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Abstract
Metabolic dysfunction-associated steatotic liver disease (MASLD) defines the metabolic
origin of ectopic accumulation of intrahepatic fatty substrates that affect multiple organ
systems. Given the key role of sex in metabolic regulation, this article reviews sex-specific
disparities  in  the  epidemiology,  pathomechanisms,  clinical  course,  and  therapeutic
responses  associated  with  MASLD.  The  influence  of  reproductive  health  on  the  risk  of
disease  in  males  and  females  is  also  examined.  Although  MASLD  is  more  prevalent  in
males,  the  protective  effect  observed  in  females  diminishes  following  menopause,
highlighting the significant roles that biological sex and reproductive status play in disease
progression.  Women may face an elevated risk of  certain MASLD-related extra-hepatic
complications, and ongoing research is elucidating the mechanisms underlying these sex
disparities. Biological sex modifies MASLD susceptibility through diverse factors, including
fat distribution, adipose tissue pathobiology, hormone signaling pathways, gene-hormone
interactions,  immune  system  dynamics,  and  bile  acid  composition.  Menstrual  and
reproductive  factors,  as  well  as  exogenous  hormone  exposure,  further  contribute  to
differential risk profiles. Both endogenous hormone concentrations and sex chromosome
composition  are  relevant  for  liver  health,  as  evidenced  by  increased  susceptibility  in
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conditions such as polycystic ovary syndrome and certain chromosomal aneuploidies. The review further discusses
MASLD  in  the  context  of  pregnancy  and  lactation  and  examines  sex-based  variation  in  response  to  lifestyle
modification and pharmacological therapy. Finally, recommendations for future research directions are provided.

INTRODUCTION
Metabolic dysfunction-associated steatotic liver disease (MASLD) is the latest term used in medical research

and clinical practice to describe the spectrum of “nonalcoholic” fatty liver disorders with a metabolic cause
[1]

.

The rationale underlying the MASLD definition emphasizes the “positive” diagnostic criterion, namely its

association with metabolic dysfunction. The MASLD nomenclature has been endorsed by scientific societies

due to its concise and clinically actionable diagnostic criteria, exclusion of other concomitant liver diseases,

and lack of stigmatization
[2]

. MASLD is recognized to have a multisystemic impact throughout the entire life

cycle, beginning in childhood
[3]

. Research indicates that pediatric MASLD exhibits a higher prevalence

among males compared to females, even before puberty. This disparity is attributed to discrepancies in fat

distribution, with boys demonstrating greater visceral adiposity, as well as distinct hormonal influences, such

as the varying effects of testosterone and estrogen, and metabolic determinants, notably including insulin

resistance. These contributing factors often intensify during adolescence, resulting in more pronounced liver

biomarkers observed in male subjects
[4]

.

During aging, sex-specific physiological changes, particularly reproductive hormones, alter susceptibility to

MASLD and related complications
[5]

. Recognizing these patterns is essential for identifying at-risk groups

and implementing targeted prevention and treatment strategies. Sex and gender play crucial roles in health,

disease, and medicine
[6]

, making male-to-female comparative studies essential in bio-medical research
[7]

.

Accordingly, sex disparities are a key feature across chronic liver disease due to alcohol (ALD), viral 

hepatitis, MASLD, and hepatocellular carcinoma (HCC)
[8]

. Studies indicated that women are typically 

exposed to higher risks than men of ALD while being relatively protected from certain types of viral 

hepatitis and HCC
[8]

.

Research on MASLD began approximately 25 years ago. In 2000, Lonardo et al. discovered that a high body

mass index (BMI) independently predicted steatotic liver disease (SLD) in both sexes, while dysfunctional

glucose metabolism and central adiposity only predicted SLD in women, not in men
[9]

. Since then, numerous

studies have been conducted, enhancing our understanding of the prevalence and causes of MASLD and

metabolic dysfunction-associated steatohepatitis (MASH) in both sexes.

Given this background, our review differs from previously published articles in that it aims to:

(1) Analyze discrepancies between sexes in the epidemiology, clinical course, and potential treatment

response rates of MASLD.

(2) Clarify the biological grounds underlying the observed sex variations.

(3) Explore how reproductive status and reproductive health influence MASLD risk in both women and

men.

While sex is a biological variable, gender is a cultural construct based on different roles, responsibilities,

attributes, and entitlements that exhibit intercultural disparities and are modifiable over time
[10,11]

.
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Lifestyle habits such as alcohol intake, dietary preferences, attitudes towards practicing sports and physical

activity, willingness to submit to preventive medicine, and other factors vary according to gender and may

impact the risks of developing liver fibrosis through epigenetic mechanisms
[12 ,13]

. However, these

gender-related variables are beyond the scope of this review article, which specifically discusses sex as a

biological variable in the MASLD field.

METHODS OF BIBLIOGRAPHIC RESEARCH
To capture the breadth of evidence on sex-related discrepancies in MASLD, we conducted a systematic

literature search of PubMed/MEDLINE, Embase, Scopus, and Web of Science for studies published between

January 1995 and August 2025. Our search strings included controlled vocabulary (e.g., MeSH/Emtree) and

free-text terms for “metabolic dysfunction-associated steatotic liver disease”, “nonalcoholic fatty liver

disease”, “sex”, “sex hormones”, “sex chromosomes”, “reproductive factors”, “polycystic ovary syndrome”,

“Turner syndrome”, and “Klinefelter syndrome”. Only English-language articles were ultimately included in

the final analysis. Reference lists of pertinent reviews and primary papers, as well as recent conference

abstracts from major hepatology and endocrinology meetings, were hand-searched to identify additional

studies. Eligible publications comprised observational studies, randomized or non-randomized

interventional trials, systematic reviews, meta-analyses, and key mechanistic animal or in-vitro investigations

that addressed sex-specific aspects of MASLD epidemiology, pathogenesis, clinical outcomes, or treatment

responses.

