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Abstract: Metabolic dysfunction-associated steatotic liver disease (MASLD) is the most
common chronic liver disease influenced by genetic, lifestyle, and environmental factors.
While MASLD is more prevalent in men, women are at increased risk after menopause,
highlighting the critical pathogenetic role of sex hormones. The complex interplay between
estrogen deficiency, visceral fat accumulation, metabolic syndrome (MetS), and inflamma-
tion accelerates disease progression, increases cardiovascular (CV) risk, and triggers a cycle
of worsening adiposity, metabolic dysfunction, and psychological problems, including
eating disorders. Weight loss in postmenopausal women can significantly improve both
metabolic and psychological outcomes, helping to prevent MASLD and related conditions.
This review examines the prevalence of MASLD, its comorbidities (type 2 diabetes T2D,
CV, mental disorders), pathogenetic mechanisms, and pharmacological treatment with
GLP-1 receptor agonists (GLP1-RAs), with a focus on postmenopausal women. Given
the use of GLP1-RAs in the treatment of obesity and T2D in MASLD patients, and the
increase in MetS and MASLD after menopause, this review analyzes the potential of a
stable GLP-1–estrogen conjugate as a therapeutic approach in this subgroup. By combining
the synergistic effects of both hormones, this dual agonist has been shown to increase
food intake and food reward suppression, resulting in greater weight loss and improved
insulin sensitivity, glucose, and lipid metabolism. Therefore, we hypothesize that this
pharmacotherapy may provide more targeted therapeutic benefits than either hormone
alone by protecting the liver, β-cells, and overall metabolic health. As these effects are only
supported by preclinical data, this review highlights the critical need for future research
to evaluate and confirm the mechanisms and efficacy in clinical settings, particularly in
postmenopausal women.

Keywords: steatosis; metabolic dysfunction; menopause; sex hormones; GLP1-RAs;
estrogens

1. Introduction
Metabolic dysfunction-associated steatotic liver disease (MASLD), previously known

as non-alcoholic fatty liver disease (NAFLD), is the most common chronic liver disease
and is now included in the 2023 consensus definition of steatotic liver disease (SLD) [1,2].
MASLD is characterized by abnormal fat accumulation in the liver, accompanied by at
least one of five cardiometabolic risk factors. This condition can progress from simple
steatosis to more severe stages, such as metabolic steatohepatitis (MASH), cirrhosis, and
hepatocellular carcinoma (HCC) [2,3]. Its global prevalence has increased by nearly 50%
over the past three decades, reaching 38.2% [3], making it the fastest-growing cause of
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liver-related diseases [3,4]. The increasing prevalence of MASLD is largely driven by the
parallel epidemics of related metabolic conditions such as type 2 diabetes (T2D) and obesity.
MASLD also increases the risk of extrahepatic complications, such as cardiovascular events,
chronic kidney disease (CKD), and extrahepatic tumors [2,3], contributing to its growing
global health burden [2].

The development of MASLD is influenced by multiple factors: insulin resistance and
conditions related to metabolic syndrome (MetS), such as obesity and T2D, are pivotal to its
onset [5]. However, genetic predisposition, lifestyle habits [6], chromosomal factors, and es-
pecially age-related changes in sex hormone levels, also play an important role in metabolic
disorders [7,8]. These factors may help explain why, despite a higher incidence of MASLD
in men, conditions such as polycystic ovary syndrome (PCOS) and menopause increase
susceptibility to MASLD/MASH in women [9–12]. Due to the significant cardiometabolic
impact of MASLD, projections suggest that its clinical burden will increase substantially
over the next 30 years without effective treatments [13]. Specifically, while MASLD has
traditionally been more common in men, estimates predict that by 2030 both MASLD
and MASH will increase in both sexes, with prevalence rates becoming more comparable,
particularly for MASH (18.90% vs. 18.41%) [14]. The rise in visceral adipose tissue (VAT)
and the adverse changes in carbohydrate and lipid metabolism during the peri-menopausal
period, resulting from the cessation of ovarian function [5,15], can contribute to higher
levels of inflammatory biomarkers, worsening disease progression, and impacting quality
of life [16]. Obesity, particularly central obesity, is a key driver of MASLD, with insulin
resistance, adipocyte dysfunction, and inflammatory markers playing a critical role in the
development of MASLD and related conditions [17,18].

In morbid obesity, indexes of insulin resistance have been recognized as markers of
histological severity of liver disease [19]. This may explain why the incidence and severity
of diseases such as liver fibrosis increase after menopause [5], with women affected by
MASLD experiencing more years of disability due to the disease than men [16].

