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Association of metabolic-dysfunction associated
steatotic liver disease with polycystic
ovary syndrome
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SUMMARY

Non-alcoholic fatty liver disease (NAFLD), which has a prevalence of over 25% in adults, encompasses a
wide spectrum of liver diseases. Metabolic-dysfunction associated steatotic liver disease (MASLD), the
new term for NAFLD, is characterized by steatotic liver disease accompanied by cardiometabolic criteria,
showing a strong correlation with metabolic diseases. Polycystic ovary syndrome (PCOS) is a common
reproductive endocrine disease affecting 4–21% of women of reproductive age. Numerous studies
have indicated that NAFLD and PCOS often occur together. However, as MASLD is a new term, there
is still a lack of reports describing the effects of MASLD on the development of PCOS. In this review
article, we have summarized the complex and multifaceted connections between MASLD and PCOS. Un-
derstanding the pathogenesis and treatment methods could not only guide the clinical prevention, diag-
nosis, and treatment of PCOS in patients withMASLD, but also increase the clinical attention of reproduc-
tive doctors to MASLD.

INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) encompasses a range of hepatic conditions, including simple steatosis, non-alcoholic steatohepa-

titis (NASH), and progressed fibrosis. This definition requires the exclusion of other chronic liver disease and steatosis causes, as well as the

absence of excessive alcohol consumption. The prevalence of NAFLD has risen significantly, linked to the increasing rates of obesity and type

2 diabetes.1,2 A systematic review andmeta-analysis found an overall prevalence of 39.7% inmen and 25.6% in women.3 Given the presence of

other potential pathogenesis mechanisms such as alcoholism and viral hepatitis, a new terminology has been proposed: metabolic-dysfunc-

tion associated steatotic liver disease (MASLD), which includes clear diagnostic criteria for both adults and children.4 They also suggested a

comprehensive nomenclature, steatotic liver disease (SLD), to cover various causes of steatosis. The diagnosis of MASLD includes SLD coex-

isting with at least one of five cardiometabolic criteria embracing overweight, hyperglycemia, hypertension, and dyslipidemia. Furthermore,

the termmetabolic dysfunction-associated steatohepatitis (MASH) has been proposed to replace NASH. They demonstrated that 98% of pa-

tients with NAFLD meet the MASLD criteria.

Polycystic ovary syndrome (PCOS) is a complex syndrome with pathophysiology linked to metabolic, genetic, epigenetic, and environ-

mental factors. It is one of the most common reproductive endocrine diseases, characterized by hyperandrogenemia (HA), anovulation,

increased luteinizing hormone (LH) levels, and polycystic ovary. According to Rotterdam 2003 criteria, a meta-analysis reviewed the preva-

lence of PCOS as 10%.5

PCOS patients have a higher prevalence of NAFLD,more serious hepatic steatosis, and advanced liver fibrosis compared to those without

PCOS.6–8 The prevalence of NAFLD in patients with PCOS is 34–70%, while in general women, the prevalence is 14–34%.9 Moreover, Vassi-

latou et al. have shown that NAFLD women have a higher PCOS prevalence than non-NAFLD women in a clinical study.10 Furthermore, Dong

Liu et al. confirmed that individuals with genetically predicated NAFLD are more susceptible to PCOS, with implications on insulin and

bioavailable testosterone levels.11 The pathogenesis of liver lipid accumulation and PCOS share many risk factors, most of which are meta-

bolism-associated, as shown in Figures 1 and 2. The theory of the hepato-ovarian axis was proposed in recent years and recent evidence sug-

gests that PCOS is an independent risk factor for NAFLD, and vice versa.12 As the nomenclature changes, there is controversy over the us-

ability of previous research results. However, in a study by Hannes Hagström, over 99.5% of patients with NAFLD fulfilled MASLD criteria,13

indicating that previous studies onNAFLD are still valid.14 This review summarizes the underlying associationmechanisms and potential treat-

ment methods between MASLD and PCOS using previous data on NAFLD.
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Figure 1. The pathogenesis of lipid accumulation in liver

A high-fat diet and altered gut microbiota can increase lipid absorption in the intestine. Insulin resistance can lead to increased lipolysis in adipose tissue.

Elevated levels of free fatty acids and de novo lipogenesis can enhance fat content in the liver. This can then drive b-oxidation stress in mitochondria and

enhance lipid droplet accumulation. The accumulation of lipids can accelerate hepatic steatosis and further aggravate lipotoxicity and inflammation. These

changes can impair mitochondrial function, drive advanced ER stress, and lead to the release of pro-inflammatory cytokines, which can further exacerbate

metabolic dysfunction and advance fibrosis by activating Kupffer cells and hepatic stellate cells. Abbreviations: IR, insulin resistance; FA, fatty acid; CM,

chylomicron; TG, triglyceride; VLDL, very low-density lipoprotein; DNL, de novo lipogenesis; ER, endoplasmic reticulum; ROS, reactive oxygen species;

SREBP-1c, sterol regulatory element binding protein 1c; ChREBP, carbohydrate responsive element binding protein; KC, Kupffer cell; HSC, hepatic stellate cell.
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UNDERLYING MECHANISMS

Insulin resistance

Accumulating evidence indicates that insulin resistance (IR) is closely related to the development of MASLD and PCOS. Patients with MASLD

often experience IR under high-calorie intake triggers, leading to an increased risk of progression from steatosis to MASH and fibrosis. IR is

one of the ‘‘multiple hits’’ that predispose patients to the development of hepatic steatosis and progression to MASH by enhancing de novo

lipogenesis and fibrotic response of hepatic stellate cells.15 IR is also a typical feature of PCOS. The correlation between HA and hyperinsu-

linemia was first reported as early as 1980. IR can induce endocrine and reproductive features of PCOS by acting on the theca cells and

reducing sex hormone-binding globulin (SHBG) production in the liver to stimulate androgen production.16 In turn, HA impairs insulin sensi-

tivity and exacerbates visceral obesity. About 75% of PCOS cases have impaired insulin action.17 Thus, IR shows reciprocal causation with

MASLD and PCOS. The associated mechanisms are as follows.
Figure 2. The pathogenesis of PCOS

PCOS is a systemic disease associated with the entire body. Initially, elevated GnRH levels result in increased LH pulsatile release and an increased LH:FSH ratio,

leading to anovulation and androgen abnormalities. This, in turn, induces insulin resistance and promotes abnormal GnRH release. Insulin resistance reduces

SHBG synthesis and secretion in the liver, leading to increased androgen levels from the adrenal glands and ovaries, ultimately resulting in high free

testosterone levels. Additionally, insulin resistance exacerbates inflammation in adipose and hepatic tissues, and throughout the body, further worsening