EPIDEMIOLOGY AND COURSE OF DISEASE
Analysis of the global disease burden from 2020 to 2021 has demonstrated that MASLD represents a major

public health concern worldwide, with the highest rates found in Kuwait, Egypt, and Qatar. Enhancing

awareness of risk factors and preventive strategies is essential across all nations, particularly in China, Sudan,

and India, where both incidence and prevalence are rising sharply
[14]

. Different regional rates of incidence

and prevalence of MASLD may be influenced by multiple factors, including variable hormonal plasma levels,

menopausal status, patterns of body fat distribution, and coexisting metabolic traits. The study specifically

identified that the prevalence of MASLD peaks at different ages based on sex: men reached their highest

prevalence in the 45-49 age group, while women exhibited a peak in the 50-54 age group. These findings

indicate distinct physiological changes in metabolic function and hepatic lipid accumulation between men

and women
[14]

.

Sex and MASLD onset and progression

The prevalence of MASLD is significantly higher in men than in women
[15-19]

. However, this protective effect

of the female sex diminishes after menopause, highlighting the importance of reproductive status in MASLD

development
[15-19]

. Both the onset and the progression of MASLD are influenced by these factors. In a seminal

meta-analysis of 54 studies, Balakrishnan et al. reported that women had approximately a 20% lower risk of

MASLD compared to men
[20]

. While no significant sex difference was observed for the risk of MASH, women

exhibited a 37% higher risk of advanced fibrosis than men
[20]

.

Age further modifies the effect of sex on MASLD severity. In populations with a mean age of 50 years or

older, women had substantially higher risks of MASH and advanced fibrosis, whereas these sex discrepancies

were less pronounced in younger cohorts
[20]

. A recent study using data from the 1999-2006 National Health

and Nutrition Examination Survey found that high serum homocysteine levels (Hcy) are independently

linked to a higher risk of hepatic fibrosis in MASLD, especially in men and postmenopausal women
[21]

. These

findings underscore the importance of accounting for sex and menopausal status in future Hcy-lowering

interventions targeting MASLD.
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Figure 1. Main hepatic and extra-hepatic activities of estrogens. Estrogen receptor-α (Erα) and FPR2 play a crucial role in the sex-specific
variations observed in the progression of MASLD, MASH, and specific extra-hepatic outcomes. The original illustration was generated
using Servier Medical ART (SMART) and is licensed under the Creative Commons Attribution 4.0 International License (CC BY 4.0),
incorporating data from[24,26]. FPR2: Formyl peptide receptor 2; MASLD: metabolic dysfunction-associated steatotic liver disease; MASH:
metabolic dysfunction-associated steatohepatitis.

MASLD-cirrhosis

Shi et al., in their population-based retrospective cohort study of adults with cirrhosis, found that men had a

significantly higher incidence of decompensated cirrhosis, HCC, and liver transplantation compared to

women
[22]

. These findings suggest that the male sex is likely associated with worse liver-related outcomes,

including MASLD-related cirrhosis. The increased risk of major adverse liver outcomes (MALO) in males

with MASLD may be partially due to more frequent alcohol use, which can increase mortality even with

moderate intake
[23]

.

Sex discrepancies in MASLD-related cirrhosis may also be influenced at the molecular level. Females show

higher expression of the liver formyl peptide receptor 2 (FPR2), an estrogen-regulated modulator of

inflammation. FPR2 interacts with different metabolic pathways, including those involving choline, the

pentose phosphate pathway, and glutamine metabolism, providing women with relative protection against

MASLD progression
[24]

.

Risks of extra-hepatic outcomes in MASLD

MASLD-associated cardiovascular disease

A recent meta-analysis by Jamalinia et al.
[25]

, comprising thirty-six cohort studies with aggregate data on

approximately 18.5 million individuals, has shown that MASLD is associated with a significantly higher risk

of fatal or non-fatal cardiovascular disease (CVD) events in women compared to men (P-value for sex

difference = 0.018). This suggests that MASLD eliminates the protection from CVD in women
[25]

. Our

understanding of the potential pathomechanisms exacerbating the risk of CVD events among women with

MASLD is preliminary and incomplete.

The development and progression of MASLD in women involves interactions between adipose tissue, the gut

microbiome, and the liver, which can also affect sex-specific CVD risk. In all these processes, estrogens play a
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crucial role [Figure 1].

While the FPR2 may protect against CVD through its anti-inflammatory, anti-oxidative, and vasodilating

effects
[27]

, female-specific factors such as reproductive history, breast cancer treatment, autoimmune diseases,

and pregnancy-related complications such as arterial hypertension and gestational diabetes can increase the

risk of MASLD and future CVD events
[25,27]

. On the other hand, lactation may offer protection against

MASLD and CVD due to metabolic and hormonal benefits
[28]

. Nevertheless, our understanding of these

phenomena is still partial, and further research is required to elucidate the roles of genetics and hormonal

factors in modulating CVD risk in women with MASLD.

MASLD-associated chronic kidney disease

MASLD is independently associated with an increased risk of chronic kidney disease (CKD)
[29]

, with limited

evidence suggesting a stronger association in men than in women. Large population-based studies show

higher MASLD-related CKD risk in men, independent of shared cardiometabolic risk factors
[30-32]

. However,

a German study found no statistically significant sex difference although a trend toward higher

dialysis-requiring CKD in men was noted
[33]

. This sex-specific MASLD-related CKD risk might reflect greater

susceptibility to renal disease in men, who more frequently exhibit visceral adiposity, severe insulin

resistance, and heightened activation of the renin-angiotensin-aldosterone system. These pathomechanisms

synergize in promoting glomerular hyperfiltration, endothelial dysfunction, and fibrosis
[34,35]

. Moreover,

androgens may exacerbate renal injury via pro-inflammatory and profibrotic pathways, while estrogens

provide partial nephroprotection, particularly before menopause
[35]

. Additionally, MASLD-related liver

fibrosis appears more closely linked to CKD progression in men, whereas in women, advanced MASLD

tends to shift systemic risk toward cardiovascular, rather than renal outcomes
[25]

. Collectively, these mixed

findings support additional investigations before drawing any firm conclusions.

MASLD-associated extra-hepatic cancers

In MASLD, breast cancer, colon cancer, and pancreatic adenocarcinoma occur 44% more often in women

than in men, and the risk of their occurrences does not depend on the stages of liver fibrosis
[36]

. Conversely,

HCC occurs more often in men than in women and is directly related to the stages of liver fibrosis, although

it may also develop in non-cirrhotic MASLD
[36,37]

.

