
© Asia-Pacific Journal of Surgical & Experimental Pathology | e-ISSN: 2977-5817 | Asian Medical Press Ltd

ASIA PAC J SURG EXP & PATHOL OPEN ACCESS

REVIEW ARTICLE 
Received 22 Apr 2025 | Accepted 08 Jun 2025 | Published Online 25 Aug 2025

Relationship between leptin receptor and TNF-α in obesity and polycystic ovary 
syndrome

Abstract 
The pathophysiology of polycystic ovarian syndrome (PCOS), a prevalent endocrine disorder, 
is intimately associated with obesity, particularly the abdominal phenotype. This accumulation 
of visceral fat is one of the primary causes of insulin resistance and the resulting metabolic 
dysregulation. Two key mediators in this process are leptin and TNF-α. The adipokine leptin 
regulates energy balance and conveys feelings of fullness via leptin receptor (LEPR). However, 
obesity often leads to a condition known as leptin resistance, where the brain cannot respond 
to high hormone levels. It creates a feeling of deprivation, which makes people hungrier and 
uses less energy. This disturbs the hypothalamic-pituitary-ovarian axis and worsens metabolic 
disorders. The defective adipose tissue also overexpresses TNF-α which a powerful pro-
inflammatory cytokine. It directly disrupting insulin signaling pathways and escalating insulin 
resistance that it contributes to a persistent low-grade inflammatory state. Elevated TNF-α 
can directly contribute to hyperandrogenism by stimulating theca cells in the ovaries to create 
extra androgens. The combination of TNF-α inflammation and leptin resistance intensifies 
the metabolic and reproductive problems of PCOS that including anovulation in a vicious 
cycle. Thus, we suggest that TNF-α and LEPR are suitable targets for treatment. Modulating 
these signaling pathways with a dual-targeted strategy may provide a complete approach to 
improving the metabolic and reproductive issues that PCOS patients experience.
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Introduction

Around 6–20% of women in the world who are of childbearing 
age suffer from PCOS, which a prevalent endocrine condition 
[1, 2]. Clinical signs of PCOS includes polycystic ovarian shape 
and chronic anovulation with increased testosterone levels [3]. 
Generally speaking, that it is linked to extra characteristics like 
insulin resistance, which problems in metabolism in obesity and 
metabolic abnormalities [4]. Though the precise reasons of PCOS 
remain unclear at this time. There is growing evidence that the 
degenerative process of obesity and inflammation is significantly 
influenced by these factors [4].
    Obesity is not only a common complication of PCOS but also 
closely related to the severity of clinical manifestations of PCOS. 
Especially abdominal obesity which is closely related to insulin 
resistance and metabolic disorders in PCOS patients [5]. Studies 
have indicated that between 50 and 80 percent of PCOS individuals 
are obese, which especially if their abdominal fat is concentrated. 
Abnormal lipid metabolism, unbalanced blood glucose regulation 
and the aggravation of insulin resistance are intimately linked to 
this kind of abdominal obesity. escalating metabolic illnesses and 
insulin resistance [6]. Furthermore, research indicates that obesity 
and chronic low-grade inflammation are closely associated with 
the former contributing significantly to the onset and progression 
of PCOS.
    TNF-α and leptin are two important variables intimately 
linked to inflammation and obesity [7]. Leptin is a polypeptide 
hormone secreted by adipocytes that regulates hunger and energy 
metabolism. It attaching to the leptin receptor (LEPR) in the 
hypothalamus, that largely lowers appetite and increases energy 
expenditure [8]. Even though even when blood levels of leptin 
rise, obese patients frequently develop leptin resistance. There is 
an imbalance in energy metabolism as a result of the receptors' 
decreased sensitivity to its effects [9]. TNF-α is a significant pro-
inflammatory cytokine that is expressed in many different organs 
and mostly released by macrophages. It has a broad range of 
functions. Its expression level is strongly correlated with chronic 
low-grade inflammation, insulin resistance, metabolic diseases 
and it is markedly higher in obese and PCOS individuals [10]. 
Studies have indicated that TNF-α, via its receptor TNFR1, 
activates downstream signaling pathways. Finally unleashing NF-
κB and turning on a number of immune response-related genes [11]. 
Increased insulin resistance is closely linked to elevated TNF-α 
in PCOS patients, which could exacerbate the vicious cycle of 
obesity and insulin resistance by interfering with insulin signaling 
pathway [12]. High levels of TNF-α expression are thought to be 
one of the indicators of persistent low-grade inflammation, which 
increases the risk of metabolic syndrome, particularly in obese 
PCOS women. Furthermore, PCOS individuals had noticeably 
higher levels of TNF-α and other pro-inflammatory markers (IL-
6, IL-1β). It suggests that there are notable immunological and 
inflammatory anomalies in the PCOS etiology [13]. The abnormal 
expression of these inflammatory factors in ovarian tissue may 
lead to follicular dysplasia, ovulation disorders and reproductive 
dysfunction.
    Due to the important roles of leptin receptor and TNF-α 
in obesity and PCOS. This review will explore in detail their 
interactions and potential pathological mechanisms in obesity 
related PCOS. Understanding the interaction between leptin 
receptors and TNF-α can help to better understand the metabolism 
and inflammatory pathological processes of PCOS and provide 
new research directions for future treatment strategies.