PCOS symptoms. Abbreviations: H, hypothalamus; P, pituitary; PCO, polycystic ovary; GnRH, gonadotropin-releasing hormone; LH, luteinizing hormone;

FSH, follicle-stimulating hormone; SHBG, sex hormone-binding globulin.
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Figure 3. The main mechanisms of IR

IR and reduced GLUT4 expression in skeletal muscle tissue result in increased circulating glucose levels. Genetic factors and hepatokines may influence insulin

signaling by promoting serine/threonine phosphorylation of insulin receptor substrates and inhibiting tyrosine phosphorylation. Upregulation of SREBP-1c

collaborates with hyperglycemia to facilitate de novo lipogenesis. Hyperinsulinemia can lead to adipose tissue expansion and promote obesity, while IR can

stimulate lipolysis and inflammatory cytokines in adipocytes, causing dyslipidemia, inflammation, and lipotoxicity. Lipotoxicity and mitochondrial dysfunction

may induce oxidative stress, ER stress, and ROS elevation in the liver, activating Kupffer cells to produce inflammatory cytokines. Abbreviations: IR, insulin

resistance; FA, fatty acid; ER, endoplasmic reticulum; ROS, reactive oxygen species; IRS, insulin receptor substrate; GLUT, glucose transporter; KC, Kupffer

cells; JNK, c-Jun N-terminal kinase 1; IKK, inhibitor of the nuclear factor-kB kinase; SCOS, suppressor of cytokine signaling; SREBP-1c, sterol regulatory

element binding protein 1c; PI3K, phophatidylinostitol 3-kinase; AKT, protein kinase B.
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Firstly, in adipose tissue, IR leads to adipocyte dysfunction, including impaired lipolysis and lipid synthesis, increased circulating FFAs,

lower adiponectin secretion, and enhanced release of pre-inflammatory cytokines. Preliminary experimental observations have shown that

abnormal lipolysis and high circulating FFAs levels progress lipid overload and accumulation in the liver, causing lipotoxicity and inflam-

matory cytokines release to exacerbate hepatic steatosis and IR.18 Lower levels of adiponectin and leptin are associated with insulin sensi-

tivity impairment.19 Furthermore, the altered secretion of adipokines impacts eating and metabolism like adiponectin and leptin. Secondly,

in the liver, IR interferes with the secretion of hepatokines. For example, decreased SHBG secretion leads to increased free testosterone

levels in the serum of PCOS patients.20 IR can also stimulate androgen production through a direct or indirect effect on the pituitary.21

Furthermore, increased serum-free androgen attenuated insulin clearance, resulting in hyperinsulinemia.17 Thirdly, systematic inflammation

is another reason. Systematic inflammation is pervasive in MASLD and PCOS. Activation of NF-kB and elevation of proinflammatory

cytokines exacerbate the progression from steatosis to steatohepatitis. Cytokines can activate various stress-related protein kinases and

then induce serine/threonine-mediated phosphorylation of insulin receptor substrate (IRS)-1, resulting in attenuation of IRS-1-mediated in-

sulin signaling.22 Pre-inflammatory cytokines and oxidative stress inhibit IRS-1 and IRS-2 insulin signaling and activate inflammatory

reactions leading to aggravated IR via activating different pathways.19 Furthermore, in the liver, IR induces IRS-2 signaling down-regulation,

SREBP-1 overexpression, DNL pathway up-regulation, and increased serum triglyceride levels.23 Enhanced TGs, FFAs, and other

abnormal lipid metabolite levels lead to mitochondrial dysfunctions and oxidative stress, and then exacerbate hepatic steatosis and

inflammation.

In summary, IR contributes to dyslipidemia, HA, abnormal hepatokines levels, and inflammation in patients with MASLD and PCOS,

inducing reproductive and endocrine symptoms like expressions of metabolic dysfunctions and clinical HA manifestations. The main mech-

anism is shown in Figure 3.

Obesity

Obesity is a common risk factor for hepatic steatosis and PCOS. Initially, obesity plays a key role in the development of hepatic isolated stea-

tosis and advanced MASH. Approximately 50% of patients with NAFLD and 80% of patients with MASH are overweight or obese.24 People

with NAFLD and obesity can be diagnosed as MASLD. A meta-analysis indicated that among obese/overweight people, the prevalence of

MASLD was as high as 50.7%.25 Additionally, another meta-analysis shows that approximately 50% of women with PCOS are overweight or
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obese, and in overweight or obese patients, the prevalence of PCOS is higher than in those with normal weight.26 Furthermore, overweight

and obesity are linked to several shared cardiovascular risk factors in patients with MASLD and PCOS.27,28

Adipose tissue acts as an endocrine organ that secretes adipokines and cytokines such as leptin, adiponectin, TNF-a, IL-1b, and IL-6. A

high-fat diet promotes fat accumulation by expansion of adipose tissue through the hyperplasia and hypertrophy of adipocytes. This process

results in changes in the secretion of adipokines and cytokines, such as increased circulating FFAs and leptin, and decreased adiponectin,

which further promotes IR and induces metabolic disorders and androgen secretion. Adipokines interact with hepatokines to cause meta-

bolismdisorders.Obesity also leads to alterations in themicroenvironment of follicular fluid. Robker et al. reported that in overweight women,

higher BMI were associated with higher insulin levels in follicular fluid, and lower SHBG, glucose transporter 4 (GLUT-4), and IRS-2 levels in

granulosa and cumulus cells, resulting in IR and fat accumulation.29 Furthermore, IR and androgen excess in womenmay further contribute to

abdominal adipose tissue deposition, creating a positive feedback cycle. Obesity in MASLD promotes the occurrence of PCOS by facilitating

IR and endocrine alterations.

SHBG

SHBG, a transporter of sex steroids, has a high affinity for testosterone in circulating plasma which controls the bioavailability of testosterone

to the target tissues. Low SHBG levels are considered as a biomarker in women with PCOS, leading to HA symptoms such as hirsutism, al-

opecia, and acne.30 Decreases SHBG levels, a sign of PCOS in patients, is also linked to a higher risk of PCOS. Lower SHBG levels in adoles-

cents with PCOS are associated with an increased risk of NAFLD.31 In individuals with NAFLD, SHBG levels in the liver and blood are lower

compared to those without NAFLD, and lower SHBG levels are connected to the development and regression of NAFLD.32,33 SHBG has a

positive impact on metabolism. SHBG levels are linked to a lower likelihood of obesity, T2DM, metabolic syndrome, and hepatic steatosis.34

Moreover, in cellularmodel, reduced SHBGexpression is associatedwith lowermRNAand protein levels of IRS-1, IRS-2, and PI3K, suggesting

that SHBG may be involved in the insulin signaling pathway and IR.35 IR, in turn, acts on the theca cells along with increased LH to increase

ovarian androgen production and decrease hepatic SHBG production, leading to higher levels of free or biologically active testosterone.36

SHBG, HA and IR formed a vicious cycle. Therefore, circulating levels of SHBG are negatively linked to the prevalence and severity of fatty liver

and PCOS.