The liver contains both estrogen and androgen receptors (ARs), which contribute to sex-based discrepancies

in hepatic gene expression, immune function, and the risk of developing primary liver cancer
[38]

. The effects

of gonadal hormones vary depending on patient sex and the severity of MASLD. Additionally, factors such as

obesity, alcohol consumption, and tobacco use, more prevalent among men, as well as social determinants

leading to gender-related disparities, may interact with hormonal pathways, thereby promoting liver

injury
[38]

.

Summary and strength of the evidence

Based on robust epidemiological evidence, MASLD is a significant global health concern, particularly

common in certain geographical areas and with increasing rates in others. Disease prevalence peaks earlier in

men than in women, with men generally having higher rates, but this gap closes after menopause. While

women face increased risks of advanced fibrosis and associated conditions as they age, men experience more

severe outcomes following cirrhosis. In terms of extrahepatic outcomes, MASLD raises cardiovascular risk

and a greater likelihood of certain cancer types in women, while men seemingly have a higher risk of CKD.
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Figure 2. Overview of MASLD/MASH pathogenesis. Schematic illustration of the central role played by insulin resistance in connecting
extra-hepatic determinants with intrahepatic pathomechanism. The former primarily involves adiposopathy, defined as an expanded,
inflamed and dysfunctional adipose tissue, and gut dysbiosis, namely decreased intestinal bacteria diversity. The latter comprises
increased de novo lipogenesis and activated proinflammatory and pro-fibrotic pathways determining the progression from MASLD to
MASH. This original illustration was generated using Servier Medical ART (SMART) and is licensed under the Creative Commons
Attribution 4.0 International License (CC BY 4.0), utilizing data notions from[10,13,18]. MASLD: Metabolic dysfunction-associated steatotic
liver disease; MASH: metabolic dysfunction-associated steatohepatitis.

PATHOGENESIS
The general pathogenesis of MASLD and MASH involves both extra-hepatic and intra-hepatic determinants

which are schematically illustrated in Figure 2.

Role of sex in MASLD pathogenesis

Body fat distribution, sex-specific biology of adipose tissue, and gut microbiota play a key role
[10]

.

Post-menopausal women behave similarly to men, whereas pre-menopausal women are protected from

MASLD
[18]

 due to estrogens. Estrogens, via estrogen receptor-α (Erα), increase the catabolism of fatty acids

and their export from the hepatocyte into the bloodstream while downregulating de novo lipogenesis,

steatogenesis, oxidative stress, inflammation, and cell death
[26]

.

Growth hormone

The temporal pattern of pituitary growth hormone (GH) secretion is sex-specific in many species, with

episodic release in males and more stable levels in females. This pattern represents a major component in

establishing and maintaining the sexual dimorphism of hepatic gene transcription
[39]

.

Sex hormones, metabolic function, and liver health

Low estrogen levels in females are linked to liver pathology, characterized by increased fat storage, impaired

glucose tolerance, and alterations in the tricarboxylic acid cycle
[40]

. In males, either impaired signaling or

abnormal levels of estrogen or testosterone are consistently associated with MASLD, visceral obesity, insulin

resistance, and type 2 diabetes (T2D)
[40]

. Estrogens and androgens affect all types of liver cells: estrogens

support DNA synthesis, endothelial function, and reduce inflammation; androgens promote cell growth,
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angiogenesis, collagen production, and pro-inflammatory effects, potentially increasing the risk of HCC in

men
[41]

. More information on how sex hormones impact liver health can be found in additional sources
[42-45]

.

Estrogen receptor-α signaling

This sexual dimorphism of the liver transcriptome becomes apparent in the ovariectomized mouse model

and in severely obese women aged over 51, suggesting that masculinization of the female liver contributes to

MASLD development in obese postmenopausal women
[46]

. This points to the hepatic Erα as a potential

pharmacological target for preventing MASLD in post-menopausal women.

Complex interactions between GH, estrogen, and androgen signaling determine sex- and reproductive

status-specific variations in body fat deposition. Clinically, two major phenotypes are discernible: android

adiposity, characterized by visceral adipose tissue distribution, and pre-menopausal gynoid body fat

distribution
[10,47]

. These macroscopic appearances have distinct functional consequences: visceral adiposity

promotes hypertriglyceridemia, while subcutaneous body fat has the potential for fatty acid oxidation to

ketone bodies and browning of adipose tissue under metabolically stressful conditions (e.g., fasting and

exposure to cold temperatures)
[10,47]

. After menopause, women may tend to accumulate visceral adipose tissue

with an android-type pattern, explaining why their risk of progressive MASLD increases
[48]

. Moreover,

current evidence suggests a functional interaction between ERα and the patatin-like phospholipase

domain-containing protein 3 (PNPLA3) p.I148M variant in the pathogenesis of fatty liver disease in

women
[49]

.

Estrogen-related receptor-α
Estrogen-related receptor-α (ERRα) is an orphan nuclear receptor that shares structural homology with

estrogen receptor α but functions independently of direct estrogen binding. In hepatocytes, ERRα serves as a

central transcriptional regulator of mitochondrial biogenesis, oxidative phosphorylation, and fatty-acid

β-oxidation, thereby sustaining hepatic energy homeostasis
[50]

. Experimental and clinical studies indicate that

ERRα expression and activity are sexually dimorphic, typically higher in females, where ERRα synergizes with

estrogen signaling to restrain de novo lipogenesis and limit triglyceride accumulation
[50]

. Loss or inhibition of

ERRα exacerbates diet-induced steatosis and insulin resistance
[51,52]

. These findings position ERRα as a

promising therapeutic target in MASLD, particularly for post-menopausal women. In these subjects, waning

estrogen levels may render ERRα-mediated pathways crucial for maintaining metabolic flexibility and

protecting against progressive liver damage.

Sex interacts with gene variants involved in MASLD pathogenesis

Sex interacts with two of the main gene variants associated with MASLD. The PNPLA3 148M gene variant is

a “gain of function” variant implicated in steatogenesis and is linked to an increased risk of MASLD

development and progression
[53,54]

. This deleterious effect of PNPLA3 is more pronounced in females than in

males, indicating that the risks of both MASH and significant fibrosis among those with the PNPLA3 gene

variant are higher in women than in men
[49]

.

