.031

114. Cho S, Dadson K, Sung HK, et al. Cardioprotection by the adiponectin receptor agonist ALY688 in a preclinical mouse model of heart failure
with reduced ejection fraction (HFrEF). Biomed Pharmacother. 2024;171:116119. doi:10.1016/j.biopha.2023.116119

115. Zhang K, Gan J, Wang B, et al. FGF21 protects against HFpEF by improving cardiac mitochondrial bioenergetics in mice. Nat Commun. 
2025;16(1):1661. doi:10.1038/s41467-025-56885-9

https://doi.org/10.2147/DMSO.S627279                                                                                                                              Diabetes, Metabolic Syndrome and Obesity 2026:19 24

Wu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1210/jc.2006-0361
https://doi.org/10.1530/joe-18-0174
https://doi.org/10.1530/joe-18-0174
https://doi.org/10.1124/pr.116.013177
https://doi.org/10.3389/fcell.2020.615031
https://doi.org/10.1042/cs20190336
https://doi.org/10.3390/nu15132878
https://doi.org/10.1210/jc.2017-02085
https://doi.org/10.1152/ajpheart.00285.2018
https://doi.org/10.1152/ajpheart.00285.2018
https://doi.org/10.3390/biom11121863
https://doi.org/10.7150/thno.56035
https://doi.org/10.1016/j.jacc.2010.07.035
https://doi.org/10.3390/ijms22115446
https://doi.org/10.1016/j.phymed.2023.155002
https://doi.org/10.1007/s11883-025-01387-8
https://doi.org/10.1111/dom.15152
https://doi.org/10.1038/s41591-023-02427-z
https://doi.org/10.1113/jp282728
https://doi.org/10.1186/s12933-023-01872-x
https://doi.org/10.1016/j.bbadis.2022.166533
https://doi.org/10.1161/jaha.119.013716
https://doi.org/10.3892/ol.2016.4796
https://doi.org/10.2169/internalmedicine.50.5025
https://doi.org/10.1007/s12020-011-9550-6
https://doi.org/10.1186/s13098-025-01917-z
https://doi.org/10.1016/j.jacc.2008.07.073
https://doi.org/10.1016/j.numecd.2022.06.006
https://doi.org/10.1371/journal.pmed.1004591
https://doi.org/10.1371/journal.pmed.1004591
https://doi.org/10.7150/ijbs.109917
https://doi.org/10.7150/ijbs.109917
https://doi.org/10.1016/j.jchf.2023.06.031
https://doi.org/10.1016/j.biopha.2023.116119
https://doi.org/10.1038/s41467-025-56885-9


116. Chen L, Zheng L, Qin Y, et al. FGF21-FGFR1 signaling protects against cardiac hypertrophy by regulating PINK1-mediated mitophagy 
pathway. J Adv Res. 2025;85:1009–1023. doi:10.1016/j.jare.2025.10.053

117. Wan S, Cui Z, Wu L, et al. Ginsenoside Rd promotes omentin secretion in adipose through TBK1-AMPK to improve mitochondrial biogenesis 
via WNT5A/Ca(2+) pathways in heart failure. Redox Biol. 2023;60:102610. doi:10.1016/j.redox.2023.102610

118. Narumi T, Watanabe T, Kadowaki S, et al. Impact of serum omentin-1 levels on cardiac prognosis in patients with heart failure. Cardiovasc 
Diabetol. 2014;13:84. doi:10.1186/1475-2840-13-84

119. Menzel J, di Giuseppe R, Biemann R, et al. Association between chemerin, omentin-1 and risk of heart failure in the population-based 
EPIC-Potsdam study. Sci Rep. 2017;7(1):14171. doi:10.1038/s41598-017-14518-2

120. Xie Y, Huang Y, Ling X, Qin H, Wang M, Luo B. Chemerin/CMKLR1 axis promotes inflammation and pyroptosis by activating NLRP3 
inflammasome in diabetic cardiomyopathy Rat. Front Physiol. 2020;11:381. doi:10.3389/fphys.2020.00381

121. Bârsan IC, Iluţ S, Tohănean N, Pop R, Vesa ŞC, Perju-Dumbravă L. Resistin and in-Hospital mortality in patients with acute ischemic stroke: 
a prospective study. J Clin Med. 2024;13(16):4889. doi:10.3390/jcm13164889