Early detection, risk assessment, and management are essential to effectively address
MASLD [13]. Furthermore, understanding the interaction between sex/gender and tra-
ditional risk factors can improve patient outcomes [20,21], especially within the evolving
field of precision medicine, which is increasingly focused on sex/gender differences. The
aim of this review is to explore the influence of sex, hormonal status, and the physiological
and psychological changes associated with menopause on the prevalence, pathogenetic
mechanisms, and treatment of MASLD, with a particular focus on GLP-1 receptor ago-
nists (GLP1-RAs) pharmacotherapy. The main objective is to evaluate the potential of
GLP-1–estrogen conjugates as an innovative therapeutic approach for this subgroup. In
particular, emerging treatment strategies that combine the protective effects of estrogen
with GLP1-RAs show promise in reducing weight and addressing metabolic dysfunction
associated with menopause, providing targeted treatment options for MASLD and its
complications in postmenopausal women.

2. Sex Differences in the Prevalence of MASLD and
Related-Liver Complications

MASLD and MASH exhibit sex differences that vary with age, affecting both their
prevalence and progression [22]. During the reproductive years, men typically have a
higher prevalence of MASLD than women [12,23–25], progressing to more severe stages,
such as MASH, cirrhosis, and HCC [7,8,12,26]. Under age 50, factors such as triglycerides
(TG), LDL cholesterol, and platelet count are associated with liver health in men but
not in women, and non-invasive fibrosis scores tend to be more reliable for assessing
liver status in men [27]. Men also show higher levels of liver steatosis compared to
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premenopausal women [28,29]. However, after age 50, the prevalence of MASLD in women
becomes similar to that in men [5,6,26,30,31]. This shift has led the latest joint European
Association for the Study of the Liver (EASL)—European Association for the Study of
Diabetes (EASD)—European Association for the Study of Obesity (EASO) guidelines on
MASLD to emphasize that men over 50, postmenopausal women, and individuals with
multiple cardiometabolic risk factors are at higher risk for progressive fibrosis, cirrhosis,
and related complications [2]. By 2040, MASLD is expected to affect more than half of
the adult population, with the greatest increase in women [32], who are 2.4 times more
likely to develop MASLD after menopause [2,33], particularly between the ages of 50 and
60 years [34]. Furthermore, postmenopausal women with obesity and steatosis tend to
have worse clinical outcomes [35], especially with more severe MASH fibrosis compared
to premenopausal women [36], a key prognostic factor in severe MASLD that is difficult
to reverse [5]. It has been reported that while women in general have a 19% lower risk of
liver steatosis, they have a 37% higher risk of advanced fibrosis, especially after the age
of 50 [37]. In addition, among people with T2D, postmenopausal women show a twofold
increase in significant fibrosis compared to premenopausal women, while fibrosis rates in
men remain similar regardless of age [38].

Women also experience a higher mortality rate from cirrhosis than men, suggesting
that they may be more susceptible to severe forms of the disease [36]. Animal models
of induced fibrosis show that while males are more prone to severe fibrosis in the early
stages, prolonged liver injury in females leads to more active hepatic stellate cells (HSCs),
accelerating fibrosis progression [39]. This difference in progression with age may explain
the higher cardiovascular (CV) risk [7,40], and increased mortality rate in women compared
to men [36,41]. Notably, MASH-related liver disease has become the leading cause of liver
transplantation in women without HCC [42], and the second most common cause in
men [9]. A large cohort study of 761,403 patients with MASLD confirmed that women have
a higher incidence of all adverse liver events and a significantly shorter time to develop
cirrhosis, making MASLD the leading cause of liver transplantation in women. Men, on
the other hand, have a higher risk of CV disease, HCC, and non-liver cancers. However,
this analysis was limited to patients with private health insurance in the United states [43].