The function of leptin and its receptors

leptin

In 1994, Friedman et al. made the initial discovery that leptin 
is secreted by white adipocytes in adipose tissue. The Greek 
term "leptos," which means "thin," is where the word "leptin" 
originates. In the central nervous system, leptin functions as 
a peptide hormone to control hunger and energy balance [8]. 
Leptin secretion is directly regulated by the level of fat stores in 
the body. The higher the fat stores the more leptin is secreted. As 
a consequence, leptin becomes a “sensor” of the body’s energy 
stores, controlling hunger, body weight and metabolic processes 
through binding to certain receptors in the central nervous system, 
particularly in the hypothalamus [14]. 
    Leptin suppresses appetite by activating neurons in the 
hypothalamic arcuate nucleus (ARC). Pro-appetite AgRP/
NPY (neuropeptide Y) neurons and anti-appetite POMC (pro-
opiomelanocortin) neurons make up the two primary neuronal 
subgroups in the arcuate nucleus [15]. The main way that leptin 
works is by attaching itself to LEPR receptors which then activates 
POMC neurons while suppressing AgRP/NPY neurons. This 
signaling cascade induces hypophagia and hypermetabolism [16]. 
Furthermore, leptin stimulates energy expenditure and lipolysis 
from regulating sympathetic nervous system activity.
    In addition to its key role in energy metabolism, leptin plays a 
large number of roles in the reproductive, immune and endocrine 
systems. Leptin has particularly noticeable impacts on the 
reproductive system, it regulates reproductive function through the 
hypothalamic-pituitary-gonadal axis [17]. Research has indicated 
a clear correlation between decreased fertility and low leptin 
levels. For instance, Ballauff et al. demonstrated that women with 
anorexia nervosa had much lower levels of leptin and this was 
connected with significantly lower levels of reproductive hormones 
like luteinizing hormone (LH) and follicle stimulating hormone 
(FSH). Low leptin levels lead to decreased secretion of these 
hormones which in turn affects ovarian function and may lead to 
menopause and decreased fertility [18]. Conversely, in patients 
with PCOS, the reproductive function remains impaired due to 
leptin resistance. Despite the fact that leptin levels are usually 
high. In an experimental model, Jamal et al. discovered that low 
body weight in pigs overexpressing leptin negatively impacts 
reproductive function, resulting in uneven oestrus cycles, delayed 
puberty and decreased reproductive efficiency. This could be 
connected to immune system activation, metabolic abnormalities 
and changed ovarian function [19]. One of the main contributing 
elements to the pathomechanism of PCOS is hypothesized to be 
anomalies in the leptin signaling pathway.

leptin receptor

Leptin carries out its biological functions through its receptor, the 
leptin receptor (LEPR) which belongs to a family of type I cytokine 
receptors with similar structural features to other erythropoietin 
receptors, insulin receptors, etc [20]. There are several splice 
variants of LEPR in humans and it has been found that the most 
functionally intact and capable of leptin signaling is mainly 
the long chain variant (LEPRb) [21]. LEPRb is predominantly 
expressed in several nuclei of the hypothalamus, especially the 
arcuate nucleus (ARC) which is intimately associated with the 
regulation of energy metabolism.
    The primary mechanism via which LEPRb signaling is executed 
is the JAK-STAT pathway. The intracellular region of LEPRb is 
phosphorylated by leptin after it binds to the receptor and activates 
the receptor-associated JAK2 kinase. Phosphorylation and 
activation of STAT3 are the outcomes of this mechanism. With 
its ability to control the transcription of the target genes linked 
to energy expenditure and appetite suppression, which activated 
STAT3 is transported to the nucleus as a transcription factor [22]. 



50 OM. Attia et al./Asia Pac J Surg Exp & Pathol 2025; 2: 48-57

Wang et al. found that energy restriction (ER) reduced fat mass 
and obesity-associated (FTO) expression in the hypothalamus and 
brainstem, but but did not significantly modulate the expression 
of in peripheral tissues. The leptin receptor long isoform (LepRb) 
and FTO co-localize in the nuclei of the hypothalamic arcuate 
nucleus and isolated tractus solitarius. The hypothalamic bundle 
nucleus. LepRb mutant db/db mice showed defective leptin-
activated STAT3 signaling pathway and total elimination of the 
ER-induced downregulation of FTO and weight reduction effects. 
The data imply that the down-regulation of FTO in the brain 
during ER is caused by the LepRb-STAT3 signaling pathway [23]. 
This study provides the first evidence of this signaling pathway in 
FTO regulation. In addition, LEPRb can affect glucose metabolism 
and insulin sensitivity through the PI3K/Akt signaling pathway 
[24]. Activation of the PI3K/Akt pathway plays a particularly 
critical role in the metabolic effects of leptin in peripheral tissues. 
Especially in the regulation of lipolysis, lipid metabolism and 
insulin signaling. It has been shown that leptin enhances insulin 
action through this pathway, improving glucose uptake and 
utilization which is important for obesity-associated insulin 
resistance [25, 26].
    In obesity-associated PCOS, abnormalities in LEPRb signaling 
may result in diminished leptin regulation of the hypothalamus 
which in turn fails to effectively regulate appetite and energy 
metabolism. Abnormalities in this receptor function are 
particularly common in patients with PCOS, further exacerbating 
the worsening of insulin resistance and metabolic disorders.