122. Rajpathak SN, Kaplan RC, Wassertheil-Smoller S, et al. Resistin, but not adiponectin and leptin, is associated with the risk of ischemic stroke 
among postmenopausal women: results from the women’s health initiative. Stroke. 2011;42(7):1813–1820. doi:10.1161/strokeaha.110.607853

123. Zhang F, Wang S, Signore AP, Chen J. Neuroprotective effects of leptin against ischemic injury induced by oxygen-glucose deprivation and 
transient cerebral ischemia. Stroke. 2007;38(8):2329–2336. doi:10.1161/strokeaha.107.482786

124. Băcilă CI, Vlădoiu MG, Văleanu M, Moga DF, Pumnea PM. The role of IL-6 and TNF-Alpha biomarkers in predicting disability outcomes in 
acute ischemic stroke patients. Life. 2025;15(1):47. doi:10.3390/life15010047

125. Gorgui J, Gasbarrino K, Georgakis MK, et al. Circulating adiponectin levels in relation to carotid atherosclerotic plaque presence, ischemic 
stroke risk, and mortality: a systematic review and meta-analyses. Metabolism. 2017;69:51–66. doi:10.1016/j.metabol.2017.01.002

126. Kanhai DA, Kranendonk ME, Uiterwaal CS, van der Graaf Y, Kappelle LJ, Visseren FL. Adiponectin and incident coronary heart disease and 
stroke. A systematic review and meta-analysis of prospective studies. Obes Rev. 2013;14(7):555–567. doi:10.1111/obr.12027

127. Wang Z, Li B, Wang Y, et al. The association between serum adiponectin and 3-month outcome after ischemic stroke. Cardiovasc Diabetol. 
2019;18(1):105. doi:10.1186/s12933-019-0908-z

128. Wang D, Liu F, Zhu L, et al. FGF21 alleviates neuroinflammation following ischemic stroke by modulating the temporal and spatial dynamics 
of microglia/macrophages. J Neuroinflammation. 2020;17(1):257. doi:10.1186/s12974-020-01921-2

129. Prugger C, Luc G, Haas B, et al. Adipocytokines and the risk of ischemic stroke: the prime study. Ann Neurol. 2012;71(4):478–486. 
doi:10.1002/ana.22669

130. Zhao Y, Liu XZ, Tian WW, Guan YF, Wang P, Miao CY. Extracellular visfatin has nicotinamide phosphoribosyltransferase enzymatic activity 
and is neuroprotective against ischemic injury. CNS Neurosci Ther. 2014;20(6):539–547. doi:10.1111/cns.12273

131. Deng Y, Duan R, Ding W, et al. Astrocyte-derived exosomal nicotinamide phosphoribosyltransferase (nampt) ameliorates ischemic stroke injury 
by targeting AMPK/mTOR signaling to induce autophagy. Cell Death Dis. 2022;13(12):1057. doi:10.1038/s41419-022-05454-9

132. Zhao D, Bi G, Feng J, Huang R, Chen X. Association of serum chemerin levels with acute ischemic stroke and carotid artery atherosclerosis in 
a Chinese population. Med Sci Monit. 2015;21:3121–3128. doi:10.12659/msm.895866

133. Wang L, Jia J, Hong Z, Zhang L, Zhang J. Effects of chemerin and homocysteine levels and their associations with occurrence and development 
of ischemic cerebrovascular disease. Lipids Health Dis. 2021;20(1):108. doi:10.1186/s12944-021-01524-7

134. Jia J, Wang L, Zhang L, et al. Analysis of the expression levels of chemerin, ox-LDL, MMP-9, and PAPP-A in ICVD patients and their 
relationship with the severity of neurological impairment. Brain Behav. 2022;12(7):e2613. doi:10.1002/brb3.2613

135. Liu L, Zhang J, Lu K, et al. ChemR23 signaling ameliorates brain injury via inhibiting NLRP3 inflammasome-mediated neuronal pyroptosis in 
ischemic stroke. J Transl Med. 2024;22(1):23. doi:10.1186/s12967-023-04813-0