In liver cancer, MASH has surpassed alcohol-related liver disease as the leading
cause of HCC [42], with men generally experiencing rates two to four times higher than
women [44,45]. However, a large meta-analysis found no significant differences in HCC
incidence between men and women [46], although women are more likely to develop
non-cirrhotic HCC [12,47]. The global increase in HCC associated with MASLD is driven by
the increase in metabolic diseases [48], with confirmed risk factors including T2D, obesity,
and the patatin-like phospholipase domain-containing 3 (PNPLA3) gene variant [49]. The
interaction between the female sex and the PNPLA3 p.I148M variant [50,51], and the
increasing prevalence of T2D and central obesity in postmenopausal women [31], may
explain why the incidence and mortality rates of HCC in women are rapidly approaching
those of men [52,53]. For example, although an Italian study observed a significant increase
in MASLD-related HCC cases from 3.6% in 2002 to 28.9% in 2019, with a higher incidence
in men, it identified overweight/obesity, hyperglycemia, and T2D as key risk factors for
HCC [54]. In addition, a recent meta-analysis of 15,377 patients with MASLD-related HCC,
found no significant sex differences [55], while US cancer statistics showed an increase in
MASLD-related HCC cases in both sexes aged 50 and older, with a decrease in younger
men [52]. Similarly, a Swiss study found that the percentage of MASLD-related HCC cases
in women increased significantly from 21% (1990–1994) to 68% (2010–2014), with no such
increase observed in men [56]. These findings suggest a shift toward a reduction in the
male predominance of MASLD-related HCC [52,53,56].
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A meta-analysis of 557,614 patients found that women with MASLD have higher
rates of all-cause mortality, CV mortality, and cancer than those without MASLD, and a
44% higher risk of cancer than men with MASLD [57]. Older women are more likely to
experience cerebrovascular events, which helps explain the increase in the number of female
liver donors over the past 20 years, while the number of male donors has decreased [58].
The greater health vulnerability of older women, coupled with the higher prevalence of
MASH, have been identified as factors that reduce the likelihood that women will receive
a liver transplant due to increased surgical risks and a higher chance of dying while on
the waiting list [59,60]. In addition, current stratification scores, such as the Model for
End-Stage Liver Disease score, tend to underestimate mortality in women [60,61], leading
to the proposal of sex-adjusted scores to address these gender differences in access to liver
transplantation [61].

For extrahepatic cancers, associations have been observed between Fatty Liver Index
(FLI) scores (30–60 and ≥60) and the presence of colorectal adenomas or early colon cancer
in men [3,62–64], and breast cancer in postmenopausal women [3,63–65]. However, higher
fibrosis scores have been linked to the development of all cancers [64], and especially in
women, MASLD has been found to be a risk factor for colorectal adenomas, particularly
when associated with liver fibrosis [63,66]. MASLD is also an independent risk factor for
advanced metachronous colorectal neoplasia in women, but not in men [63,67], suggesting
a stronger effect on colorectal carcinogenesis in women [67].

Given the critical role of sex and age in the development of MASLD and related
cancers, identifying those at the highest risk is essential for effective screening programs
and interventions [49]. These sex differences in the epidemiology of MASLD warrant
further study, particularly focusing on postmenopausal changes, as these have a significant
impact on disease progression and risk in women.

3. Gender Differences in Extrahepatic Diseases
MASLD is recognized as the liver manifestation of MetS, which includes factors such

as visceral obesity, hypertension, insulin resistance, and dyslipidemia [68]. However, the
relationship between MASLD and MetS is bidirectional, as MASLD itself contributes to
the development of obesity, T2D, and dyslipidemia by affecting carbohydrate and lipid
metabolism [5,15]. This explains the strong association between MASLD and extrahepatic
diseases such as T2D, obesity, and CV risk [2]. Although obesity is more common in women,
they appear to have some protection against obesity-related cardiometabolic conditions,
including MASLD, up until menopause [41]. However, after menopause, visceral obesity,
T2D, dyslipidemia, and MASLD contribute to increased CV risk in women [5]. There is
also increasing evidence of a link between MetS, MASLD, and mental health problems,
with possible gender differences [69]. Understanding the differences in MASLD-related
comorbidities between women and men is essential for effective prevention, early diagnosis,
treatment, and addressing the healthcare burden of liver disease [70].

3.1. Type 2 Diabetes and Obesity

Obesity, especially visceral obesity, and T2D are significant risk factors for MASLD
and contribute to its progression to advanced fibrosis, cirrhosis, and HCC [2]. MASLD is
more common in people who are overweight or obese, with a global prevalence of about
50% [71]. The prevalence of obesity varies by region [3,4] and is higher in women than
men [72–74] across all age groups, with the highest rates observed between ages 50 and
65 [73].

A meta-analysis [75] found that 80% of people with MetS and obesity had MASLD,
compared with only 18% of those without these conditions. Specifically, there is a strong
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positive correlation between MASLD and body mass index (BMI), emphasizing that both
overweight and obesity increase the risk of MASLD in both men and women [34,76].

However, although a BMI ≥ 31.9 kg/m2 is associated with a significantly higher risk
of MASLD in men compared to women, the prevalence of MASLD increases dramatically
in postmenopausal women [34]. This increase may be due to an increase in visceral obesity
in postmenopausal women. A cross-sectional study in Ghana found that the prevalence
of MASLD and MetS in postmenopausal women was 49.48%, compared with 29.55% in
premenopausal women. Notably, abdominal obesity was identified as the most common
component of MetS in this population, significantly increasing the risk of MASLD [77]. A
meta-analysis of over 24 million people found that the association between obesity and
MASLD was less pronounced when BMI > 30 kg/m2 was used as a measure of obesity. This
suggests that other measures of central obesity may be more effective in predicting liver
outcomes, particularly in women [78]. Indeed, an increase in VAT was observed with age
in Chinese adults, and BMI was not able to predict the proportion of VAT. Furthermore, in
women, all measures of adiposity (VAT, subcutaneous adipose tissue SAT, BMI, and waist
circumference WC) increased with age [79]. This underscores the importance of considering
the diverse distribution of abdominal adiposity indices when assessing cardiometabolic
risk associated with metabolic disease.