Genetic factors

Many genes play crucial roles in the development and progression of NAFLD by modulating metabolism, including mutations in the endo-

cannabinoid receptor 1 (CNR1) gene, patatin-like phospholipase domain-containing protein 3 (PNPLA3), and fatmass and obesity-associated

gene (FTO). Given their influence on metabolism, we can consider them MASLD-related mutations.

The endocannabinoid system is reported to have a major role in energy balance regulation. Endocannabinoid system activity is signifi-

cantly higher in overweight, obese, PCOS, and metabolic dysfunction patients than in healthy individuals.37 Some mutations of CNR1 over-

expression affect the occurrence ofMetS and PCOS. For example,CNR1 rs12720071 is associated with a 3-fold higher risk of PCOS (OR: 3.01),

and CNR1 rs806368 is correlated with an 8-fold higher risk of PCOS (OR: 8.81). Moreover, patients with CNR1 rs12720071 have a 3.6-fold

higher risk of HA.38 Activation of the endocannabinoid system induces abdominal obesity, dyslipidemia, and IR in patients with MASLD,39

while CNR1 blockade reduces serum alanine transaminase (ALT) levels and hepatic inflammation markers in women with PCOS.40 Further-

more,CNR1 overexpression not only modulated glucose and lipidmetabolism but alsomodified inflammation and androgen levels, showing

a close correlation between MASLD and PCOS.

NAFLD and PCOS are both accompanied by abnormal FTO expression. FTO expression is related to hepatic fat accumulation and the

expression of lipogenic genes, which is increased in MASLD patients and mice models.41 Experiments on mouse models have shown that

increased FTO expression potentially increases body weight, affects metabolism and oxidative stress, and leads to IR,42 while decreased

FTO expression can reverse hyperglycemia and glucose tolerance impairment.43 The common FTO rs9939609 variant is related to PCOS sus-

ceptibility, possibly via mediating by BMI and IR.44 In women with PCOS, FTO mutation showed a greater effect on the BMI, IR, and other

obese-related traits than that of control patients.45,46

The I148M variant of PNPLA3, the specific SNP rs738409 (rs738409 C>G), is strongly associated with fat accumulation, hepatic steatosis,

and inflammation in hepatocytes. PNPLA3 I148Mmutation reduces PNPLA3 expression and fat mobilization and promotes hepatic steatosis

in experiments on a mouse model.47 According to the study on 208 patients with NAFLD, compared with non-carriers, patients with I148M

mutations have a higher risk of liver disease, IR, and metabolic syndromes.48 Furthermore, the mutation is an independent risk factor for pro-

gression from cirrhosis to HCC which can impair retinol release of hepatic stellate cells to facilitate inflammation and fibrosis.49,50 PNPLA3

I148M is also closely related to increased serum leptin levels and decreased serum adiponectin levels, resulting in a predisposition to IR.51

The effect of the PNPLA3 I148M variant is larger in women than in men.52 Given that PNPLA3 I148M is the most robust genetic variant asso-

ciated withMAFLD, and there is strong association between this mutation andmetabolism, it suggests a potential connection withmetabolic

symptoms in patients with PCOS. However, due to the lack of related research, more studies are needed to identify the underlying links. We

expect the associations between PNPLA3 and PCOS be detected to provide a new means for prevention and therapy.

Hepatokines

Hepatokines, secreted proteins derived from the liver, can communicate with distant organs to regulatemetabolism through endocrine func-

tions. In cases of obesity, IR, dyslipidemia, and other conditions that may increase metabolic stress, the expression levels of certain
4 iScience 27, 108783, February 16, 2024
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hepatokines are deregulated. In individuals with MASLD, liver steatosis can influence the secretion of hepatokines, which in turn can regulate

lipid metabolism and insulin action. While many hepatokines have been identified and studied, we specifically focused on metabolism-asso-

ciated hepatokines in this section, which may contribute to obesity, IR, dyslipidemia, and PCOS, in order to characterize the potential mech-

anisms of MASLD and PCOS.

Angiopoietin-like proteins (ANGPTL) primarily regulate lipid metabolism. ANGPTL3 is elevated in patients with NASH but not in pa-

tients with simple steatosis, while ANGPTL8 concentrations are increased in patients with T2DM, obesity, and hepatic steatosis.53,54 Over-

expression of ANGPTL8 inhibits triglyceride clearance and leads to higher serum triglyceride levels and liver fat accumulation, whereas

ablation of ANGPTL8 reduces plasma triglyceride concentrations in a rat model.55 Wang et al. reported that women with PCOS also

have higher concentrations of ANGPTL8 compared to healthy controls.56 ANGPTL8 is an indicator of different stages of NAFLD due to

its positive association with NAFLD severity. These studies demonstrate that elevated ANGPTL8 levels are linked to MASLD and PCOS

through modulation of metabolism. The next step is to investigate the impact of ANGPTL8 inhibition on the symptoms of MASLD

and PCOS.

Fibroblast growth factor (FGF) is a large family of proteins that regulate body development and metabolism. Among them, the FGF19

subfamily includes FGF19, FGF21, and FGF23. FGF19 has an impact on lipid and glucosemetabolism. In patients with NAFLD, the interaction

between FGF19 and FGFR4 is heightened, and this enhanced interaction is strongly linked to the occurrence and progression of NAFLD.57

Additionally, serum FGF21 levels are higher in patients with obese NAFLD compared to healthy controls. This higher concentration is asso-

ciated with obesity, BMI, metabolic syndrome, and the accumulation of hepatic TG based on a longitudinal analysis.58 Patients accompanied

IR consistently exhibit higher FGF21 levels and FGF21 resistance, alongside serum hyperinsulinemia and IR. Treatment with FGF21 enhances

insulin sensitivity and reduces glucose levels. Similarly, in FGF21 whole-body knockout mice, insulin sensitivity was impaired and hepatic

glucose production increased.59 The rationale behind this is that FGF21 leads to weight loss and improvement in hepatic steatosis, therefore,

in individuals with MASLD and obesity, there is a compensatory elevation in serum FGF21 levels due to FGF21 resistance.60 In patients with

PCOS, both FGF19 and FGF21 levels were found to be elevated and correlated with lipid and glucosemetabolism.61 However, another study

reported no relationship between FGF21 and metabolic syndrome in women with PCOS.62 These conflicting findings require further

validation.