136. Yang Y, Huang Y, Li J, et al. Chemerin 15 enhances microglial phagocytosis to attenuate cerebral ischemia-reperfusion injury through the 
ChemR23/p38 MAPK pathway. iScience. 2025;28(9):113396. doi:10.1016/j.isci.2025.113396

137. Iadecola C, Duering M, Hachinski V, et al. Vascular cognitive impairment and dementia: JACC Scientific expert panel. J Am Coll Cardiol. 
2019;73(25):3326–3344. doi:10.1016/j.jacc.2019.04.034

138. Tian Z, Ji X, Liu J. Neuroinflammation in vascular cognitive impairment and dementia: current evidence, advances, and Prospects. Int J Mol 
Sci. 2022;23(11):6224. doi:10.3390/ijms23116224

139. Mooldijk SS, Ikram MK, Ikram MA. Adiponectin, leptin, and resistin and the risk of dementia. J Gerontol Biol Sci Med Sci. 2022;77 
(6):1245–1249. doi:10.1093/gerona/glab267

140. Lee S, Byun MS, Yi D, et al. Plasma leptin and alzheimer protein pathologies among older adults. JAMA Netw Open. 2024;7(5):e249539. 
doi:10.1001/jamanetworkopen.2024.9539

141. Miao W, Jiang L, Xu F, et al. Adiponectin ameliorates hypoperfusive cognitive deficits by boosting a neuroprotective microglial response. Prog 
Neurobiol. 2021;205:102125. doi:10.1016/j.pneurobio.2021.102125

142. Rundek T, Tolea M, Ariko T, Fagerli EA, Camargo CJ. Vascular cognitive impairment (VCI). Neurotherapeutics. 2022;19(1):68–88. 
doi:10.1007/s13311-021-01170-y

143. Wang DX, Huang WT, Shi JF, et al. FGF21, a modulator of astrocyte reactivity, protects against ischemic brain injury through 
anti-inflammatory and neurotrophic pathways. Acta Pharmacologica Sin. 2025;46(7):1834–1851. doi:10.1038/s41401-024-01462-x

144. Guo D, Yuan Y, Huang R, et al. Association between plasma adipsin level and mild cognitive impairment in Chinese patients with type 2 
diabetes: a cross-sectional study. BMC Endocr Disord. 2019;19(1):108. doi:10.1186/s12902-019-0431-y

145. Zhang Y, Zhang J, Zhao Y, et al. ChemR23 activation attenuates cognitive impairment in chronic cerebral hypoperfusion by inhibiting NLRP3 
inflammasome-induced neuronal pyroptosis. Cell Death Dis. 2023;14(11):721. doi:10.1038/s41419-023-06237-6

146. Jamaluddin MS, Weakley SM, Yao Q, Chen C. Resistin: functional roles and therapeutic considerations for cardiovascular disease. Br 
J Pharmacol. 2012;165(3):622–632. doi:10.1111/j.1476-5381.2011.01369.x

147. Li Y, Yang Q, Cai D, et al. Resistin, a novel Host defense peptide of innate immunity. Front Immunol. 2021;12:699807. doi:10.3389/ 
fimmu.2021.699807

148. Ling Y, Han B, Gu T, Jiang X. Resistin in cardiac diseases: from molecular mechanisms to clinical implications. Front Endocrinol. 
2025;16:1708332. doi:10.3389/fendo.2025.1708332

Diabetes, Metabolic Syndrome and Obesity 2026:19                                                                          https://doi.org/10.2147/DMSO.S627279                                                                                                                                                                                                                                                                                                                                                                                                      25