On the other hand, the hydroxysteroid 17-beta dehydrogenase 13 (HSD17B13) gene variant is a “loss of

function variant” responsible for reduced biogenesis of lipid droplets and is associated with a decreased risk

of MASLD progression
[55]

. The protective effect of the HSD variant is more evident in post-menopausal

women and becomes significant after the age of 50. Pre-menopausal women are already protected by

estrogens, which mask the effect of the HSD gene variant, while in men, the risk of steatohepatitis does not

change based on age
[56]

.
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Metabolic zonation

In the context of the liver containing various cell types and being functionally highly organized
[57]

, both sexes

have similar numbers of hepatic stellate cells. However, females have more hepatocytes per gram, a higher

diploidy index, more Kupffer cells, and less collagen
[38]

. Structurally, lobules form the liver's units, while

functionally, the hepatic acinus is key for blood flow
[58,59]

. Metabolic zonation refers to a zone-specific

distribution of key enzymes and metabolic pathways across the hepatic acinus
[60]

. This concept has the

potential to alter the spatial lipidomics within the liver, leading to the accumulation of lipids in specific

zones, which may harbor cellular stress, inflammation, and fibrosis in a sex-specific manner
[38,61]

.

Pulsatile GH release predominantly activates signal transducer and activator of transcription 5B (STAT5b)

signaling, driving periportal gluconeogenesis, β-oxidation, and cholesterol biosynthesis in males. In contrast,

the continuous GH profile favors the activation of the signal transducer and activator of transcription 3

(STAT3), leading to lipogenesis and xenobiotic metabolism in the pericentral zone in females
[38]

. Taken

together, these spatial and functional dynamics provide a cellular basis for understanding the differing

susceptibility of men and women to MASLD, HCC, and autoimmune liver diseases. Additionally, they

account for variations in the rate and pattern of disease progression, including fibrogenesis
[38]

.

Intestinal microbiota

In addition to metabolic zonation, sex discrepancies in MASLD involve the gut microbiota. Studies in rat and

mouse models of MASLD have shown significant sex variations in the composition and function of the gut

microbiota. Female rodents often have higher microbial diversity and a different composition, including an

abundance of beneficial bacteria such as Akkermansia, while males show reduced diversity and composition

discrepancies that are linked to their varying responses in lipid metabolism and disease progression
[62]

. These

sex-specific variations are influenced by genetics, hormones, and diet
[63]

.

Evidence in humans is limited. One study found that key microbial taxa in women included Christensenella

(more prevalent in controls) and Limosilactobacillus (more prevalent in MASLD), while in men,

Beduinibacterium (less prevalent in MASLD) and Anaerotruncus (more prevalent in MASLD) were

identified
[64]

.

Due to the lack of research in humans, Puhan et al. utilized interpretable machine learning models to classify

MASLD status and biological sex from human gut microbiome databases
[65]

. The findings suggest that

variations in specific bacterial phyla may influence the risks of fibrosis, inflammation, and dysbiosis in a

sex-specific manner, indicating that microbial composition may play a role in disease progression.

Innate immunity

While the sexual dimorphism of adaptive immunity remains understudied, in MASLD, innate immune cell

responses differ between men and women
[17]

. In men, increased androgen signaling leads to heightened

proinflammatory macrophage responses
[66]

, as well as increased infiltration of neutrophils
[67]

 and monocytes

in the liver. Increased AR signaling may also account for the higher prevalence of MASLD in polycystic

ovary syndrome (PCOS)
[42,68,69]

, a topic explored in Section PHYSIOLOGICAL, PATHOLOGICAL, AND

PHARMACOLOGICAL MODIFIERS OF MASLD RISK of this review.

Sex-specific discrepancies in bile acid profiles in MASLD

A comprehensive analysis of the bile acid (BA) spectrum characteristics in MASLD requires careful

considerat ion of sex-specif ic variat ions. These dist inctions are cri t ical when examining the

pathophysiological changes that occur in MASLD. For instance, research has shown that women with

MASLD exhibit significantly higher serum levels of lithocholic acid, glycolithocholic acid, and
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taurolithocholic acid compared to men
[70]

. In contrast, men with MASLD tend to have a higher proportion of

primary to secondary BAs than their female counterparts
[70]

. These findings underscore the importance of

accounting for sex as a biological variable in both clinical assessment and research studies focused on

MASLD, as the underlying BA profiles may potentially affect disease progression and therapeutic responses

differently in men and women.

Role of sex chromosomes

Together with sex hormones, sex chromosomes themselves may influence metabolic regulation and liver

health. This may be shown experimentally with the four-core genotype (FCG) mouse model, which allows

researchers to separate the contributions of gonadal type and sex chromosome complement
[71]

. Turner

syndrome (TS) and Klinefelter syndrome (KS) may serve as natural models to explore the metabolic impacts

of altered X chromosome dosage demonstrating that this line of research has significant clinical importance.

TS occurs when one X chromosome is completely or partially lost in phenotypic females (45, X), while KS

results from an extra X chromosome in phenotypic males (47, XXY). Individuals with either condition have a

higher risk of liver disease compared to healthy controls of the same sex
[72-74]

. For example, TS individuals,

compared to age-matched healthy controls, have significantly higher risks of raised liver enzymes (RLE),

SLD, and significant/advanced liver fibrosis
[75]

.

Liver disease in TS and KS can develop independently of estrogen and testosterone deficiencies
[73,74]

. In

agreement, the above-cited meta-analysis found that hormone replacement therapy (HRT) was not

associated with significant variations in the risks of RLE
[75]

. However, the risk differed by karyotype
[75]

supporting a dosage-dependent effect of the X chromosome on liver involvement, which may also be

relevant in KS. KS individuals exhibit a MASLD prevalence of 45.1%
[76]

. Increased abdominal obesity and

insulin resistance are observed in KS even before puberty, suggesting a direct influence of X chromosome

dosage on metabolic risk, independent of androgen deficiency
[77]

. Consistently, testosterone replacement

therapy does not fully correct metabolic abnormalities in KS
[78]

.

Figure 3 summarizes the clinical similarities between TS and KS.