The connection between obesity and leptin

Although leptin is plays a key hormone in modulating energy 
balanc and metabolic homeostasis, leptin resistance is often seen 
in obese patients. Leptin resistance refers to the fact that despite 
elevated blood levels of leptin its function in regulating appetite 
and metabolism is inhibited, which resulting in a high appetite 
and a failure to significantly increase energy expenditure further 
exacerbating weight gain.
    The following are possible mechanisms of leptin resistance:
    (1) Leptin transportation disorder: Leptin must enter the 
hypothalamus through the blood-brain barrier (BBB) in order to 
play a role. It has been found that the transportation efficiency 
of leptin through the blood-brain barrier is significantly reduced 
in obese patients which may be due to changes in the structure 
of the BBB or impaired function of transport proteins [27]. 
However, research has found that this barrier is expected to be 
broken through. The findings of this work provide insights into the 
regulation of hormone transport across the BBB. Recently, Shi, Y., 
et al. reported that 17β-estradiol was found to be a compound that 
significantly increases leptin transport in an iPSC-derived BBB 
model. Additionally, knockdown of CAT-1 expression by CRISPR-
mediated epigenome editing led to a significant increase in leptin 
transport [28].
    (2) Dysregulation of the leptin receptor signaling pathway: even 
if leptin is able to bind to the receptor and the obesity-associated 

Figure 1. Impact of PCOS on Immune System Activation. PCOS induces immune system disorders, leading to an increase in pro-inflammatory 
cells (such as macrophages, DC cells) and inflammatory factors (such as TNF-α, MCP-1), while anti-inflammatory/immune monitoring cells (such 
as NK cells) and their related factors decrease, ultimately exacerbating the pathological process. DC cell: Dendritic Cell; MCP-1: Monocyte 
Chemoattractant Protein-1; NK cell: Natural Killer Cell; TNF-α: Tumor Necrosis Factor-alpha; IL-5: Interleukin-5; IL-8: Interleukin-8; 
CXCL-10: Chemokine Ligand 10; PCOS: Polycystic ovary syndrome.
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chronic low-grade inflammatory state may interfere with LEPRb 
signaling pathways. especially the downstream effects of the JAK-
STAT and PI3K/Akt pathways [29]. Leptin's interaction with other 
hormones modifies the signaling described above and triggers the 
release of several cytokines, which modifies the inflammatory and 
impacts metabolic processes. According to Barrios et al.'s data, 
lower NEFA levels and the activation of insulin signaling targets 
are linked to lower muscle inflammatory measures. This suggests 
that leptin may integrate these pathways [30]. Furthermore, Lee 
et al. showed that leptin synthesis and secretion are regulated by 
a variety of factors, which including insulin, steroid hormones, 
cytokines, norepinephrine and glucocorticoids [31]. Impairment 
of these signaling leads to a reduction in leptin's ability to regulate 
appetite, energy metabolism and glucose metabolism.
    (3) Overexpression of SOCS3 protein: A leptin signaling 
negative feedback regulator is Suppressor of Cytokine Signaling 
Protein 3 (SOCS3). In the obese state, the expression level of 
SOCS3 was significantly elevated. It inhibiting the JAK-STAT 
signaling pathway and further impairing the effectiveness of leptin 
signaling [32]. Reed et al. demonstrated that obesity and leptin 
resistance can be caused solely by Socs3 overexpression in POMC 
neurons. Prior to the beginning of obesity, socs3 overexpression 
disrupts mTOR and STAT3 signaling. The absence of obesity in 
mice with leptin receptor neuron-induced Socs3 overexpression 
implies that Socs3's impact on energy balance may be cell type-
specific [33]. All things considered, our findings indicate that 
POMC neurons play a significant role as mediators of Socs3's 
effects on obesity and leptin resistance.
    Leptin resistance is a common pathological mechanism in 
obesity and PCOS. In obesity, the body's adipocytes secrete large 
amounts of leptin but the body's sensitivity to leptin is reduced 
due to factors such as chronic low-grade inflammation and insulin 
resistance, which resulted in the inability of leptin to perform its 
normal functions of suppressing appetite and promoting energy 
expenditure. In PCOS patients, leptin resistance is particularly 
pronounced further exacerbating metabolic disturbances. Leptin 
resistance not only increases the patient's body fat content but is 
also closely related to insulin resistance. So, both of which work 
together to cause further deterioration of glucose-fat metabolism.