Wu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.jare.2025.10.053
https://doi.org/10.1016/j.redox.2023.102610
https://doi.org/10.1186/1475-2840-13-84
https://doi.org/10.1038/s41598-017-14518-2
https://doi.org/10.3389/fphys.2020.00381
https://doi.org/10.3390/jcm13164889
https://doi.org/10.1161/strokeaha.110.607853
https://doi.org/10.1161/strokeaha.107.482786
https://doi.org/10.3390/life15010047
https://doi.org/10.1016/j.metabol.2017.01.002
https://doi.org/10.1111/obr.12027
https://doi.org/10.1186/s12933-019-0908-z
https://doi.org/10.1186/s12974-020-01921-2
https://doi.org/10.1002/ana.22669
https://doi.org/10.1111/cns.12273
https://doi.org/10.1038/s41419-022-05454-9
https://doi.org/10.12659/msm.895866
https://doi.org/10.1186/s12944-021-01524-7
https://doi.org/10.1002/brb3.2613
https://doi.org/10.1186/s12967-023-04813-0
https://doi.org/10.1016/j.isci.2025.113396
https://doi.org/10.1016/j.jacc.2019.04.034
https://doi.org/10.3390/ijms23116224
https://doi.org/10.1093/gerona/glab267
https://doi.org/10.1001/jamanetworkopen.2024.9539
https://doi.org/10.1016/j.pneurobio.2021.102125
https://doi.org/10.1007/s13311-021-01170-y
https://doi.org/10.1038/s41401-024-01462-x
https://doi.org/10.1186/s12902-019-0431-y
https://doi.org/10.1038/s41419-023-06237-6
https://doi.org/10.1111/j.1476-5381.2011.01369.x
https://doi.org/10.3389/fimmu.2021.699807
https://doi.org/10.3389/fimmu.2021.699807
https://doi.org/10.3389/fendo.2025.1708332


149. Abbasi Kasbi N, Stopschinski BE, Polyak AG, et al. Leptin as a potential modifier of neuroinflammation: contrasting roles in Alzheimer’s 
disease and multiple sclerosis. Int J Mol Sci. 2025;27(1):168. doi:10.3390/ijms27010168

150. Poetsch MS, Strano A, Guan K. Role of leptin in cardiovascular diseases. Front Endocrinol. 2020;11:354. doi:10.3389/fendo.2020.00354
151. Petrascu FM, Matei SC, Olteanu GE, Barna R, Marian C. Canonical NF-κB pathway as a central regulator of obesity-associated inflammation: 

a narrative review. Biomedicines. 2025;13(12):3050. doi:10.3390/biomedicines13123050
152. Mao H, Zhao X, Sun SC. NF-κB in inflammation and cancer. Cellular Mol Immunol. 2025;22(8):811–839. doi:10.1038/s41423-025-01310-w
153. Młynarska E, Bojdo K, Frankenstein H, et al. Endothelial dysfunction as the common pathway linking obesity, hypertension and atherosclerosis. 

Int J Mol Sci. 2025;26(20):10096. doi:10.3390/ijms262010096
154. Sriramula S, Haque M, Majid DS, Francis J. Involvement of tumor necrosis factor-alpha in angiotensin II-mediated effects on salt appetite, 

hypertension, and cardiac hypertrophy. Hypertension. 2008;51(5):1345–1351. doi:10.1161/hypertensionaha.107.102152
155. Tanase DM, Valasciuc E, Gosav EM, et al. Portrayal of NLRP3 inflammasome in atherosclerosis: current knowledge and therapeutic targets. 

Int J Mol Sci. 2023;24(9):8162. doi:10.3390/ijms24098162
156. Chen C, Jiang J, Lü JM, et al. Resistin decreases expression of endothelial nitric oxide synthase through oxidative stress in human coronary 

artery endothelial cells. Am J Physiol Heart Circulatory Physiol. 2010;299(1):H193–201. doi:10.1152/ajpheart.00431.2009
157. Bao Y, Yang X, Zhao P, Du X. Research advances on the role of programmed endothelial cell death in sepsis. Cell Death Discov. 2025;11 

(1):426. doi:10.1038/s41420-025-02728-x
158. Schulz E, Gori T, Münzel T. Oxidative stress and endothelial dysfunction in hypertension. Hypertens Res. 2011;34(6):665–673. doi:10.1038/ 

hr.2011.39
159. Quehenberger P, Exner M, Sunder-Plassmann R, et al. Leptin induces endothelin-1 in endothelial cells in vitro. Circ Res. 2002;90(6):711–718. 