Summary and strength of the evidence

In conclusion, sex may significantly influence the risks of accumulating ectopic lipids within the liver. GH,

estrogens and androgens interact with gene variants and modulate the functional activity of the liver. They

also influence gut microbiota, immunity and BA profiles, potentially stimulating proinflammatory and

profibrogenic pathways in the context of MASLD as discussed in Section EPIDEMIOLOGY AND COURSE

OF DISEASE. Further research is necessary to clarify the subtle immuno-metabolic and hormonal

pathomechanisms involved.

PHYSIOLOGICAL, PATHOLOGICAL, AND PHARMACOLOGICAL MODIFIERS OF MASLD RISK
Menarche and menopause

Wang et al. conducted a nested case-control study involving 1,861 cases of MASLD and 17,664 matched

controls
[79]

. They found that increasing age at menarche (AAM) is protective, but factors such as parity

(regardless of the number of children or age at first birth), surgical menopause compared to natural

menopause, oral contraceptive use, and a longer duration of estrogen hormone therapy during menopause

were all associated with an increased risk of MASLD. Supporting these findings, Si et al. demonstrated a

linear association between AAM and MASLD risk
[80]

. Through a Mendelian randomization (MR) study, they

discovered that for each additional year of AAM, the incidence of MASLD decreased by 19 % [odds ratio

(OR) = 0.81, 95 % confidence interval (CI): 0.73-0.90]. Reverse MR analysis indicated that AAM
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Figure 3. Schematic overview of clinical manifestations in TS and KS, with an emphasis on liver endpoints. This illustration highlights that
both TS and KS are associated with the triad comprising metabolic syndrome, hypogonadism, and liver disease. The original illustration
was drawn with Servier Medical Art under the Creative Commons Attribution 4.0 license (CC BY 4.0). MASLD: Metabolic
dysfunction-associated steatotic liver disease; TS: Turner syndrome; KS: Klinefelter syndrome.

unidirectionally causes MASLD
[80]

. Meta-analytic evidence confirms a strong association between menopause

and MASLD risk, with a pooled OR of 2.37, regardless of age and metabolic factors
[81]

. This finding prompts

the question of the potential impact of estrogen replacement therapy on MASLD during menopause.

Menopausal hormone therapy

The prevalence of MASLD detected through ultrasonography before and after menopausal hormone therapy

(MHT) varies based on the route of estrogen administration. In a study of 368 menopausal women

undergoing hormone therapy for 12 months, the prevalence before treatment was 24%, with no significant

differences between those receiving transdermal or oral therapy
[82]

. However, after treatment, the prevalence

of MASLD decreased from 24% to 17.3% in the transdermal group but increased from 25.3% to 29.4% in the

oral group. Ultimately, the proportion of progressive disease (newly diagnosed or worsened severity)

decreased after transdermal estrogen administration
[82]

.

Although evidence indicates an increased risk of MASLD and MASH following menopause, existing studies

are limited by methodological shortcomings. Currently, there are no targeted therapeutic strategies available

to prevent MASLD onset or reverse disease progression in this patient population
[83]

.

Polycystic ovary syndrome

PCOS affects 6%-13% of reproductive-aged women and is characterized by hyperandrogenism, chronic

anovulation, and infertility
[84]

. Liver involvement is common in PCOS, with individuals also at higher risk of

MASH regardless of metabolic comorbidities
[84]

. Two recent studies demonstrate that MASLD causes PCOS

through visceral adiposity, decreased insulin sensitivity, and increased testosterone levels
[85,86]

.
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Figure 4. MASLD causes PCOS. This graphical illustration depicts the endocrinological and metabolic mechanisms that lead from MASLD
to PCOS through visceral adiposity, decreased insulin sensitivity, and increased testosterone levels. The notions illustrated here are based
on the discussed references[86,87]. The original illustration was created using Servier Medical ART (SMART) and is licensed under Creative
Commons Attribution 4.0 International License (CC BY 4.0). MASLD: Metabolic dysfunction-associated steatotic liver disease; PCOS:
polycystic ovary syndrome.

Liu et al. conducted a bidirectional two-sample MR analysis to determine the causal association between

MASLD and PCOS using data from a large-scale biopsy-proven MASLD genome-wide association study

(GWAS) in European ancestries
[85]

. The study included 1,483 cases and 17,781 controls for the MASLD

analysis, while the PCOS GWAS comprised 10,074 cases and 103,164 controls. Results showed that

genetically predicted MASLD was causally associated with a higher risk of developing PCOS, with less

evidence supporting the reverse causal association. The study also identified fasting insulin and sex

hormones as potential mediating factors between MASLD and PCOS.

Wu et al. conducted a meta-analysis of twenty-four studies published up to July 2023, revealing that MASLD

is associated with obesity, insulin resistance, and hyperandrogenemia in PCOS women in East Asia
[86]

. The

findings of these two studies are visually represented in Figure 4.

Pregnancy and lactation

Meta-analytic evidence shows that MASLD is associated with a significantly increased risk of gestational

diabetes mellitus and pre-eclampsia
[88]

. In terms of fetal outcomes, pregnancies complicated by MASLD are

more likely to result in preterm birth and large-for-gestational-age infants. These findings emphasize the

impact of MASLD on adverse pregnancy outcomes
[87]

.

Conversely, breastfeeding protects both the mother and the infant against MASLD development and

progression
[28]

. Lactation, which is metabolically equivalent to approximately 30-40 min of running, helps

reset pregnancy-induced metabolic alterations
[28]

. Mothers who breastfeed for more than 6 months show a

reduced risk of insulin resistance, diabetes, and metabolic syndrome
[28,88]

. Infants also benefit from maternal

lactation through the development and colonization of the gut microbiota, maturation of the intestinal
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epithelium, and modulation of the immune system
[28]

. Moreover, docosahexaenoic acid contained in human

milk and human milk-derived extracellular vesicles inhibits lipogenesis and fibrogenic pathways in the infant

liver
[28]

.

Summary and strength of the evidence

Solid evidence indicates that physiological, pathological, and pharmacological factors influence the risk of

MASLD. For example, a later menarche is associated with a lower risk of MASLD, while factors such as

parity, surgical menopause, oral contraceptive use, and prolonged estrogen therapy can increase the risk. The

impact of MHT on MASLD risks varies depending on the route of estrogen administration, with transdermal

estrogen showing beneficial effects and oral therapy increasing the risks. MASLD may play a causal role in

PCOS through metabolic pathways involving visceral adiposity, insulin resistance and hyperandrogenism.