Functions and roles of TNF-α

Function of TNF-α

PCOS can activate the immune system and have varying degrees 
of impact on it (Figure 1). Many types of cells secrete TNF-α, a 
proinflammatory cytokine, including macrophages, monocytes, 
T cells and adipocytes. TNF-α was originally named in 1975 for 
its necrotic effects on tumor cells but its broader physiological 
functions are ref lected in the modulation of immune and 
inflammatory responses [34]. With binding to TNF receptors 
(TNF-R1 and TNF-R2), TNF-α stimulates a number of signaling 
pathways, such as the nuclear factor-κB (NF-κB) and mitogen-
activated protein kinase (MAPK) pathways, which control 
cell proliferation, differentiation, apoptosis and inflammatory 
responses [35].
    In acute inflammatory responses, TNF-α rapidly induces the 
release of a variety of inflammatory mediators. Such as interleukins 
(IL-1, IL-6) and chemokines which further enhance immune cell 
recruitment and activation, and are critical for pathogen clearance. 
The inflammatory marker C-reactive protein (CRP) interferes 
with leptin bioavailability and insulin sensitivity, which in turn 
affects energy and glucose metabolism. The metabolic profile of 
PCOS includes hyperleptinemia, hyperinsulinemia, and elevated 
plasma CRP levels. In female PCOS rats, Li K discovered that 
CRP insufficiency led to reduced leptin resistance and weight gain, 

enhanced insulin sensitivity and increased energy expenditure 
[36]. However, when TNF-α is persistently expressed at high levels 
in chronic inflammatory states, it triggers tissue damage and is 
capable of inducing metabolic disorders, particularly in metabolic 
conditions like obesity [37]. In the obese state, chronic low-grade 
inflammation is closely linked to high expression of TNF-α. 
Hypertrophic adipocytes and macrophages are the main producers 
of TNF-α in adipose tissue. Obese people have been discovered 
to have considerably higher levels of TNF-α, which is directly 
linked to endocrine dysfunction, lipid metabolic problems and 
insulin resistance [38]. TNF-α directly affects insulin sensitivity 
by blocking key players in insulin signaling (the insulin receptor 
substrate IRS-1) from becoming phosphorylated, which ultimately 
leads to the emergence of insulin resistance.
    Furthermore, TNF-α's synergistic interaction with other 
inflammatory agents is a major contributor in metabolic problems 
associated with obesity. Through the production of multiple pro-
inflammatory cytokines, which in turn produce an inflammatory 
feedback loop that affects metabolic balance or TNF-α exacerbates 
the chronic inf lammatory state in obese patients. Chronic 
inflammation over an extended period of time not only causes 
insulin resistance but also encourages the emergence of further 
metabolic problems [39].
    All things considered, the formation of metabolic disorders 
is significantly influenced with TNF-α, a primary mediator of 
chronic inflammation linked to obesity. Because it regulates the 
immunological response, promotes the production of inflammatory 
mediators and exacerbates metabolic imbalances, it may be a 
target for therapy of obesity and its associated effects.

 Changes in TNF-α expression in obesity

An important factor in establishing insulin resistance and 
metabolic diseases, TNF-α is a primary mediator of obesity-
associated chronic inflammation and is markedly raised in the 
adipose tissue of obese patients, particularly in visceral adipose. 
Studies have indicated that obesity is connected to the growth 
of adipocytes as well as the entry of macrophages into adipose 
tissue, which is the main source of TNF-α [40]. In addition, 
these adipocytes and macrophages release a lot of TNF-α, which 
aggravates the inflammatory response and interferes with the 
metabolism of adipose tissue.
    TNF-α affects metabolism in a variety of ways by regulating 
a number of signaling pathways, particularly the modulation of 
insulin signaling. Insulin resistance is caused by TNF-α blocking 
the phosphorylation of insulin receptor substrate-1 (IRS-1), which 
prevents insulin from acting as it should [40, 41]. Visceral adipose 
tissue has significantly higher levels of TNF-α expression than 
subcutaneous adipose tissue, which explains why the patients 
with visceral obesity are more likely to develop metabolic 
syndrome. This mechanism is especially noticeable in obese 
patients, especially those who have visceral obesity. In addition 
to larger adipocytes, which the study found that obesity is linked 
to a considerable increase in macrophages in adipose tissue. 
These macrophages generated a vicious cycle that perpetuates 
inf lammation and metabolic disorders by secreting TNF-α, 
which exacerbated the inflammatory response of adipocytes [41]. 
A chronic inflammatory state is maintained as a result of this 
vicious cycle, which eventually has an adverse effect on systemic 
metabolism. 
    In addition to being strongly linked to insulin resistance linked 
to obesity, that overexpression of TNF-α can also result in other 
metabolic disorders like diabetes and cardiovascular disease [42]. 
These studies further emphasize the critical role of TNF-α in 
obesity associated metabolic diseases and provide new targets for 
future therapeutic strategies.
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Relationship between TNF-α and obesity-related metabolic 
disorders