doi:10.1161/01.res.0000014226.74709.90
160. Schiffrin EL, Pollock DM. Endothelin System in hypertension and chronic Kidney disease. Hypertension. 2024;81(4):691–701. doi:10.1161/ 

hypertensionaha.123.21716
161. Geng YJ. Molecular signal transduction in vascular cell apoptosis. Cell Res. 2001;11(4):253–264. doi:10.1038/sj.cr.7290094
162. Zhang H, Park Y, Wu J, et al. Role of TNF-alpha in vascular dysfunction. Clin Sci. 2009;116(3):219–230. doi:10.1042/cs20080196
163. Didion SP. Cellular and oxidative mechanisms associated with Interleukin-6 signaling in the vasculature. Int J Mol Sci. 2017;18(12):2563. 

doi:10.3390/ijms18122563
164. Cambier S, Gouwy M, Proost P. The chemokines CXCL8 and CXCL12: molecular and functional properties, role in disease and efforts towards 

pharmacological intervention. Cellular Mol Immunol. 2023;20(3):217–251. doi:10.1038/s41423-023-00974-6
165. Frey RS, Ushio-Fukai M, Malik AB. NADPH oxidase-dependent signaling in endothelial cells: role in physiology and pathophysiology. 

Antioxid Redox Signal. 2009;11(4):791–810. doi:10.1089/ars.2008.2220
166. El-Mahdy MA, Ewees MG, Eid MS, Mahgoup EM, Khaleel SA, Zweier JL. Electronic cigarette exposure causes vascular endothelial 

dysfunction due to NADPH oxidase activation and eNOS uncoupling. Am J Physiol Heart Circulatory Physiol. 2022;322(4):H549–h567. 
doi:10.1152/ajpheart.00460.2021

167. Hsu PS, Lin CM, Chang JF, et al. Participation of NADPH oxidase-related reactive oxygen species in leptin-promoted Pulmonary inflammation: 
regulation of cPLA2α and COX-2 expression. Int J Mol Sci. 2019;20(5):1078. doi:10.3390/ijms20051078

168. Morgan MJ, Liu ZG. Reactive oxygen species in TNFalpha-induced signaling and cell death. Mol Cells. 2010;30(1):1–12. doi:10.1007/s10059- 
010-0105-0

169. Wassmann S, Stumpf M, Strehlow K, et al. Interleukin-6 induces oxidative stress and endothelial dysfunction by overexpression of the 
angiotensin ii type 1 receptor. Circ Res. 2004;94(4):534–541. doi:10.1161/01.Res.0000115557.25127.8d

170. Yang X, Li Y, Li Y, et al. Oxidative stress-mediated atherosclerosis: mechanisms and therapies. Front Physiol. 2017;8:600. doi:10.3389/ 
fphys.2017.00600

171. Lee YW, Lee WH, Kim PH. Oxidative mechanisms of IL-4-induced IL-6 expression in vascular endothelium. Cytokine. 2010;49(1):73–79. 
doi:10.1016/j.cyto.2009.08.009

172. Tan W, Wang Y, Cheng S, et al. AdipoRon ameliorates the progression of heart failure with preserved ejection fraction via mitigating lipid 
accumulation and fibrosis. J Adv Res. 2025;68:299–315. doi:10.1016/j.jare.2024.02.015

173. Lee IK, Kim G, Kim DH, Kim BB. PEG-BHD1028 peptide regulates insulin resistance and fatty acid β-oxidation, and mitochondrial biogenesis 
by binding to two heterogeneous binding sites of adiponectin receptors, AdipoR1 and AdipoR2. Int J Mol Sci. 2021;22(2):884. doi:10.3390/ 
ijms22020884

174. Xu H, Zhao Q, Song N, et al. AdipoR1/AdipoR2 dual agonist recovers nonalcoholic steatohepatitis and related fibrosis via endoplasmic 
reticulum-mitochondria axis. Nat Commun. 2020;11(1):5807. doi:10.1038/s41467-020-19668-y

175. Asahara N, Okada-Iwabu M, Iwabu M, et al. A monoclonal antibody activating AdipoR for type 2 diabetes and nonalcoholic steatohepatitis. Sci 
Adv. 2023;9(45):eadg4216. doi:10.1126/sciadv.adg4216

176. Talukdar S, Zhou Y, Li D, et al. A long-acting FGF21 molecule, PF-05231023, decreases body weight and improves lipid profile in non-human 
Primates and type 2 diabetic subjects. Cell Metab. 2016;23(3):427–440. doi:10.1016/j.cmet.2016.02.001