For example, in premenopausal women, no significant differences were found be-
tween adiposity indices such as BMI, WC, and waist-to-hip ratio (WHR). However, in
postmenopausal women, the combination of these indices significantly improved the abil-
ity to predict MASLD, with WHR emerging as the most useful discriminator [80]. The
Visceral Adiposity Index (VAI), which includes factors such as WC, BMI, TG, and high
HDL cholesterol, was also identified as a marker for T2D, MetS, and CV risk. The hazard
ratio for MASLD incidence in the highest VAI quartile was found to be 3.69 in men and
4.93 in women [81]. In addition, a positive correlation has been found between the FLI
and MASLD, especially in women aged 40–64 years [82]. Since VAI serves as a marker
of visceral fat dysfunction and distribution, one of the proposed hypotheses, the “portal
theory” suggests that visceral fat has direct toxic properties on the liver [82]. These findings
support that while men are susceptible to visceral fat deposition throughout life, women
become more susceptible after menopause, likely due to the loss of the protective role of
SAT and estrogen [12,22,83,84].

While chronological aging and obesity contribute to the development of T2D, ovarian
aging and menopause play a significant role in the onset of glycemic dysregulation, further
exacerbating the risk [85]. T2D and MASLD often coexist, with MASLD affecting up to
70% of people with T2D. These two conditions have a bidirectional relationship, with each
influencing the progression of the other [86]. A study of middle-aged and elderly Chinese
individuals found a stronger association between MASLD and T2D in men, likely due to
higher levels of adiposity (BMI, WC, WHR) in men compared to women [87]. Accumulation
of fat in the liver impairs glycogen synthesis, increases gluconeogenesis [88], exacerbates
insulin resistance, and promotes the systemic release of proinflammatory cytokines and
hepatokines [89]. While women of reproductive age tend to be more insulin sensitive, less
prone to store fat in visceral and ectopic compartments, and have a greater capacity to
secrete insulin and incretins [30,90], postmenopausal women are at higher risk for central
obesity, hypertriglyceridemia, and prediabetes. These factors, which are characteristic
of MetS, T2D, and the diagnosis of MASLD, increase the risk of both conditions in post-
menopausal women [91,92]. A meta-analysis of middle-aged individuals found that T2D
was significantly associated with the incidence of severe liver disease, with a more than
twofold increase in the outcome of severe liver disease [78].
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MASLD is a stronger risk factor for developing T2D in premenopausal women than in
postmenopausal women or men, with the effect varying by severity [93,94]. The addition
of MASLD to traditional risk factors improves the ability to predict the risk of incident T2D
in both sexes, with the highest discriminative power seen in premenopausal women [93].
This suggests that MASLD contributes to the loss of biological protection against T2D in
premenopausal women [95].

Conversely, women with dysglycemia have a similar [96], or even higher risk of
developing MASLD compared to men. Specifically, an association between dysglycemia,
female sex, and age ≥50 years was found in patients with MASLD, suggesting that active
screening for hepatic steatosis would be recommended in younger women with any degree
of dysglycemia [96]. A Chinese study of people with T2D (mean age 61 years) found a
59.36% prevalence of MASLD, with 1.43% of participants having cirrhosis. In particular,
women with T2D had a higher risk of MASLD compared to men [76]. Research also
suggests that prediabetes and T2D significantly increase all-cause mortality, but this effect
was only observed in women [97]. The worsening of anthropometric and metabolic risk
factors (such as homeostasis model assessment of insulin resistance (HOMA-IR), C-reactive
protein (CRP), and lipid profile) may help explain how impaired glucose homeostasis
contributes to the development of MASLD [98].

A recent global epidemiologic analysis showed that women with MASLD have a
higher rate of T2D than men. However, the incidence of both conditions is influenced
by the reproductive stage of life, with higher rates observed in prepubertal men and
postmenopausal women [99]. Another study involving over 200,000 MASLD patients
(52.8% women) found that women diagnosed with MASLD at an older age had higher
rates of comorbidities such as MetS, hypertension, T2D, and obesity compared to men.
In addition, women had higher rates of cirrhosis in both sexes [70]. This underscores
the importance for healthcare providers to consider the close relationship between these
conditions [86], and the influence of sex and age on the development, progression, and
prognosis of MASLD.