TNF-α is strongly associated with obesity-related insulin 
resistance, a phenomenon first proposed by Hotamisligil et al. in 
1993 [43]. They found that elevated levels of TNF-α in obese mice 
occurred in tandem with the emergence of insulin resistance and 
that further genetic blockade of the TNF-α signaling pathway 
could partially reverse the insulin resistance phenomenon. Since 
then, several studies have confirmed the important role of TNF-α 
in obesity-related metabolic abnormalities, especially insulin 
resistance. For instance, Xu H. demonstrated that a possible 
mechanism resulting in enhanced membrane-associated TNF-α 
in obese individuals' adipose tissue could be a decreased rate of 
mTNF-α processing in mature adipocytes along with increased 
TNF-α synthesis [44].
    Insulin resistance is the result of TNF-α interfering with insulin 
signaling in a number of ways. One of the primary explanations 
is that TNF-α interferes with the PI3K/Akt activation process in 
the insulin signaling pathway by inhibiting the phosphorylation 
of insulin receptor substrate (IRS). Specifically, TNF-α blocks 
tyrosine phosphorylation of the insulin receptor by prompting 
serine phosphorylation of IRS-1 (especially at the Ser307 and 
Ser312 sites), which interferes with its normal binding to the 
insulin receptor. Insulin resistance results from this mechanism, 
which ultimately prevents the PI3K/Akt pathway from being 
activated and decreases the transport of the glucose transporter 
protein GluT4. Reduced glucose absorption, decreased insulin 
sensitivity, and eventually metabolic diseases are caused 
by dysregulation of the insulin signaling pathway [45, 46]. 
Furthermore, Plomgaard P demonstrated that TNF-α has a broad 
impact on a range of metabolic tissues by demonstrating that it not 
only impacts adipose tissue but also, via a comparable mechanism, 
leads to skeletal muscle insulin resistance [47].
    In addition, TNF-alpha increases blood levels of free fatty 
acids by promoting lipolysis, which further exacerbates insulin 
resistance and metabolic abnormalities. This process exacerbates 
insulin resistance through several mechanisms. First, TNF-α 
promotes lipolysis by activating cAMP-dependent protein kinase 
(PKA), which inhibits lipid droplet protective proteins (e.g., 
Perilipin) in adipocytes. Elevated free fatty acids may intensify 
hepatic gluconeogenesis, impairing insulin signaling pathways and 
exacerbating insulin resistance ​[7, 48].
    More recent research shown the vital role of the crucial function 
of TNF-α in controlling the metabolic syndrome associated with 
obesity.With activating the NF-κB signaling system, TNF-α 
stimulates the production of several pro-inflammatory proteins, 
exacerbating chronic low-grade inflammation. This inflammatory 
state not only affects insulin sensitivity, but also drives disorders 
of lipid metabolism and hepatic fat accumulation, leading to 
the development of nonalcoholic fatty liver disease (NAFLD). 
Experimental evidence through Vachliotis, I.D. has shown that 
TNF-α is a cytokine that plays a key role in the pathogenesis of 
NAFLD [49]. These metabolic abnormalities are particularly 
prominent in obese and PCOS patients, suggesting a key role for 
TNF-α in the regulation of energy metabolism, insulin sensitivity 
and lipid metabolism.

The association of leptin receptor, TNF-α and obesity-related 
PCOS

One of the most prevalent endocrine conditions impacting women 
who are of reproductive age is PCOS, which is marked by chronic 
anovulation, high testosterone levels and polycystic ovarian 
morphology. In addition to impairing reproductive function, PCOS 

is directly linked to metabolic disorders, such as insulin resistance, 
obesity and type 2 diabetes mellitus. The clinical manifestation 
of PCOS is typically more severe and complex in obese patients 
[50, 51]. Leptin receptor (LEPR) and TNF-α are thought to be two 
important regulators in the pathophysiology of obesity-associated 
PCOS. They affect the pathophysiology of PCOS by modifying 
insulin signaling, inflammation, and energy metabolism. 

Clinical association study of leptin receptor and PCOS

Particularly in obese PCOS patients, the involvement of leptin in 
PCOS has drawn a lot of interest. Recent studies have shown that 
plasma leptin levels are substantially higher in PCOS patients and 
that these levels are strongly associated with leptin resistance and 
increased body fat. Nevertheless, even with increased leptin levels, 
PCOS patients still struggle greatly with energy metabolism and 
weight control, which may indicate leptin resistance.
    Defects in leptin signaling are the primary characteristic 
of leptin resistance, a condition that is especially common in 
PCOS patients. Peng et al. discovered a substantial correlation 
between PCOS and highly increased blood leptin [52]. Obesity 
and high androgen levels work together to further exacerbate 
metabolic abnormalities in PCOS patients [53]. Manifestations 
of leptin resistance include diminished appetite regulation and 
decreased energy expenditure, which leads to difficulties in weight 
management.
    Despite elevated leptin levels, its binding to the hypothalamic 
leptin receptor LEPR and subsequent signaling fails to function 
effectively. This abnormal function of LEPR may further 
exacerbate appetite control dysregulation, energy under-
expenditure and metabolic imbalance by inhibiting the activation 
of the JAK-STAT signaling pathway [54]. In patients with PCOS, 
defective leptin receptor signaling not only exacerbates obesity, 
but is also strongly associated with their reproductive dysfunction, 
particularly due to abnormal leptin effects on the hypothalamic-
pituitary-gonadal axis. Findings by Alexandra et. al. suggest that 
in a mouse model of PCOS-like phenotype, a subpopulation of 
AR/LepR cells mediates the effects of prenatal androgen excess on 
the female estrous cycle [55]. PCOS can affect immune function, 
cardiovascular health, and intestinal function, leading to immune 
abnormalities in the endometrium and follicular fluid (Figure 2).
    In conclusion, clinical research has shown a substantial 
correlation between leptin levels in PCOS patients and insulin 
resistance, aberrant body fat distribution and other metabolic 
markers. Additionally, obese PCOS patients had increased insulin 
resistance and leptin levels, which supporting the pivotal role 
that leptin and its receptor play in metabolic problems associated 
with PCOS. Furthermore, reduced fertility in PCOS patients 
was strongly linked to altered leptin receptor activity, which 
indicating that irregularities in the leptin signaling pathway may 
cause ovarian function and reproductive hormone secretion to be 
affected, ultimately leading to ovulatory dysfunction in PCOS 
patients.