177. Sanyal A, Charles ED, Neuschwander-Tetri BA, et al. Pegbelfermin (BMS-986036), a PEGylated fibroblast growth factor 21 analogue, in 
patients with non-alcoholic steatohepatitis: a randomised, double-blind, placebo-controlled, phase 2a trial. Lancet. 2019;392(10165):2705–2717. 
doi:10.1016/s0140-6736(18)31785-9

178. Loomba R, Sanyal AJ, Kowdley KV, et al. Randomized, controlled trial of the FGF21 analogue pegozafermin in NASH. N Engl J Med. 
2023;389(11):998–1008. doi:10.1056/NEJMoa2304286

179. Noureddin M, Frias JP, Neff GW, et al. Safety and efficacy of once-weekly efruxifermin versus placebo in metabolic dysfunction-associated 
steatohepatitis (HARMONY): 96-week results from a multicentre, randomised, double-blind, placebo-controlled, phase 2b trial. Lancet. 
2025;406(10504):719–730. doi:10.1016/s0140-6736(25)01073-6

180. Noureddin M, Kowdley KV, Odrljin T, et al. Efimosfermin alfa (BOS-580) once per month in people with metabolic dysfunction-associated 
steatohepatitis with F2 or F3 fibrosis: results from a 24-week, randomised, double-blind, placebo-controlled, phase 2 trial. Lancet. 2026;407 
(10530):794–804. doi:10.1016/s0140-6736(25)02276-7

https://doi.org/10.2147/DMSO.S627279                                                                                                                                                                                                                                                                                                                                                                                                                                  Diabetes, Metabolic Syndrome and Obesity 2026:19 26

Wu et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.3390/ijms27010168
https://doi.org/10.3389/fendo.2020.00354
https://doi.org/10.3390/biomedicines13123050
https://doi.org/10.1038/s41423-025-01310-w
https://doi.org/10.3390/ijms262010096
https://doi.org/10.1161/hypertensionaha.107.102152
https://doi.org/10.3390/ijms24098162
https://doi.org/10.1152/ajpheart.00431.2009
https://doi.org/10.1038/s41420-025-02728-x
https://doi.org/10.1038/hr.2011.39
https://doi.org/10.1038/hr.2011.39
https://doi.org/10.1161/01.res.0000014226.74709.90
https://doi.org/10.1161/hypertensionaha.123.21716
https://doi.org/10.1161/hypertensionaha.123.21716
https://doi.org/10.1038/sj.cr.7290094
https://doi.org/10.1042/cs20080196
https://doi.org/10.3390/ijms18122563
https://doi.org/10.1038/s41423-023-00974-6
https://doi.org/10.1089/ars.2008.2220
https://doi.org/10.1152/ajpheart.00460.2021
https://doi.org/10.3390/ijms20051078
https://doi.org/10.1007/s10059-010-0105-0
https://doi.org/10.1007/s10059-010-0105-0
https://doi.org/10.1161/01.Res.0000115557.25127.8d
https://doi.org/10.3389/fphys.2017.00600
https://doi.org/10.3389/fphys.2017.00600
https://doi.org/10.1016/j.cyto.2009.08.009
https://doi.org/10.1016/j.jare.2024.02.015
https://doi.org/10.3390/ijms22020884
https://doi.org/10.3390/ijms22020884
https://doi.org/10.1038/s41467-020-19668-y
https://doi.org/10.1126/sciadv.adg4216
https://doi.org/10.1016/j.cmet.2016.02.001
https://doi.org/10.1016/s0140-6736(18)31785-9
https://doi.org/10.1056/NEJMoa2304286
https://doi.org/10.1016/s0140-6736(25)01073-6
https://doi.org/10.1016/s0140-6736(25)02276-7


181. Baruch A, Wong C, Chinn LW, et al. Antibody-mediated activation of the FGFR1/Klothoβ complex corrects metabolic dysfunction and alters
food preference in obese humans. Proc Natl Acad Sci USA. 2020;117(46):28992–29000. doi:10.1073/pnas.2012073117

182. Raji A, Gantz I, Crutchlow M, et al. Clinical trial: a phase 2b study to evaluate the efficacy and safety of MK-3655 in individuals with 
pre-cirrhotic MASH. Alimentary Pharmacol Ther. 2025;61(7):1152–1162. doi:10.1111/apt.70038