Obesity is a well-established risk factor for T2D and MASLD, but some people,
often referred to as having “lean disease”, develop these conditions despite having a
BMI < 25 kg/m2. In these cases, factors such as abnormal fat distribution (especially in-
creased visceral fat), sarcopenia, and early-stage β-cell insufficiency are significant contrib-
utors [86]. Sex analysis revealed that women with lean MASLD have a higher prevalence
of MetS than men. They also have higher levels of TG, alanine aminotransferase (ALT),
and gamma-glutamyl transpeptidase (GGT) than their overweight/obese counterparts.
Given the higher average number of women in the lean MASLD group, the study suggests
that menopausal or postmenopausal status may play a significant role in the development
of MetS-related factors, making lean MASLD a more harmful phenotype [100] in post-
menopausal women [101]. High testosterone levels in men may help explain their lower
risk of developing T2D and insulin resistance [102]. Interestingly, another study found a
higher incidence of lean MASLD in men than in women. However, both sexes showed an
increase in incidence with age, with the peak incidence of lean MASLD in women between
the ages of 50 and 59. In addition, less than 10% of women without obesity had abnormal
glucose levels, highlighting the need for greater attention to MASLD in women with normal
glucose levels compared to men [103].

Taken together, these findings highlight the pathogenetic complexity of the disease and
the involvement of metabolic dysfunction. In addition, although the understanding of sex
differences in the prevalence of MASLD in individuals with T2D and/or obesity remains
unclear and conflicting, hormonal factors may significantly influence the development of
MASLD and metabolic disorders, highlighting the need for further research to explore
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the complex relationship between weight, T2D, and MASLD, considering sex and age as
key factors.

3.2. Cardiovascular Diseases

The strong association between MASLD and metabolic disorders places people at
a significantly higher risk of mortality [2,68,92], with a 1.17-fold increased likelihood of
CV disease compared to those without [104]. While CV disease has traditionally been
thought of as more common in men and older adults [105–107], it follows a similar pattern
to MASLD, with higher risks in men under 50 and increasing rates in postmenopausal
women [5,60,108–110].

For individuals younger than 54 years, CVD causes total mortality of approximately
22% in men and 18.5% in women. After age 55, this trend reverses, with CVD mortality at
38.5% for men and 41% for women [85].

The PURE study, which examined gender differences in CV in people aged 35–70 years,
found that women had fewer CV risk factors and lower rates of CV disease, likely due
to greater use of primary prevention treatments (antiplatelet, antihypertensive, and lipid-
lowering medications) and healthier lifestyles than men [111]. In addition, the protective
effects of estrogens may delay the onset of CV disease [112], leading to the misconception
that they are less common in women and therefore do not require as intensive preventive
therapy as in men [113]. Studies have shown that women tend to experience CV events
seven to ten years later than men [110,113–115], therefore the mean age of women (50 years)
in the PURE study may be too early to detect significant CV risk effects. Furthermore, the
higher pharmacologic burden observed in women for primary prevention [111] may reflect
the worsening of traditional risk factors for MetS and MASLD, such as weight gain, insulin
resistance, and hypertension, that begin in the peri-menopausal period. This suggests
that the loss of the cardioprotective effects of estrogens [112,116] may contribute to the
future development of CV disease. For example, after age 75, women account for the
majority of cases of acute coronary syndrome (ACS), ST-elevation myocardial infarction, or
non-ST-elevation myocardial infarction [115]. Moreover, in a sample of 63.245 people hos-
pitalized for ACS, women were on average about 7 years older than men (73 vs. 66 years)
and had a higher comorbidity burden [117]. The atypical symptoms of CV disease in
women, which require early diagnosis for appropriate management, may also contribute to
delayed diagnosis and treatment [112,118], as well as their underestimation in this popula-
tion [105]. Endothelial function begins to decline early in menopause, often before signs of
subclinical atherosclerosis are evident. This change may play a role in the development
of “unexplained” chest pain and shortness of breath, which are often attributed to “stress”
or “menopausal symptoms. However, women who experience these symptoms are twice
as likely to develop ischemic heart disease over the next 5–7 years [119]. Notably, women
were also less likely to undergo cardiac investigations [111,116] and received secondary
pharmacotherapy less frequently [111], probably due to a higher likelihood of experiencing
medication side effects [111,116], contributing to the lack of diagnosis and treatment.

MASLD includes cardiometabolic risk factors that develop in women primarily during
menopause [120]. While each factor independently affects CV risk, their combined effect
significantly increases the risk, contributing to a 1.5-fold increase in all-cause mortality [121].
This highlights the need for screening, prevention, and treatment of these risk factors, such
as weight gain, dyslipidemia, hypertension, and T2D, in women during the menopausal
transition [85,119].