TNF-α and the pathogenesis of PCOS

Strong pro-inflammatory cytokine TNF-α has received a lot 
of interest due to its role in the pathophysiology of PCOS. 
Studies have shown that people with PCOS, especially those 
who are obese, have much higher levels of TNF-α.through a 
number of routes. TNF-α not only promotes a chronic low-grade 
inflammatory state but also plays a role in the metabolic issues and 
reproductive dysfunctions associated with PCOS.
    First of all, TNF-α contributes to the development of insulin 
resistance by directly interfering with insulin signaling. Through 
preventing the phosphorylation of the insulin receptor substrate 
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(IRS-1), which prevents the activation of the insulin signaling 
pathway, TNF-α aggravates obesity and metabolic diseases. This 
lowers glucose uptake and utilization, which eventually results in 
decreased insulin sensitivity [56]. TNF-α expression is linked to 
increasing body fat in obese people, and the onset of diabetes and 
other metabolic disorders is frequently accompanied by elevated 
TNF-α levels [7]. As metabolic imbalance exacerbated by elevated 
TNF-α levels, one of the main characteristics of PCOS is insulin 
resistance.
    Furthermore, TNF-α also significantly affects PCOS patients' 
ovarian function. Research has indicated that TNF-α causes 
hyperandrogenemia and ovulatory dysfunction in the ovary by 
interfering with androgen production and ovulatory processes 
through its pro-inflammatory actions. Through triggering the 
ovarian cells' NF-κB signaling pathway and controlling the 
expression of numerous genes linked to reproductive function, 
TNF-α impedes the process of follicular development and 
maturation. This pro-inf lammatory mechanism exacerbates 
the reproductive hormone imbalance in PCOS patients, further 
contributing to the symptoms of anovulation and infertility. 
Abraham et al. demonstrated that the interactions indicates that 
inflammation is one of the most powerful risk factors for PCOS, 
which as evidenced by the correlation between inflammatory 
cytokines in the PCOS ovary [57].
    In addition, according to the meta-analysis by Gao et al., TNF-

alpha levels were also considerably higher in PCOS patients 
than in healthy controls. This suggests that TNF-alpha could 
be a possible biomarker for PCOS, reflecting its metabolic and 
reproductive abnormalities (PLOS) [58]. These results demonstrate 
the possibility for therapeutic targeting of TNF-α and support the 
critical role of TNF-α in the pathophysiology of PCOS, particularly 
in obese persons, where the chronic inflammation it fosters is 
intimately linked to metabolic abnormalities.

Effect of obesity on leptin and TNF-α levels in patients with PCOS

Leptin and TNF-α are important mediators in the complex link 
between obesity and PCOS, which is exacerbated by a number 
of processes. In obese individuals, adipose tissue serves as an 
energy storage organ and an endocrine organ that secretes TNF-α 
and leptin among other metabolic regulators. In PCOS linked to 
obesity, a chronic inflammatory state in adipose tissue is more 
pronounced, leading to an overproduction of leptin and TNF-α.
    Scientific study has indicated that people with PCOS who are 
obese and have high leptin levels generally have considerably 
reduced leptin resistance, which impairs their ability to regulate 
energy metabolism and suppress appetite. It's possible that 
inflammation, insulin resistance and hyperandrogenism are closely 
linked to the process of leptin resistance​ [59]. Because of this 
resistance, appetite increases and energy expenditure decreases 