Fetuin-A and fetuin-B are both positively associatedwith liver fat content. Levels of fetuin-A are significantly elevated in patients with PCOS

andMASLD and are positively correlated with IR, T2DM, dyslipidemia, steatosis severity, and HA.63,64 Additionally, fetuin-A acts as an endog-

enous ligand of toll-like receptor 4, which is involved in the process of lipid-induced IR.65 Furthermore, initial experimental observations sug-

gest that hyperglycemia and hyperlipidemia can induce endoplasmic reticulum stress and subsequently increase fetuin-A secretion through

the ERK1/2 pathway.66 An innovative treatment approach involving low-dose spironolactone, pioglitazone, and metformin combination has

been shown to normalize fetuin-A levels and improve symptoms in women with PCOS.67 The action of fetuin-B is similar to that of fetuin-A.

Moreover, serum fetuin-B concentration is associated with impaired glucose intolerance and is negatively related to first-stage insulin secre-

tion b-cell function, as well as hepatic steatosis.68,69 Fetuin-A and fetuin-B are hepatokines that are associated with MASLD and PCOS by

affecting glucose and lipid metabolism.

The HMGB1 gene in humans encodes the high mobility group box 1 (HMGB1) protein, which was initially believed to only function as a

nuclear protein for regulating gene transcription. However, it is now known to also act as a cytokine mediator of inflammation, leading to

tissue injury, elevated blood glucose and FFAs levels, and increased serumHMBG1 levels.70,71 Zhang et al. explored the potential connection

between HMGB1 and IR in women with PCOS, showing that HMGB1 abundance increased in the follicular fluid and induced insulin signaling

pathway impairments and autophagy activation in granulosa cells.72 Inhibition of autophagy consistently alleviated IR induced by HMGB1.73

Dipeptidyl peptidase-4 (DPP-4), a serine protease, can inactivate glucagon-like peptide 1 (GLP-1) and glucose-dependent insulinotropic

polypeptide (GIP), which stimulates insulin secretion. In individuals with fatty liver, DPP-4 activity is increased andGLP-1 levels are low, leading

to IR and progression of hepatic steatosis.74 However, in womenwith PCOS, we observed similar DPP-4 activity compared to healthy controls,

whereas DPP-4 inhibitors were effective in treating metabolic symptoms of PCOS.75 Therefore, the activity of DPP-4 should be further

evaluated.

Selenoprotein P (SeP), a liver-derived protein, has been found to be positively associated with hyperglycemia, IR, and T2DM. Previous re-

ports have shown abnormally high SeP levels in patients with obesity, T2DM, PCOS and fatty liver.76 Islets volume of a- and b-cells decreased

after high-SeP treatment. Similarly, preliminary experiments observations indicated that SeP-neutralizing antibodies can improve IR, and pro-

tect islets and insulin secretion.77 Targeting SeP in treatment offers a new approach to treating PCOS and MASLD.

Growth differentiation factor 15 (GDF-15), a member of the TGF-b superfamily, is expressed at low concentration in many organs and

is present in elevated levels in the liver under conditions such as obesity, liver diseases, chronic kidney disease, and cardiovascular dis-

ease. Serum GDF-15 levels have been found to predict liver fibrosis in people with MASLD.78 Experiments have shown that GDF-15

can protect against steatosis and fibrosis by inhibiting mitochondrial damage, reducing oxidative stress, downregulating ROS and

dsDNA release, and reducing inflammatory cytokine secretion.79 In patients with PCOS, GDF-15 overexpressed in response to increased

oxidative stress and ROS levels.80 Elevated GDF-15 levels have favorable effects on metabolic dysfunction in MASLD, MASH, and PCOS.

People with relatively low GDF-15 levels are more susceptible to liver steatosis and PCOS. Therefore, GDF-15 may be a therapeutic

target for the treatment of patients with MASLD and PCOS, which requires further clinical experiments due to its essential role in

metabolism.
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Inflammation

Lipid metabolism disorder and IR in patients with MASLD lead to inflammation due to increased oxidative stress, ER stress, and ROS levels.

The lipotoxicity and metabolite toxicity activate Kupffer cells, resulting in chronic inflammation, and then activate hepatic stellate cells and

immune cells to promote fibrosis.Moreover, elevated ROS leads to chronic hepatic cell death, compensatory proliferation, increased immune

cell activation, and worsening inflammation.81 As hepatic steatosis progresses, inflammation continues to deteriorate.

Chronic low-grade inflammation has been reported in patients with PCOS, with elevated inflammatory marker concentrations such as

white blood cell counts, C-reactive protein, and cytokines.82 PCOS is often associated with obesity and IR, showing a much greater elevation

of inflammatory markers. Even after excluding obesity and elevated BMI, thesemarkers still exist, indicating that the pro-inflammatory effects

of HA also exist in patients with PCOS.83 IR in adipose tissue caused chronic inflammation and stimulated macrophage recruitment and acti-

vation, leading to systematic inflammation. Obesity-induced systemic inflammation promotes the development of IR and diabetes by trig-

gering inflammation in the pancreatic islets and causing b-cell apoptosis.84

Furthermore, the activation of pro-inflammatory pathways, such as the NF-kB signaling pathway, results in the secretion of inflammatory

substances and the activation of macrophages, leading to systemic inflammation and impaired insulin sensitivity.85 Studies have shown that

mice with fatty liver induced by a high-fat diet exhibit increased NF-kB signaling. Initial experiments have revealed that mice with selective

activation of the NF-kB pathway in hepatocytes experience worsening IR in the liver and the entire body due to the upregulation of cytokine

expression, including IL-6.86 Conversely, inhibiting IKK-b and the NF-kB pathway can reverse IR induced by obesity and a high-fat diet.87

Moreover, alterations of gut microbiota lead to dysfunctions of lipopolysaccharide (LPS) metabolism, resulting in elevated levels of LPS in

the plasma, leading to systemic inflammation and contributing to the development of MASLD and PCOS.88

Moreover, in patients with PCOS of normal weight, inflammation in adipose tissue worsens impaired insulin signaling. Similarly, PCOS is

not only caused by inflammation but also triggers inflammation through obesity, IR, and HA. Therefore, inflammation, closely linked to meta-

bolic disorders, is both the cause and result of MASLD and PCOS. Thus, inflammation serves as a mechanistic connection between the onset

and negative effects of PCOS and MASLD.