183. Broch K, Anstensrud AK, Woxholt S, et al. Randomized trial of Interleukin-6 receptor inhibition in patients with acute ST-Segment Elevation
Myocardial infarction. J Am Coll Cardiol. 2021;77(15):1845–1855. doi:10.1016/j.jacc.2021.02.049

184. Abbate A, Trankle CR, Buckley LF, et al. Interleukin-1 blockade inhibits the acute inflammatory response in patients with ST-Segment-
Elevation Myocardial infarction. J Am Heart Assoc. 2020;9(5):e014941. doi:10.1161/jaha.119.014941

185. Peng Z, Wang X, Zhu Q, et al. CMKLR1 antagonist alpha-NETA protects against diabetic nephropathy in mice. Kidney Blood Press Res.
2023;48(1):405–413. doi:10.1159/000530763

186. Furuhashi M, Tuncman G, Görgün CZ, et al. Treatment of diabetes and atherosclerosis by inhibiting fatty-acid-binding protein aP2. Nature. 
2007;447(7147):959–965. doi:10.1038/nature05844

187. Khoukaz HB, Ji Y, Braet DJ, et al. Drug targeting of plasminogen activator inhibitor-1 inhibits metabolic dysfunction and atherosclerosis in
a murine model of metabolic syndrome. Arterioscler Thromb Vasc Biol. 2020;40(6):1479–1490. doi:10.1161/atvbaha.119.313775

188. Romere C, Duerrschmid C, Bournat J, et al. Asprosin, a fasting-induced glucogenic protein hormone. Cell. 2016;165(3):566–579. doi:10.1016/j.
cell.2016.02.063

189. Mishra I, Duerrschmid C, Ku Z, et al. Asprosin-neutralizing antibodies as a treatment for metabolic syndrome. eLife. 2021;10. doi:10.7554/ 
eLife.63784

Diabetes, Metabolic Syndrome and Obesity

Publish your work in this journal 
Diabetes, Metabolic Syndrome and Obesity is an international, peer-reviewed open-access journal committed to the rapid publication of the 
latest laboratory and clinical findings in the fields of diabetes, metabolic syndrome and obesity research. Original research, review, case reports, 
hypothesis formation, expert opinion and commentaries are all considered for publication. The manuscript management system is completely 
online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to 
read real quotes from published authors.  

Submit your manuscript here: https://www.dovepress.com/diabetes-metabolic-syndrome-and-obesity-journal

Diabetes, Metabolic Syndrome and Obesity 2026:19 27

Wu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1073/pnas.2012073117
https://doi.org/10.1111/apt.70038
https://doi.org/10.1016/j.jacc.2021.02.049
https://doi.org/10.1161/jaha.119.014941
https://doi.org/10.1159/000530763
https://doi.org/10.1038/nature05844
https://doi.org/10.1161/atvbaha.119.313775
https://doi.org/10.1016/j.cell.2016.02.063
https://doi.org/10.1016/j.cell.2016.02.063
https://doi.org/10.7554/eLife.63784
https://doi.org/10.7554/eLife.63784
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Literature Search and Scope
	The Multiple Roles of Adipokines in Metabolic Syndrome
	Anti-Inflammatory Adipokines
	Adiponectin
	FGF21
	Omentin

	Pro-Inflammatory Adipokines
	Resistin
	Leptin
	TNF-α and Interleukin

	Dual-Function Adipokines
	Adipsin
	Visfatin
	Chemerin


	The Pathogenic Association and Therapeutic Effects of Adipokines in Cardiovascular and Cerebrovascular Events
	Cardiovascular Diseases
	Atherosclerosis and Coronary Artery Disease
	Heart Failure

	Cerebrovascular Diseases
	Stroke
	Vascular Cognitive Impairment and Dementia


	The Pathogenic Mechanism of Adipokines in Cardiovascular and Cerebrovascular Diseases
	Inflammatory Response
	Endothelial Dysfunction
	Oxidative Stress

	Therapeutic Prospects of Adipokines
	Conclusion and Prospects
	Abbreviations
	Data Sharing Statement
	Acknowledgments
	Author Contributions
	Funding
	Disclosure