The presence of hepatic steatosis in women with MASLD reduces the protective effects
of estrogen, leading to higher rates of CV disease [30,122,123]. For example, in a Swedish
cohort of 10,422 adults with biopsy-confirmed MASLD, women showed a stronger positive
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association between MASLD and the incidence of major adverse CV events (MACE) than
men [124]. This increased mortality has been linked to the increasing diagnosis of MASLD
in midlife, as well as the recognition of age as a risk factor for the fibrotic and cirrhotic
progression of MASLD in women, largely due to the loss of estrogen [122]. Even after
adjustment for several risk factors, the Fibrosis-4 Index (FIB-4) score [125], which has been
demonstrated to have superior performance in detecting advanced stages of fibrosis among
non-invasive liver disease assessments (NILDAs) [126], was associated with a higher risk
of ischemic stroke in women but not in men [125]. These sex differences may be influenced
by the combined effect of MASLD and menopausal hormonal changes that increase CV
risk [127,128]. A study of 41,005 MASH patients found that men had higher rates of
most CV risk factors and diseases than women. However, despite the relatively young
average age of the study cohort (61 years), women had higher rates of obesity and T2D,
similar stroke rates to men, and a higher prevalence of MASH [129]. This suggests that
the presence of a dysmetabolic state in women with MASLD reduces the protective effects
typically associated with female sex, making women more susceptible to CV disease [94].
In addition, the excess of VAT, which is common in menopause and MASLD, may be more
harmful in women than in men. For example, the area of VAT, measured by computed
tomography (CT) scan, has been found to be independently associated with heart failure
with preserved ejection fraction, hemodynamic abnormalities [130], and increases in left
ventricular mass (LVM) and mean myocardial wall thickness (MMWT) in women, but not
in men [131]. Furthermore, in advanced menopausal women, the positive multiplicative
interaction between different measures of abdominal obesity (WC, BMI, WC+BMI) and
MASLD increases the cumulative incidence and risk of CV disease, underscoring the need
to monitor excess adiposity to reduce cardiovascular risk in these individuals, especially in
women with elevated BMI and WC [104]. As a result, current clinical risk assessments may
underestimate the CV risk in women [123], emphasizing the importance of understanding
sex-specific risk factors and early screening for women with MASLD to develop targeted
prevention strategies.

3.3. Depression, Anxiety, and Neurodegenerative Diseases

Insulin resistance, inflammation, and oxidative stress are key mechanisms in the de-
velopment of obesity, T2D, MetS, and MASLD. These factors also contribute to cognitive
decline, particularly in the aging population [132–135]. Central nervous system (CNS)
disorders, including neurodegenerative diseases and mood disorders (depression and anxi-
ety), are common in MASLD [134]. This effect is particularly evident when liver disease
is accompanied by glucose metabolism abnormalities [136], and advanced progression
(fibrosis and MASH) [132,136]. Insulin signaling is crucial for synaptic plasticity, neuropro-
tection, and neuronal growth [137], which helps explain how insulin resistance, driven by
increased VAT and the release of pro-inflammatory cytokines, impairs cognitive function
in MASLD [138]. The discovery of central insulin resistance in Alzheimer’s disease has
made it a potential therapeutic target [137]. While VAT worsens the relationship between
aging and cognitive decline in both men and women, estradiol appears to mitigate this
effect in women [139,140]. By regulating metabolism, improving insulin sensitivity, and
preventing inflammation [141], estrogens offer neuroprotection against cognitive decline
in middle-aged women [140], explaining the association between cognitive impairment
and MASLD is stronger in postmenopausal women [141–146]. In women over 50, the loss
of estrogen’s protective effects [141], associated with higher prevalence of MASLD and
fibrosis [37,146,147], strengthens the pathophysiological link between MASD and cognitive
decline [141,148–151].
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As a result, MASLD (as assessed by the hepatic steatosis index (HSI) and FIB-4 scores)
was associated with greater beta-amyloid deposition in postmenopausal women, but not
in men [141], and a higher risk of dementia, particularly in people aged 45–54 years and
those with T2D [152]. Middle-aged women with MASLD also have a higher prevalence of
depression, which worsens with the severity of steatosis [143,144,153]. On the other hand,
anxiety and depression are associated with a higher predisposition to MASLD [153], and
worse treatment outcomes [154]. In fact, these mental health conditions are associated with
higher levels of binge eating disorders (BED) and emotional eating [155,156], especially
in postmenopausal women [157], that negatively affect diet, weight [156], and quality of
life (QoL), creating barriers to weight loss and effective MASLD treatment [154]. Poor diet
can also disrupt the gut microbiota, contributing to fat deposition in the liver [134,158] and
cognitive decline in MASLD [133]. Overall, anxiety and depression may increase the risk
of future metabolic disorders, suggesting a bidirectional relationship [153] that warrants
further attention, especially after menopause.