Gut microbiota

The human gut microbiota composition is linked to various diseases, such as metabolic disorders and hepatic steatosis. Diet is a crucial factor

that directly influences gut microbiota, impacting its composition and leading to dysfunction. Mice fed a high-calorie diet, as opposed to a

conventional one, experience increased body weight, impaired lipid metabolism, and hepatic steatosis.89 The underlying reason is that high-

fat diet-induced obesity, which impairs the gut microbiota’s composition and function, leading to increased lipid absorption and obesity,

partly due to IR and inflammation.90 Additionally, PCOS stool microbiota exhibits reduced diversity and an altered phylogenetic profile,

contributing to reproductive and metabolic issues.91 Exposure to healthy gut microbiota prevented abnormal metabolic phenotypes,

reduced weight gain and abdominal obesity, and improved IR in PCOS mice models.92

Gut microbiota plays a crucial role in regulating the development and progression of MASLD. The composition and metabolites of gut

microbiota can impact metabolism, the immune system, redox homeostasis, and mitochondrial function.93 Germ-free mice fed a high-fat

diet and then given microbiota from patients with MASH exhibited worsened MASH symptoms, including increased hepatic steatosis and

inflammation.94 However, when thesemice inoculatedwithmicrobiota from the same donor lost weight, they showed normal liver physiology,

aligning with the role of weight loss in hepatic steatosis in patients.95 Additionally, microbiota promotes the conversion of primary bile acids

into secondary bile acids. Dysregulation of microbiota induced by hepatic steatosis impairs bile acid metabolism, which can impact PCOS

through the gut microbiota-bile acid-interleukin-22 axis in mouse PCOS models.96 Furthermore, a high-fat diet significantly increased intes-

tinal permeability by reducing the expression of epithelial tight junction proteins and disrupting intestinal barrier function, leading to meta-

bolic disorders, endotoxemia, and inflammation.97 Other experiments suggested that microbiota can mitigate metabolic symptoms by

inducing Th17 cells to regulate intestinal lipid absorption, offering a potential therapeutic target.98

In summary, the gut microbiota is a metabolic factor linkingMASLD and PCOS bymodulating absorption andmetabolism in the intestine.

Restoring gut microbiota is a potential therapeutic approach. However, further studies are needed to clarify the specific role of the gut micro-

biota and establish personalized treatments targeting the gut microbiota.

Hyperandrogenemia

HA, one of the diagnostic criteria of PCOS, is induced by IR, lower SHBG, and other metabolic and endocrine factors. In women, androgens

are mainly produced by the ovaries and adrenal glands. Previous studies have suggested the co-existence of abnormalities in both sources of

androgen overproduction. One study found that excessive adrenal-derived androgen secretion negatively regulates the hypothalamus-pitu-

itary-ovary axis in a feedback loop, and disrupts the rhythm of GnRH release.99 Persistent high-frequency GnRH pulses in patients with PCOS

lead to increased LH pulse amplitudes, resulting in hypersecretion of LH and relative deficiency of follicle-stimulating hormone (FSH), which

causes HA, anovulation, and polycystic ovary.100 Excessive androgen also stimulates inflammation, cumulus cell apoptosis, follicular dysplasia,

and liver and abdominal fat accumulation.101 HA is an independent risk factor for hepatic steatosis and metabolic syndrome in patients with

PCOS after adjusting for age and BMI.6 Patients with hyperandrogenic PCOS have a higher liver fat content than those with normal-andro-

genic PCOS.102 Androgens enhance serine phosphorylation of insulin receptors, thereby impacting insulin signaling pathways and activating

IR according to the initial experiments.22 Additionally, dehydroepiandrosterone can reduce membrane GLUT4 expression in skeletal muscle

tissue and disrupt mitochondrial and glucose balance, leading to the development of IR.103 Moreover, androgens promote de novo
6 iScience 27, 108783, February 16, 2024



Figure 4. Underlying associated mechanisms between MASLD and PCOS

The connection between MASLD and PCOS involves complex mechanisms. Many of these factors are related to metabolism, such as insulin resistance, SHBG,

obesity, genetic factors, and hepatokines, which can impact glucose and lipid metabolism. Inflammation is also a significant factor that can contribute to insulin

resistance and hepatic fibrosis. In recent years, the gut microbiota has garnered attention for its diverse effects on the body, including promoting inflammation

andmetabolic abnormalities. All of these factors are correlated with hyperandrogenemia and PCOS through their influence on metabolism. As a result, there are

multiple shared metabolic symptoms in both MASLD and PCOS. Abbreviations: IRS, insulin receptor substrate; DNL, de novo lipogenesis; FFA, free fatty acid;

SHBG, sex hormone-binding globulin; MASLD,metabolic-dysfunction associated steatotic liver disease; PNPLA3, patatin-like phospholipase domain-containing

protein 3; FTO, fat mass and obesity associated gene; CNR1, endocannabinoid receptor 1; BMI, body mass index; ANGPTL, angiopoietin-like protein; FGF,

fibroblast growth factor ; HMGB, high mobility group box; DPP-4, Dipeptidyl peptidase-4; SeP, slenoprotein P; GDF-15, growth differentiation factor 15;

GLUT, glucose transporter; BPA, bisphenol A; SREBP-1c, sterol regulatory element binding protein 1c.
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lipogenesis and hepatic steatosis by inducing IR and increasing SREBP-1c levels.104 As a result, HA is influenced by endocrine dysfunction,

which is associatedwith reduced SHBGand insulin sensitivity. Subsequently, HA negatively affects glucose and lipidmetabolism, contributing

to the symptoms of hyperglycemia, IR, obesity, and fatty liver.
Other factors

The close links between metabolic dysfunction and PCOS and MASLD suggest that environmental factors contributing to overweight and IR

may be themain cause of these conditions. For instance, a sedentary lifestyle and unhealthy eating habits can lead to obesity and IR, resulting

in metabolic and reproductive issues, and ultimately raising the likelihood of PCOS and hepatic steatosis. Jensen et al. reported that high-

sugar diets also raise the risk of fatty liver and accelerated MASH development.105

Exposure to some endocrine disruptors may also contribute to PCOS andMASLD. Serum bisphenol A (BPA) is one such disruptor that can

interferewith normal biological endocrine functions, either directly or indirectly. Recent reports have raised concern about its potential impact

on the development of obesity, diabetes, and other chronic diseases. Studies have shown a positive association between BPA and the occur-

rence of PCOS, as well as its involvement in the development of IR and HA.106 Additionally, BPA also disrupts various processes including

adipogenesis, inflammation, and oxidative stress, which are thought to be plausibly linked to MASLD.