Figure 2. Interrelated health impacts of PCOS on various bodily systems. Different organ systems such as the stomach, ovaries, uterus, intestines, 
liver, and adrenal glands interact with each other to form a circulatory network and are impacted by PCOS. Specifically, abnormal gastric 
function affects digestive function and appetite, affects follicular fluid immunity, abnormal endometrial function in the uterus, and "functional 
impairment" in the intestines are associated with an increased risk of cardiovascular disease. Overall, complex impact of PCOS on multiple 
systems throughout the body and the interactions between these systems is evident.
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which exacerbates obesity and the related metabolic issues [60, 61].
In obese patients, TNF-α is a primary pro-inflammatory cytokine 
and is crucial to the pathophysiology of PCOS. Chronic low-grade 
inflammation linked to obesity facilitates elevated TNF-α release, 
which in turn drives insulin resistance and elevated testosterone 
levels [62]. Studies have demonstrated that TNF-α increases 
metabolic irregularities and decreases insulin bioactivity by 
interfering with the insulin receptor signaling system. The chronic 
inflammatory state in adipose tissue is more pronounced in obese 
PCOS patients, which increases TNF-α and leptin secretion and 
causes insulin resistance, increased blood glucose and associated 
metabolic syndrome. In addition to impairing ovarian function, 
the chronic inflammatory condition stimulates the production of 
endogenous hormones, which results in irregular menstruation and 
decreased fertility [59]. PCOS is more difficult to treat when there 
is obesity because it exacerbates the metabolic irregularities and 
reproductive dysfunction through two main pathways: leptin and 
TNF-α.

Interaction of leptin with TNF-α

Leptin and TNF-α interact significantly in the pathophysiology of 
PCOS. According to research, these two factors have a mutually 
reinforcing association in inflammatory states associated with 
obesity. As a result, people with PCOS experience a worsening of 
their metabolic dysregulation and infertility [63].
    Leptin and TNF-α promote the release of inf lammatory 
chemicals and maintain the chronic inflammatory state associated 
with obesity by activating pro-inflammatory signaling pathways 
including NF-κB. The persistent inflammation has an impact 
on insulin signaling and ovarian function, which leads to an 
imbalance in the release of reproductive hormones. Studies have 
indicated a significant association between elevated levels of leptin 
and TNF-α and insulin resistance, with the latter phenomenon 
being particularly noticeable in obese PCOS patients [64, 65]​.
    Furthermore, In PCOS patients the combined effects of leptin 
and TNF-α can significantly affect reproductive function. The 
ovary's leptin receptor and TNF-α regulate hormone release and 
follicular development through a range of signaling pathways. 

An imbalance in ovarian reproductive hormones, brought by 
dysregulated leptin signaling or high TNF-α levels, leads to 
ovulatory dysfunction and hyperandrogenemia. This dual 
dysregulation of metabolism and reproduction forms an important 
part of the pathologic profile of patients with PCOS [63]​.
    In addition, obese patients have considerably higher levels 
of inf lammatory markers including TNF-α and C-reactive 
protein (CRP) but PCOS is also closely linked to chronic low-
grade inflammation. Even in women of normal weight, levels 
of inf lammatory markers like TNF-α, IL-6, and IL-18 are 
considerably higher in PCOS patients than in healthy controls, 
indicating that the inf lammatory state of PCOS may exist 
independently of body weight and is not just associated with 
obesity [64]​, [66].
    Therefore, therapeutic interventions targeting leptin and TNF-α 
may provide new therapeutic ideas to improve metabolic and 
reproductive problems in PCOS patients. The symptoms of PCOS 
can be successfully reduced and patients' quality of life can be 
enhanced, with lowering the inflammatory state and enhancing 
hormonal balance. The main consequences caused by TNF-α are 
summarized in Table 1.

Discussion and prospects

As key regulators of obesity and metabolic diseases, leptin 
and TNF-α are involved in the pathomechanisms of PCOS and 
cooperate via distinct pathways to induce inflammation, insulin 
resistance and abnormalities in metabolic and reproductive 
functions. First, a key role for leptin and its receptor in the 
pathophysiology of PCOS is played. Research indicates that 
individuals with PCOS typically have higher leptin levels; 
however, leptin resistance resulting from aberrant leptin receptor 
signaling hinders leptin's ability to fulfill its typical regulatory 
function [67]. Leptin resistance not only affects appetite regulation 
and energy metabolism, but also interferes with the secretion of 
reproductive hormones through its action on the hypothalamic-
pituitary-gonadal axis, thus exacerbating reproductive dysfunction 
in PCOS [68, 69]. Especially in obese PCOS patients, leptin 
resistance is more pronounced, which is closely related to 

Table 1. Main effects of TNF-α production.

TNF-α main effects Pathway Results Reference

Promote chronic inflammation NF-κB pathway
Exacerbates chronic low-grade inflammation 
leading to insulin resistance and chronic metabolic 
disorders

[40, 41]

Interferes with insulin signaling PI3K/Akt disruption
Decreases glucose uptake and insulin sensitivity 
by inhibiting insulin receptor substrate (IRS-1) 
phosphorylation

[41]

Induction of lipolysis PKA activation Promotes lipolysis and increases serum free fatty 
acids, further aggravating insulin resistance [48]

Impact on ovarian function
Regulation of 
inflammatory gene 
expression

Activates pro-inflammatory factor NF-κB 
interferes with follicular development, leading to 
hyperandrogenism and impaired ovulation

[7], [56-58]

Synergizes with other pro-
inflammatory factors

Multiple pro-
inflammatory signaling 
pathways interact

By synergizing with pro-inflammatory factors such 
as IL-6 and IL-1β, an inflammatory feedback loop is 
formed, exacerbating metabolic abnormalities