4. Sex Differences in the Pathogenesis of MASLD: Should the Focus Be
on Postmenopausal Women?

The new MASLD nomenclature emphasizes the strong association between hepatic
steatosis and metabolic abnormalities characteristic of MetS, which increase the risk of
progression to more severe liver disease [91]. Initially, the “two-hit” theory described the
pathogenesis of MASLD, where the first hit is liver damage caused by TG accumulation due
to insulin resistance and an obesogenic lifestyle, which makes the liver more susceptible to
a “second hit” from inflammatory cytokines, adipokines, mitochondrial dysfunction, and
oxidative stress. These factors induce inflammation and fibrosis in hepatocytes [159]. The
“multiple hit” hypothesis extends this theory by suggesting that in genetically predisposed
individuals, a combination of factors such as insulin resistance, adipose tissue dysfunction,
sex hormones, diet, gut microbiota, and genetic/epigenetic influences contribute to hepatic
steatosis and inflammation [160].

As has been widely reported, the prevalence of MASLD, along with hepatic and
extrahepatic disease, follows a similar pattern. Women typically have a lower risk of
hepatic, cardiometabolic, and cognitive disease during their reproductive years, but lose
this protection after menopause, resulting in a disease prevalence comparable to or higher
than that of men [36,60]. The hormonal changes that occur after menopause, especially
the loss of estrogen, are thought to contribute to this pattern in women [5]. However, the
multiple factors outlined in the multiple-hit hypothesis amplify these hormonal shifts and
influence the risk profiles and phenotypes of postmenopausal women [12,36], exacerbating
the risk of developing MASLD and its progression (Figure 1).

Given that MASLD is the leading cause of liver transplantation in women without
HCC, but women are less likely to receive a transplant due to the severity of the disease,
exploring the interaction between these factors and the pathogenesis of MASLD may help
explain changes in prevalence after menopause and guide targeted therapeutic strategies
for women, focusing on this subgroup.

4.1. Sex Differences in Genetic Predispositions

Metabolic diseases such as obesity and T2D show familial clustering, suggesting
a strong hereditary component to the risk of developing MASLD and related liver dis-
eases [161,162]. Because genetic predisposition differs between men and women, affecting
disease susceptibility and progression [163], the identification of genetic variants, especially
with the advent of precision medicine, can help develop targeted treatments. When com-
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bined with clinical factors, these genetic insights can help predict the risk of progression to
MASH, cirrhosis and HCC [2].
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Recent genome-wide association studies (GWAS) have identified important single
nucleotide polymorphisms (SNPs) associated with susceptibility to MASLD. These SNPs
are involved in the regulation of glucose and lipid homeostasis [164], with some showing
sex-specific associations [165]. Key genetic variants, such as PNPLA3 p.I148M and TM6SF2
p.E167K, contribute to TG accumulation in the liver [159,164], increasing the risk of MASH,
fibrosis, cirrhosis, and HCC [49]. The presence of PNPLA3 variants has been shown to
increase the likelihood of progression to MASH in women, but not in men. In men, it
has been shown to increase the likelihood of progression to fibrosis and liver dysfunction
only in the later stages of chronic liver disease, particularly when associated with alcohol
consumption [163]. A study of a large European cohort of biopsy-confirmed MASLD pa-
tients found that the PNPLA3 variant influenced liver-related events in non-obese women
aged 50 years or older, suggesting a need to focus on this subgroup [166]. Although the
TM6SF2 variant affects the development and severity of SLD similarly in both sexes, a
stronger interaction between female sex and the PNPLA3 p.I148M variant was observed in
postmenopausal women (≥55 years) with relatively higher estradiol (E2) levels. In carriers
of the p.I148M variant, persistently higher E2 levels due to estrone conversion in hepato-
cytes may synergize with inflammation and insulin resistance, resulting in induction and
accumulation of the variant protein, leading to hepatic steatosis [50]. Thus, downregulation
of PNPLA3 may be more effective in women, with postmenopausal women carrying the
variant potentially representing a high-risk subgroup for targeted treatments. This may
explain the higher risk observed in these women, although predicting individual disease
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remains challenging [2]. However, other factors may contribute to the greater hepatic
expression of PNPLA3 in women compared to men [50].