Moreover, about 1/6 of patients with NAFLD are diagnosed with subclinical hypothyroidism, characterized by elevated levels of thyroid-

stimulating hormone (TSH).107 Elevated TSH levels are correlated with obesity, dyslipidemia, IR, fatty liver, and higher plasma concentrations

of total cholesterol. The prevalence of MASLD rises steadily with increasing TSH levels. Moreover, among women of reproductive age, hy-

pothyroidism is another common endocrinological disorder. In line with this, women with PCOS have a significantly higher prevalence of sub-

clinical hypothyroidism compared to the control group.108 Elevated TSH levels impair oocyte maturation and fertilization in patients with

PCOS undergoing in vitro fertilization, and are also positively associated with overall mortality and cardiovascular mortality in patients

with MASLD.109,110 In conclusion, thyroid dysfunction impairs metabolic processes, leading to hyperglycemia and lipid accumulation, making

it a potential target for therapy.

Risk factors can also interact with each other, such as genetic factors, hepatokines, IR, SHBG, gut microbiota, inflammation, and obesity,

which correlate and promote PCOS occurrence by inducing metabolic dysfunction. Figure 4 shows some possible associated factors. HA,

induced by these factors, exacerbates metabolic dysfunctions and promotes the progression of MASLD. However, the mechanism causing

these dysfunctions and impairments is still unresolved and requires further research.
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THERAPEUTIC STRATEGIES

There is currently no proven drug treatment for MASLD, and there is no universal treatment for MASLD in patients with PCOS. Due to the

increased occurrence of complications, clinicians should prioritize regular follow-up visits and monitoring of relevant indicators, including

weight, serum glucose, HbA1c, blood lipid parameters, and glucose tolerance tests. The primary management of patients with MASLD

and PCOS mainly focuses on lifestyle regulation. Since metabolism plays a key role, therapy should be symptom-oriented, and potential

optional treatments include metabolism-related pharmacological treatments, nutritional preparations, and bariatric surgery.
Lifestyle regulation

The first-line treatment for MASLD and PCOS is weight loss achieved through reducing calorie intake, exercise, and a healthy diet, including

reduced fructose and a Mediterranean diet. Lifestyle regulation is the fundamental treatment for MASLD and PCOS through a healthy diet

with reduced calories and increased exercise. A 7% weight loss can reduce fat accumulation, relieve inflammation, and improve liver histo-

logical impairment.111 Based on preliminary experiments, lifestyle regulation can reduce weight, increase circulating SHBG levels, decrease

free testosterone levels, and improve insulin sensitivity and HA-related symptoms in patients with PCOS.112,113 Women with PCOS who are

overweight (BMI R 25 kg/m2) may experience increased rates of conception and live births following a substantial weight loss (>10%).114

Time-restricted feeding, a type of intermittent fasting, is beneficial in reducing body fat, improving menstruation and HA, decreasing IR

and reducing alanine aminotransferase and high-sensitivity C-reactive protein levels in women with PCOS.112 Furthermore, the Mediterra-

nean diet can improve IR and IR-related diseases such as obesity, T2DM, hepatic steatosis, and PCOS.115

Hakimi et al. found that exercise can lower insulin and free androgen levels, which helps restore the regulation of ovulation by the hypo-

thalamic-pituitary-ovarian axis.116 Aerobic training can reduce IR and inflammatory markers in obese mice through the PPAR-a pathway.117

Alternate-day fasting combined with aerobic exercise can significantly reduce body weight, fat mass, waist circumference, and ALT levels

while increasing insulin sensitivity.118 Additionally, a combination of tea and saponin seed diet and aerobic exercise can decrease oxidative

stress and improvemetabolism in high-fat diet-inducedMASLDmice.119 Although there is no clear evidence that exercise alone can improve

PCOS, it is clear that moderate BMI reduction can improvemetabolic syndromes. Long-term lifestyle changes are the simplest and healthiest

way to improve metabolic dysfunction, and persistence and adherence are crucial for long-term regulation.
Pharmacological treatments

While there are no approved drugs for MASLD, potential optional symptom-oriented pharmacological therapies for MASLD in PCOS treat-

ment should not only ameliorate liver fat accumulation, IR, and liver injury but also regulate ovulation and menstruation. In this regard, we

outline the significant mechanisms of action of commonly used drugs (see Figure 5).

Metformin

Metformin, a biguanide, is widely used to regulate blood glucose. AMPK is a key regulator of glucose, lipid, and energy metabolism, cata-

lyzing glucose and lipid metabolic dysfunction improvement. Previous experiments have shown that metformin can inhibit gluconeogenesis

by activating AMPK through a lysosomal pathway, inhibiting CREB binding protein phosphorylation and suppressing gluconeogenic gene

expression.120,121 Additionally, AMPK activation can inhibit hepatic mammalian target of rapamycin complex (mTORC) 1 signaling to inhibit

anabolic metabolism.122 Furthermore, activated AMPK can lead to acetyl-CoA carboxylase (ACC) 1/2 phosphorylation, inhibiting SREBP-1c

phosphorylation and de novo lipogenesis.123 Metformin can also stimulate GLP-1 release to enhance insulin secretion, increase GLUT4 trans-

location in skeletal muscles, and improve insulin sensitivity.124 Moreover, metformin affects the composition and function of the gut micro-

biota, restores abnormal mitochondrial life cycles, and increases mitochondrial density in the livers of obese mice.125,126

Metformin is beneficial for patients with PCOS, improving IR, hirsutism, and normalizingmenstrual cycles. Metformin treatment also lowers

the risk of ovarian hyperstimulation syndrome in women with PCOS undergoing assisted reproduction.127 Additionally, the use of metformin

in patients with PCOS has been linked to higher pregnancy rates andmore favorable pregnancy outcomes compared to the control group.128

In the case of patients with MASLD, metformin not only improves IR but also reduces lipid accumulation in hepatic cells and adipocytes, as

shown in in vitro studies.129 Preliminary experimental observations have consistently demonstrated that metformin has a positive effect on

MASLD, leading to improvements in liver histology and fat content.130 Furthermore, metformin has been found to inhibit diet-induced

MASH-related hepatocellular carcinoma progression in zebrafish and counteract the effects of a high-fat diet on hepatic steatosis, inflamma-

tion, and tumorigenesis.131 Recent studies have also indicated that metformin can reduce fatty liver, ameliorate MASH, inhibit the develop-

ment of HCC, and normalize menstrual cycles and ovulation.132 Consequently, metformin can be considered a viable treatment for both

MASLD and PCOS.