Additionally, PCOS is often connected to MASH. MASLD also raises the risks of gestational diabetes,

pre-eclampsia, pre-term birth, and large-for-gestational-age infants. Prolonged breastfeeding protects both

mothers and infants from MASLD through various biological mechanisms. Further studies are needed to

determine the most effective approaches to preventing or treating MASLD in post-menopausal individuals.

INFLUENCE OF SEX ON THE RESPONSES TO TREATMENT
MASLD treatment encompasses a variety of dimensions, ranging from lifestyle changes, pharmacologic

therapy, HRT, and bariatric surgery. Extensive coverage of the available options has recently been published

elsewhere
[89-92]

. Here we discuss the primary sex variations related to lifestyle changes and medical treatment.

The latter includes modifications of cardiometabolic risk factors and liver-targeted therapies. Sex and gender

discrepancies in the field of bariatric surgery for MASLD are covered elsewhere
[93]

.

Lifestyle changes

Ten years ago, Vilar-Gomez et al. found that being female, along with metabolic and liver histology features,

was a strong predictor of a reduced probability of improvement in the MASLD activity score (NAS)
[94]

. NAS

is defined as the unweighted sum of scores for steatosis (0-3), lobular inflammation (0-3), and ballooning

(0-2)
[95]

. Recent studies suggest that men respond better than women to dietary interventions in terms of

weight loss and metabolic improvement
[96]

, as shown in Table 1
[97-102]

. This disparity is most likely attributed

to the higher baseline lean-body mass of men and resting energy expenditure that accelerates lipid

mobilization when caloric intake is reduced. Moreover, androgen-driven, pulsatile GH signaling

preferentially activates hepatic β-oxidation and promotes loss of visceral fat, whereas estrogen-dominant,

continuous GH patterns in pre-menopausal women favor lipogenesis and subcutaneous fat preservation,

potential ly dampening diet-induced improvements in hepatic steatosis . Sex discrepancies in

appetite-regulating hormones, with men exhibiting greater post-diet satiety and smaller ghrelin rebounds,

may further enhance male adherence to hypocaloric regimens.

A recent study has shown that nutrition during the first 1,000 days of life significantly impacts the risk of

developing MASLD and liver complications in adulthood
[103]

. The authors noted that early-life sugar

rationing provided a more significant protective effect against cirrhosis in males, suggesting potential

sex-specific sensitivities to early dietary exposures. These findings imply that the predisposition to develop

hepatic complications of MASLD may be sex-specific from early infancy and should be further confirmed

before being implemented in clinical practice.

Antidiabetic and anti-obesity drug therapy

Yang et al. conducted a meta-analysis of fourteen studies, which revealed that women treated with various

glucagon-like peptide-1 receptor agonists (GLP-1RAs) lost more weight than men
[104]

. Meta-regression

analysis indicated that sex discrepancies become more pronounced as the degree of weight loss increases.
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Table 1. Evidence that men respond to dietary changes better than women[98-103]

Author,
year[Ref]

N, Sex,
(Age)

Intervention Findings Conclusions

Bedard et al.,
2014[97]

N = 69
M: 37
(42.6 ±
7.3)
F: 32 (41.2
± 7.3)

4-week
Mediterranean diet

A sex-by-time interaction for plasma insulin iAUC was found
(men: -17.8%, P = 0.02; women: +9.4%, P = 0.63; P for
sex-by-time interaction = 0.005). A sex-by-time interaction
was also observed for insulin sensitivity (Cederholm index, P
= 0.03), with only men showing improvements (men: +8.1%,
P = 0.047; women: -5.9%, P = 0.94)

Men exhibited lower
postprandial insulinemia
levels

Leblanc et al.,
2014[98]

M: 64 (41
± 7.9)
F: 59 (41.8
± 6.7)

12-week
Mediterranean diet

Dietary changes were associated with a reduced waist
circumference. As for metabolic variables, changes observed
in total-cholesterol to HDL-cholesterol ratio, triglyceride
levels and triglycerides to HDL-cholesterol ratio were more
pronounced in men than in women after the intervention as
well as at follow-up (P ≤ 0.03)

Men demonstrated a
significantly improved
metabolic profile

D’Abbondanza et
al., 2020[99]

N = 70
M: 28
(20-62)
F: 42
(17-67)

25-day very
low-carbohydrate
ketogenic diet

Males had a higher reduction in waist circumference (8.5
cm; IQR = 5.5-11.0 vs. 6.0 cm, IQR = 3.0-10.0 cm; P = 0.032)
compared to females. Additionally, males exhibited a greater
reduction in both HOMA-IR and HbA1c, which was observed
in males compared to pre-menopausal females (4.57 ± 4.56
vs. 0.44 ± 1.72, P = 0.030 for HOMA-IR; 0.40, IQR 0.23-1.05
vs. 0.05, IR -0.2 to 0.4, P = 0.034 for HbA1c). Liver steatosis
grade significantly decreased in males compared to pre- and
post-menopausal females (P = 0.001 vs. 0.020 and 0.083,
respectively)

Men showed better
responses in terms of
body weight loss and
improvement in MASLD
than pre-menopausal
women

Trouwborst et al.,
2021[100]

N = 782
M: 276
(42.5 ±
6.0)
F: 506 (41
± 6.3)

6-month low-calorie
diet

Improvements in HOMA-IR, muscle and hepatic insulin
sensitivity, triacylglycerol, HDL-, LDL- and total cholesterol,
diastolic blood pressure, cholesterol esters, sphingomyelins
and adiponectin were more pronounced in men than in
women (std. β range: 0.073-0.144, all P < 0.05), after
adjusting for weight change

Even though both sexes
experienced beneficial
changes in
cardiometabolic risk
factors from a low-calorie
diet, men were found to
be more responsive than
women in terms of these
parameters

Vitale et al.,
2023[101]

N = 156
M: 74
(55.7 ±
10.7)
F: 82 (55.1
± 10.7)