[13], [64], [66]

Effects on hepatic lipid metabolism NF-κB and other 
inflammatory pathways

Promotes disorders of hepatic lipid metabolism 
that may lead to nonalcoholic fatty liver disease 
(NAFLD)

[13], [41]
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abnormal body fat distribution and insulin resistance, suggesting 
that improving leptin signaling may be one of the potential 
strategies for future PCOS treatment.
    Second, as a fundamental mediator of chronic low-grade 
inflammation linked to obesity, TNF-α is also essential for the 
development of PCOS. Patients with PCOS, particularly those 
who are obese, have significantly higher levels of TNF-α. This 
inflammatory condition impacts the NF-κB signaling pathway 
in the ovaries in addition to directly interfering with the insulin 
signaling pathway, which leads to insulin resistance by activating 
the hormone secretion and follicular development in the ovary, 
leading to hyperandrogenemia and ovulatory dysfunction [7], 
[57], [70]. These findings suggest that TNF-α is not limited to 
metabolic regulation in the pathomechanism of PCOS, but also 
profoundly affects reproductive function in PCOS patients through 
its pro-inflammatory effects. In addition, leptin and TNF-α show 
a complex interaction in obesity-related PCOS. The two form a 
mutually reinforcing positive feedback loop in the obese state, 
and together they maintain a chronic low-grade inflammatory 
state. Chronic inflammation not only adds to the disruption of 
leptin signaling, but also further exacerbates insulin resistance 
and metabolic disorders [1], [71], [72]. In summary, the interaction 
between leptin and TNF-α in the obese state is one of the key 
mechanisms of metabolic and reproductive abnormalities in 
PCOS; therefore, interventions targeting the interaction between 
the two may provide new directions for the treatment of PCOS.
    Although the pro-inflammatory role of TNF-α in PCOS has 
been widely investigated, its mechanism of action and targets in 
different tissues (e.g., adipose tissue and ovary) still need to be 
further explored. In the future, we should focus on the specific 
regulation of TNF-α in different tissues of PCOS patients and its 
interactions with other inflammatory factors, and we should also 
pay more attention to the interaction mechanism between leptin 
and TNF-α and its dual effects on metabolic and reproductive 
functions. Leptin resistance is particularly pronounced in PCOS 
patients, but its specific molecular mechanisms have not been 
fully elucidated. Future studies should focus on the regulatory 
mechanisms of the leptin receptor signaling pathway, especially 
the role of the JAK-STAT pathway and its negative feedback 
regulators (e.g., SOCS3). In addition, exploring how to restore 
leptin signaling function and thus improve the leptin resistance 
status is one of the key directions for future research. In addition, 
there is also the consideration of how to conduct early detection of 
PCOS patients, and according to Fang Zenghui's study, the results 
showed that anti-Müllerian hormone (AMH) as well as lipid level 
testing have clinical significance in the early diagnosis of PCOS 
[73].
    Leptin and TNF-α have complex interactions in obesity-
associated PCOS patients, and joint modulation of leptin and 
TNF-α signaling pathways could be considered in the future to 
reduce inflammatory status and improve metabolic abnormalities 
and reproductive function. For example, by targeting and 
inhibiting the pro-inflammatory signaling of TNF-α or enhancing 
leptin signaling, it may help to alleviate the symptoms and improve 
the quality of life of PCOS patients. Given the important role of 
obesity in the pathomechanism of PCOS, personalized therapeutic 
strategies should be developed for PCOS patients with different 
body sizes and pathological features. For example, for obese PCOS 
patients, the focus should be on weight reduction and alleviation 
of chronic inflammation, whereas for non-obese PCOS patients, 
more attention to the modulation of their leptin and TNF-α levels 
may lead to better therapeutic outcomes.

Conclusions

The processes underlying obesity-associated PCOS were the focus 

of our attention. Specifically, we looked at the regulatory functions 
of LEPR and TNF-α in energy metabolism, inflammation, and 
reproductive function. Leptin and TNF-α are two important 
regulators of obesity-associated PCOS, according to studies, and 
they both cooperate through many mechanisms to aggravate 
inflammation, insulin resistance, and metabolic abnormalities. 
Despite having high leptin levels, patients with obesity-associated 
PCOS have extensive leptin resistance and dramatically decreased 
leptin receptor activation, which impairs their capacity to regulate 
hunger and energy metabolism. With disrupting insulin signaling, 
pro-inflammatory TNF-α contributes to the aggravation of insulin 
resistance and metabolic diseases.
    In conclusion, leptin receptor and TNF-α jointly maintain a 
chronic inflammatory state that contributes to metabolic and 
reproductive abnormalities in PCOS. These processes are crucial 
to the pathomechanism of obesity-associated PCOS. Thus, 
focusing on the leptin and TNF-α signaling modulation may offer 
fresh approaches to enhance PCOS treatment. Future research 
should focus on understanding the molecular mechanisms 
underlying leptin resistance and the function of TNF-α in various 
tissues in order to offer a stronger scientific foundation for treating 
PCOS on an individual basis. 
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