Glucagon-like peptide-1 receptor agonists

GLP-1may enhance glycemic control, stimulate glucose-stimulated insulin secretion, protect b-cells, and reduce bodyweight. GLP-1 receptor

agonists (GLP-1 RAs) have demonstrated strong effects in increasing insulin sensitivity, reducing cardiovascular risk, promoting weight loss,

increasing SHBG levels, and improving reproductive function.133 GLP-1 RAs may also decrease steatosis, alleviate inflammation in MASH pa-

tients, and slow down fibrosis progression.134 For women with PCOS, GLP-1 RAs, either alone or in combination with other metabolic reg-

ulators, are emerging as potential treatments for metabolic dysfunctions. For instance, GLP-1 RA alone or combined with metformin can
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Figure 5. Molecular mechanisms of anti-diabetic drugs

Pioglitazone, an agonist for PPAR-g, reduces circulating FFA levels and inflammation cytokines while increasing adiponectin expression. DPP-4 inhibitors

enhance GLP-1 function by inhibiting DPP-4, which promotes GLP-1 decomposition. Metformin can activate AMPK to inhibit ACC1/2 and SREBP-1c, leading

to the suppression of de novo lipogenesis. GLP-1 RAs can enhance glucose-stimulated insulin secretion and protect pancreatic b cells. SGLT-2 inhibitors may

induce hypoglycemic effects by inhibiting glucose reabsorption in the proximal renal tubule. These medications can improve endocrine and metabolic

symptoms of PCOS by partly increasing insulin secretion, alleviating inflammation, and reducing androgen levels. Abbreviations: FFA, free fatty acid; PPAR,

peroxisome proliferator-activated receptor; GLP-1, glucagon-like peptide 1; GLP-1 RA, Glucagon-like peptide-1 receptor agonist; DPP-4, dipeptidyl

peptidase-4; SGLT2, sodium-glucose cotransporter 2; GLUT, glucose transporter; SREBP-1c, sterol regulatory element binding protein 1c; AMPK, AMP-

activated protein kinase; mTOR, mammalian target of rapamycin; ACC, acetyl-CoA carboxylase; PCOS, polycystic ovary syndrome.
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significantly reduce weight and testosterone levels in obese patients with PCOS.135 However, in patients with MASLD, serumGLP-1 levels are

similar to those of normal individuals, while liver GLP-1R expression is significantly down-regulated, which is induced by high-fat diet feeding

and elevated free fatty acids. Therefore, GLP-1 RAs can be a potential treatment option for MASLD/MASH in patients with PCOS, through

promoting weight loss, ameliorating HA and IR, and reducing the inflammation reaction.

Preliminary studies have shown that exendin-4, a GLP-1 RA, can decrease lipoprotein synthesis caused by IR and reverse dyslipidemia and

hepatic steatosis in mice.136 Liraglutide may help improve liver enzyme levels, reduce liver fat accumulation, and improve parameters related

to glucosemetabolism.137,138 Semaglutide has been found to lower alanine aminotransferase and inflammatorymarker levels, and contribute

to the improvement of symptoms in patients with MASH.139 Liraglutide and semaglutide also have positive effects on cardiovascular out-

comes. Another GLP-1 RA tirzepatide has been shown to increase adiponectin and decrease biomarkers associated with MASH, such as

ALT, AST, and procollagen III.140 Therefore, GLP-1 RAs may be promising agents for treating MASLD and PCOS, especially in patients

with IR, T2DM, and dyslipidemia.

Dipeptidyl peptidase-4 inhibitor

DPP-4 inhibitors increaseGLP-1 andGIP levels by inhibitingDPP-4, which could switch them fromhigh-affinity ligands to low-affinity ligands. A

prior clinical study on 30 patients with PCOS showed that sitagliptin, a DPP4 inhibitor, increased b-cells function and prevented the transition

from impaired glucose tolerance to T2DM in obese patients with PCOS.141 Sitagliptin can also decrease visceral fat and improve glucose

levels by boosting early insulin secretion in overweight women with PCOS.142 Furthermore, linagliptin has been demonstrated to lower

the expression of SREBP1c and FAS, both associated with de novo lipogenesis, and increase the expression of PPARa, leading to an improve-

ment in hepatic steatosis in mouse experiments.143 In addition, in mouse PCOSmodels induced by letrozole, linagliptin treatment improved

dyslipidemia and decreased inflammatory markers and free testosterone levels, in part by inhibiting the NF-kB pathway.144 Therefore, DPP-4

inhibitors may alleviate symptoms associated with glucose and lipid metabolism and prevent the progression of MASLD.

PPARs agonists

PPARs are transcription factors that regulate various metabolic pathways, including glucose and lipid metabolism. They are potential thera-

peutic targets for inflammation, dyslipidemia, and IR. PPARa, mainly expressed in hepatocytes, regulates lipidmetabolism by controlling fatty

acid intake and b-oxidation. It also exerts anti-inflammatory effects by inhibitingNF-kB.145 PPARd is primarily expressed in skeletalmuscle and

inhibiting it in vitro reduces inflammation and steatosis associated with MASLD.146 PPARg, mainly found in adipose tissue, is the most exten-

sively studied form and has been linked to steatosis and insulin sensitivity.
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Thiazolidinediones (TZDs) are selective PPARg agonists that stimulate PPARg in adipocytes, improving insulin sensitivity, reducing free

fatty acid levels, and increasing adiponectin levels.147 Pioglitazone can reduce cardiovascular risk, improve steatosis and inflammation,

improve liver histology biopsies, and has antiatherogenic properties.148 Pioglitazone treatment has been observed to result in decreased con-

centrations of TGs and low-density lipoprotein (LDL), as well as an increase in high-density lipoprotein (HDL). This effect may be attributed to

the activation of PPARa.149 A combination of DPP-4 inhibitor and PPARg agonist improved the structure of the intestinal barrier and reduced

liver steatosis in experiments on obese mice.150 However, additional studies are required to conclusively identify their mechanisms of action.

TZDs are linked to weight gain, higher risk of fractures, and increased heart failure.151 Despite these side effects, the benefits of TZDs

outweigh them, making them still recommended for treating hepatic steatosis in diabetes. Preliminary studies indicated that in women

with PCOS, TZDs effectively decreased insulin and fasting blood glucose levels and improved menstrual cycle and ovulation.152,153 However,

due to safety concerns, they are only used as a second-line treatment. Elafibranor, a new PPARa/d agonist, exhibits therapeutic efficacy on IR,

inflammation, lipid accumulation, and fibrosis in rodent MASLD models via reducing the expression of enzymes correlated with gluconeo-

genesis.154,155 However, further clinical application is needed. In general, TZDs can be considered as an alternative treatment option for

MASLD, improving IR, reducing hepatic steatosis and inflammation, promoting weight loss, normalizing menstrual cycles, and relieving

PCOS symptoms.