12-week high- vs.
low-glycemic index
diet

In women, the high-glycemic index diet induced significantly
higher (23%, P < 0.05) 8-h average plasma glucose
concentrations compared to the low-glycemic index diet
already on the first day of the intervention. The difference
increased to 37% (P < 0.05) after 12 weeks of the diet.
Conversely, there were no significant differences between
the two diets in men. These results were confirmed by a
two-way analysis of variance, which showed a statistically
significant interaction between the effects of sex and diet on
the glucose profile after breakfast and lunch (F = 7.887, P =
0.006)

Women showed greater
metabolic improvement
than men

Muscogiuri et al.,
2024[102]

N = 42
M: 21
(37.7 ±
10.7)
F: 21 (32.7
± 8.7)

45-day very
low-energy ketogenic
diet

Men responded better in terms of weight loss (Δ% = - 11.63
± 1.76 vs. - 8.95 ± 1.65 kg, P < 0.001), fat mass (Δ% = -
30.84 ± 12.00 vs. -21.36 ± 4.65 kg, P = 0.002), and reduction
in inflammation assessed with hs-CRP levels (Δ% = - 41.42 ±
21.35 vs. - 22.38 ± 17.30 mg/L, P = 0.003) than
premenopausal women

Men improved more than
young women

iAUC: Incremental area under the curve; HDL: high-density lipoprotein; IQR: interquartile range; HOMA-IR: homeostasis model of insulin resistance;
HbA1c: glycated hemoglobin; LDL: low-density lipoprotein; std: standard; hs: high-sensitive; CRP: C-reactive protein.

Several mechanisms may explain the heightened efficacy of GLP-1RAs in women. These include different

pharmacokinetics, increased satiety, more significant improvement in the pathobiology of adipose tissue, and

greater adherence to treatment among women
[104]

.

In the context of an emerging research avenue, a stable glucagon-like peptide-1 (GLP-1)-estradiol conjugate

was developed to selectively deliver estrogen to cells expressing the GLP-1 receptor without causing

unwanted side effects while maximizing efficacy
[48]

. Laboratory studies have conflicting results, and there are

no published human studies. However, this novel synthetic molecule clearly highlights the unexplored

research pathways within the field of sex discrepancies in MASLD.
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Lipid-lowering therapy

Although lipid-lowering therapy is equally effective in both sexes, real-world studies indicate that women

with comparable risk profiles are less likely than men to receive these treatments and less likely to achieve

guideline-recommended low-density lipoprotein cholesterol goals
[105]

. This difference should be attributed to

“gender” rather than “sex”, as it is influenced by patient-related, physician-related, and societal factors.

Additional studies are needed to specifically ascertain whether lipid-lowering therapies exert sex-specific

effects on MASLD pathobiology.

Resmetirom

At the time of writing, Resmetirom and Semaglutide are the only two licensed drugs for treating MASH
[106]

.

Recent work by Jamalinia et al.
[93]

 has identified sex-specific variations associated with medication. The

authors point out that, while overall treatment effects were similar across sexes, nuanced dose-dependent

variations in response may be due to underlying sex-related discrepancies in lipid metabolism or thyroid

hormone signaling. These observations emphasize the need for further research into sex-based dosing

strategies to optimize personalized treatment approaches for MASH.

Hormonal therapies

Testosterone replacement therapy

Regarding testosterone replacement in hypogonadal men, a recent systematic review with meta-analysis
[107]

suggests improved liver outcomes without any additional adverse events. However, further research is

needed to address the limitations of published studies. These include variations in testosterone dosages,

administration methods, and timings, inconsistent risk of bias, varying study designs, and follow-up periods.

Effects of estrogen-modifiers (Tamoxifen)

Tamoxifen rarely causes idiosyncratic liver injury within the first six months of treatment, but is more

commonly associated with SLD and steatohepatitis after prolonged use
[108]

. Bruno et al. first reported that

tamoxifen increases the risk of nonalcoholic steatohepatitis, particularly in overweight and obese women

with features of metabolic syndrome
[109]

, suggesting that this drug may exacerbate underlying metabolic

dysfunction. A recent prospective longitudinal study of Caucasian breast cancer patients found no significant

changes in liver steatosis, controlled attenuation parameter (CAP) values, or liver and lipid parameters after

two years of tamoxifen treatment
[110]

. This suggests that there were no detectable tamoxifen-related hepatic

adverse events such as steatosis, fibrosis, or cirrhosis during the study period. However, it is noted that the

duration of follow-up may not have been long enough to capture longer-term liver outcomes. Protracted

follow-up studies are therefore needed to better understand the effects of estrogen-modifiers on liver health.

Effects of antiandrogens on MASLD

The two most commonly used anti-androgenic drugs are cyproterone acetate (CPA) and bicalutamide.

Evidence from men treated with antiandrogens for prostate cancer suggests various types of acute liver

damage, while a systematic analysis of SLD and MASLD in this context requires further clarification.

Bessone et al. reported on a population of 22 male patients who developed severe acute liver damage due to

CPA therapy, which can be fatal and may resemble autoimmune drug-induced liver injury (DILI)
[111]

.

Flutamide and bicalutamide may increase the risk of liver injury compared to enzalutamide, apalutamide,

and darolutamide
[112]

. The low number of cases and limited follow-up detract from the robustness of the

published evidence. Further studies are needed to systematically assess the effects of antiandrogens on the

risks of MASLD development and progression.
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Gender affirming hormone therapy

Transgender health, which includes the interaction between sex hormones and liver disease, is becoming

increasingly relevant in clinical practice with the goal of reducing barriers to care
[97]

. Gender affirming

hormone therapy (GAHT) used by transgender individuals may offer valuable insights into the hormonal

effects on MASLD
[113]

.

In a study by Sluková et al., 15 transgender women and 20 transgender men undergoing GAHT for six

months were evaluated
[114]

. Transgender women received either transdermal or oral estrogen, often in

combination with CPA, while transgender men were treated with intramuscular or transdermal testosterone.

Magnetic resonance imaging and spectroscopy revealed significant changes in body fat distribution,

including increased subcutaneous fat and decreased visceral adipose tissue, with no significant changes in

intrahepatic fat content
[114]

. However, the small sample sizes, lack of histological characterization of patients,

and limited follow-up period weaken the evidence provided by these studies. Further research is necessary to

determine if long-term use of GAHT can also improve ectopic intrahepatic liver fat content.