Sodium-glucose cotransporter 2 inhibitor

Sodium-glucose cotransporter (SGLT) has two subtypes. SGLT1 is found in the small intestine, lung, heart, and the S3 segment of the proximal

tubule, while SGLT2 is exclusively expressed in the S1 and S2 segments of the proximal tubule. SGLT2 inhibitors reduce serum glucose by

inhibiting glucose and sodium reabsorption in the proximal renal tubule, leading to increased urinary glucose and sodium excretions.

They can also reduce body weight, ameliorate diet-induced hepatic steatosis, prevent the progression of MASH, reduce the risks of cardio-

vascular disease, and improve blood pressure.156,157 Moreover, SGLT1 can reabsorb glucose in an acute compensatory manner, resulting in a

very low risk of hypoglycemia.158 Trials are currently underway to assess the histological benefits of SGLT-2 inhibitors in patients with MASH.

Therefore, SGLT2 inhibitors are considered themost promising treatment option for patients with MASLD. In a randomized controlled study,

a 12-week empagliflozin treatment significantly improved anthropometric and physical parameters (i.e., waist circumference, hip circumfer-

ence, BMI, and fat-free mass) for women with PCOS, but not hormonal or metabolic variables.159 However, SGLT2 inhibitors have adverse

effects such as promoting mycotic genital infections and urinary tract infections, attributed to the presence of glucosuria.156 Furthermore,

therapy with SGLT2 inhibitor is associated with increased risks for diabetic ketoacidosis in diabetes patients, as reported in many studies.160

These adverse actions still need to be addressed.
Nutritional preparations

Recent studies have shown that certain nutritional supplements can improve both MASLD and PCOS. For example, omega-3 fatty acid sup-

plementation can significantly reduce liver fat content, TGs, and blood pressure, resulting in positive effects on fatty liver and cardiometabolic

events.161 Vitamin E can also improveMASLD andMASH by ameliorating hepatic steatosis and hepatocellular ballooning.162 Co-supplemen-

tation of omega-3 fatty acids and vitamin E in patients with PCOS can decrease serum TGs, LDL, very low-density lipoprotein (VLDL), TC, in-

sulin, serum total testosterone and free testosterone levels, and liver fat accumulation.163,164 Additionally, cinnamon supplementation can

decrease serum fasting blood glucose, fasting insulin, TC, and LDL and improved IR in women with PCOS.165 Vitamin D supplementation

has also been shown to result in modest improvements in ALT and IR when compared to a placebo.166 All of these nutritional supplements

can help improve lipid accumulation by relieving glucose metabolism, but further studies are needed to confirm their therapeutic values for

patients with MASLD and PCOS.
Bariatric surgery

Bariatric surgery is commonly used to treat obesity and related diseases. The most frequently used procedures are Roux-en-Y gastric bypass

and laparoscopic sleeve gastrectomy. According to ameta-analysis shows, bariatric surgery can improve endocrine dysregulation and reduce

serum total testosterone levels, serum free testosterone levels, BMI, and the incidence of menstrual abnormalities, alopecia, and T2DM in

women with PCOS.167 For patients with MASH and severe obesity, bariatric surgery effectively improves steatosis, hepatic inflammation,

and fibrosis.168 Lassailly et al. monitored MASH patients who had undergone bariatric surgery 5 years ago and discovered that MASH reso-

lution was noticeable after 1 year, and fibrosis started to improve after 1 year and continued to improve until 5 years later. Bariatric surgery

significantly improved histology and liver function in morbidly obese patients by reducing oxidative stress and inflammation. The study found

a noteworthy decrease in liver markers for oxidative stress, inflammation, and fibrosis.169 Moreover, following bariatric surgery, the gut mi-

crobial signatures becomemore similar to those of lean, healthy individuals than those of patients with fatty liver.170 However, the implement

of bariatric surgery still needs to be evaluated on an individual basis. Therefore, additional research is still necessary to validate the recom-

mendation of bariatric surgery as a treatment option for MASLD in patients with PCOS.
Other treatment options

Statins can improve steatosis and steatohepatitis, but their main function is to lower plasma cholesterol and reduce the risk of cardiovascular

disease, the leading cause of death in patients with MASLD and MASH.171 The combined oral contraceptive pill (COCP) is beneficial for
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reducing HA and regulating menstruation. Combining metformin with COCPmay help manage overweight and metabolic dysfunctions. As-

sisted reproductive technology, including ovulation-inducing drugs, artificial insemination, and in vitro fertilization, can be attempted by pa-

tients with PCOS experiencing infertility. The combined use of sitagliptin and metformin can improve egg quality, enhance the probability of

fertilization and pregnancy, and improve pregnancy outcomes. Furthermore, adjusting the gut microbiota has been proposed as beneficial

for restoring metabolism, so FMT is currently undergoing clinical testing. Probiotics and antibiotics can partially improve gut microbiota dis-

orders. Genetic factors, promising targets for the future, are still being discovered. Additionally, herbs targeting the pathogenesis processes

of ‘‘multiple hits’’ could help improve hepatic steatosis and metabolic dysfunction to some extent. Furthermore, a previous study proposed

that miR-615-5p can reduce mammalian target of rapamycin (mTOR) and SREBP-1c mRNA and protein levels to decrease TGs and lipid

droplet accumulation.172 However, there is still a lack of studies related to their impact on PCOS symptoms, and more treatment options

are still being explored.

CONCLUSION

The change from NAFLD to MASLD allows for a closer correlation between MASLD and PCOS due to their shared cardiometabolic criteria.

PCOS is linked to MASLD through IR, SHBG, genetic factors, hepatokines, inflammation, gut microbiota, obesity, and other related factors.

Clinicians should recognize the significance of these co-morbidities. For patients with PCOS or MASLD, regular monitoring of weight,

glucose, and lipid metabolism is essential. Lifestyle adjustments are recommended as the first step. However, there is still lack of approved

drugs for MASLD. Metabolism-related drugs such as metformin, GLP-1 RAs, DPP-4 inhibitors, and others should be used based on individual

situations and symptoms. Nevertheless, these drugs and other options require further trials for use in treating MASLD. Our aim is to

encourage the shift from defining NAFLD to MASLD, highlighting the connection with metabolism, and to raise awareness among obstetri-

cian-gynecologists about the significance of metabolic influence in PCOS andMASLD. This will enable clinicians to better diagnose and treat

patients with PCOSandMASLDon an individual basis. Clinicians currently lack understandingof the transition fromNAFLD toMASLDand the

connection between MASLD and PCOS. We need to further promote the concept of transition and highlight the role of metabolism in the

development of MASLD and PCOS in order to improve disease diagnosis, treatment, and overall human health.
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