Sex-specific side effects of MASH treatment

Resmetirom does not exhibit significant pharmacokinetic sex-specific discrepancies. However, hormonal

changes such as increased testosterone and sex hormone binding globulin levels have been reported in both

males and females, with a higher follicle-stimulating hormone/luteinizing hormone ratio found in men
[115]

.

Endocrine and liver/thyroid monitoring are important, and more long-term data are needed to assess safety

and drug interactions.

Semaglutide safety profiles demonstrate certain sex-based disparities. Women have been observed to

experience a higher incidence of nausea and vomiting, as well as potentially greater weight loss. In men,

notable benefits may include improvements in cardiovascular and kidney outcomes, along with

enhancements in testosterone levels and sexual function
[116]

. However, the incidence of serious adverse events

appears to be comparable between sexes.

Safety considerations in pregnancy and lactation

The safety of resmetirom during pregnancy and lactation has not been established. Use of this drug is

recommended only if the potential benefits outweigh the possible risks, as animal studies have indicated

potential fetal harm. Patients should be monitored for adverse effects such as liver dysfunction, and

newborns should be observed with caution. A pregnancy registry is available to track outcomes, and

healthcare providers should be notified if the patient is pregnant or breastfeeding
[117]

.

Semaglutide is not recommended for use during pregnancy because animal studies indicate potential fetal

risks. Healthcare professionals advise discontinuing semaglutide at least two months before conception.

During lactation, injectable formulations are generally discouraged due to insufficient data in humans,

although preliminary research suggests minimal transfer into breast milk. Oral semaglutide should be

avoided  during  breastfeeding  due  to  the  presence  of  the  absorption  enhancer  sodium

N-(8-[2-hydroxybenzoyl]amino)caprylate (SNAC)
[118]

.

Summary and strength of the evidence

Accumulating and yet insufficient evidence suggests that sex plays a role in MASLD treatment outcomes,

impacting responses to lifestyle changes and pharmacotherapy. Typically, women show less improvement in

MASLD scores than men and are less responsive to dietary interventions. Early nutrition affects liver health

differently based on sex, with males benefiting more from early sugar restrictions. Women tend to

experience greater weight loss on GLP-1RA drugs, possibly due to an interaction of biological and behavioral
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factors. Experimental treatments such as GLP-1-estradiol conjugates may provide future sex-specific options,

although data in humans are currently lacking. Women are less likely than men to achieve cholesterol

targets, highlighting gender-related disparities. Further studies are needed to determine the endocrinological

safety of resmetirom and whether resmetirom and semaglutide require sex-specific dosages and monitoring.

Limited evidence suggests that testosterone replacement may improve liver outcomes in hypogonadal men,

but this conclusion is hindered by study design limitations. While tamoxifen rarely causes acute liver injury,

it may induce steatohepatitis in some women, necessitating longer follow-up periods. Anti-androgens pose a

risk of acute liver damage in men, although data on this are scarce. Additional research is required to

understand the long-term effects of GAHT on liver fat content and MASLD progression. Bariatric surgery

has been shown to improve long-term MASLD outcomes for individuals of all sexes, but tailoring timing and

management to sex-specific risks can enhance safety and efficacy. For example, providing earlier referrals for

men may increase benefits and reduce complication rates
[93]

.

CONCLUSION AND FUTURE DIRECTIONS
Sex discrepancies influence the epidemiology, pathogenesis, clinical outcomes, and therapeutic responses of

MASLD throughout the reproductive lifespan in both men and women. These prominent variations arise

from the coordinated interplay between sex chromosomes and sex hormones, which together modulate the

molecular and physiological mechanisms underlying liver disease. Although these findings require further

confirmation, they provide proof-of-concept evidence that could potentially support sex-specific medical

approaches. Recognizing and accounting for this sexual dimorphism is essential in the design, analysis, and

interpretation of both experimental and clinical studies. Consideration of sex and reproductive life should be

included in MASLD guidelines, and MASLD should be considered in guidelines on HRT, PCOS, TS, and KS.

Further investigation into sexual dimorphism in MASLD should recognize that widely used non-invasive

diagnostic tools (such as the use of serum biomarkers, non-invasive algorithms, or imaging techniques

instead of liver histology) are largely derived from male-predominant populations and apply uniform

cut-offs. Sex differences in MASLD prevalence, disease progression, and prognostication may influence the

diagnostic performance of unisex thresholds within MASLD risk assessment algorithms, leading to

sex-specific misclassification, particularly in women. However, data on sex-specific screening or treatment

thresholds to optimize management remain limited.

It is important to address adaptive immunity, intestinal microbiota, changes in the BA pool, the impact of

PCOS on MASLD, and the role of exogenous sex hormones and corresponding anti-hormones. Additionally,

future research should aim to unravel the specific roles of sex hormones and sex chromosomes in the

development and progression of MASLD across different life stages. Mechanistic studies are necessary to

understand how estrogen, androgen, and X-linked gene dosage regulate hepatic lipid metabolism,

inflammation, and fibrogenesis. It remains unclear which mechanisms are most likely to be sex-specific

therapeutic targets, such as estrogen signaling, adipose distribution, and muscle mass. Similarly, the potential

impact of sex on responses to lifestyle interventions, GLP-1RAs, pioglitazone, SGLT2 inhibitors, resmetirom,

and semaglutide needs further investigation.

Longitudinal and interventional studies should also investigate how menopause, HRT, and sex-specific

comorbidities mechanistically influence disease course and response rates to lifestyle changes, medical and

surgical (bariatric and metabolic) treatment of metabolic dysfunction and its hepatic outcomes.

Population-based research must ensure balanced sex representation and adopt sex-stratified analyses.

Establishing sex-specific thresholds for diagnostic tools and biomarkers will enhance diagnostic accuracy and
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clinical relevance. Integrating multi-omics approaches, including transcriptomics, proteomics,

metabolomics, and epigenomics, may reveal molecular signatures explaining sex-related susceptibility to

MASLD and its extrahepatic complications. Finally, clinical trials should systematically incorporate

sex-based analyses as a standard requirement to improve external validity and promote equitable care.

Collaborative efforts among clinicians, researchers, patients, healthcare providers, and policymakers will be

crucial in translating these insights into effective, personalized prevention and treatment strategies for both

women and men with MASLD.
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