GWAS have identified loci associated with fat distribution, showing a stronger associ-
ation of key SNPs in women compared to men [167–169], and suggesting that adiposity
traits are more heritable in women [169]. The sex chromosome complement may also
contribute to the sexual dimorphism observed in metabolic traits [22,167]. For example,
mice with XX chromosomes have up to a two-fold increase in obesity [170,171], weight
gain, elevated lipid and insulin levels, and fatty liver when fed a high-fat diet (HFD) [170].
Similar patterns are observed in syndromes with an extra X chromosome, such as Klinefel-
ter syndrome (XXY), where affected males have higher liver function markers, increased
body fat, abdominal fat, TG, cholesterol, and insulin resistance, suggesting the involvement
of MetS components [22,172,173]. In contrast, women with Turner syndrome (partial or
complete loss of the X chromosome) have a variety of liver problems, including steatosis,
steatohepatitis, cirrhosis, and increased weight and BMI, probably due to estrogen defi-
ciency [174,175]. In humans, it remains difficult to distinguish the roles of sex chromosome
complement and gonadal hormones. This complex network of genetic imprinting and go-
nadal hormones is influenced by multiple factors. Understanding these interactions could
help identify potential therapeutic targets and enable treatments tailored to an individual’s
sex profile [102], especially for women.

4.2. Estrogens in Glucose and Lipid Metabolism

The influence of age and gender on the clinical features of MASLD/MASH is well doc-
umented [147], with sex hormones playing a critical role in regulating metabolic processes
in the liver [22]. Estrogens help prevent MASLD by directly exerting their metabolic effects
on hepatocytes and indirectly improving insulin resistance and dyslipidemia through the
modulation of fat distribution [7]. During menopause, estrogen deficiency leads to altered
glucose and lipid metabolism, creating a dysmetabolic environment that promotes hepatic
steatosis and progression to hepatic inflammation and fibrosis [5,15]. 17β-estradiol (E2) is
the primary female sex hormone during the reproductive years and plays a critical role in
regulating interactions between the liver and adipose tissue [176]. In the female liver, under
normal physiological conditions, estrogen signaling suppresses the expression of genes
involved in lipogenesis, such as fatty acid synthase (FAS), acetyl-CoA carboxylase (ACC),
stearoyl-CoA desaturase (SCD), and sterol regulatory element-binding protein 1 (SREBP1),
while promoting the expression of genes involved in fat oxidation [6,177], such as carnitine
palmitoyltransferase (CPT1) [6]. Increased mitochondrial fatty acid oxidation and decreased
de novo lipogenesis (DNL) protect hepatocytes from fat overload [5], a key pathogenic
mechanism in the development of MASLD and lipotoxicity. In addition, estrogens influence
the maintenance of hepatic cholesterol balance by stimulating lipoprotein synthesis and
very low-density lipoprotein (VLDL) particle release, increasing HDL production, and re-
moving oxidized low density lipoprotein [109]. The enhancement of cholesterol absorption
in the liver and reverse cholesterol transport by estrogen receptor alpha (ERα) may explain
the increase in cholesterol levels from premenopausal to postmenopausal status, which
contributes to the higher prevalence of MASLD in postmenopausal women [60,177]. For
example, ovariectomy in female rats leads to the development of MASLD/MASH, as it
increases SREBP1 expression and decreases genes responsible for VLDL secretion, resulting
in intrahepatic TG accumulation and elevated ALT levels. These changes further exacerbate
hepatic fibrosis and may drive the progression of MASH [178].

The innate immune response to damaged hepatocytes plays a key role in the devel-
opment of MASH, as the recruitment of inflammatory immune cells contributes to liver
inflammation during the progression of MASLD [179]. Estrogen helps mitigate liver dam-
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age once it has occurred [180] by regulating inflammatory and fibrotic pathways in Kupffer
Cells (KCs) and HSCs [5,180]. As the predominant hepatic immune cell type, KCs are
essential for activating the inflammatory response, recruiting immune cells, and promot-
ing insulin resistance, free fatty acid (FFA) accumulation, and inflammation, all of which
contribute to fibrosis development [179]. This process activates key transcription factors
such as c-Jun N-terminal kinase (JNK) and κ light chain enhancer of B cell (NF-κB) [41,181],
which trigger the release of pro-inflammatory cytokines such as tumor necrosis factor
(TNFα), interleukin-16 (IL-16), and interleukin-1β (IL-1β), exacerbating insulin resistance
and chronic inflammation [41]. Chronic liver injury also activates HSCs, which promote
excessive accumulation of extracellular matrix proteins, primarily collagen, leading to fi-
brosis [182]. Although E2 helps mitigate fibrogenesis by inhibiting these pro-inflammatory
pathways [41], research has shown that preventive and therapeutic treatments with 17α-E2
can slow or even reverse the progression of liver fibrosis by significantly inhibiting collagen
production in chronic liver injury. As a result, it is believed that E2 likely exerts its effects
through multiple mechanisms involving different cell types to help alleviate liver injury
and fibrosis [182].

The improvement in mitochondrial quality and biogenesis regulated by peroxi-
some proliferator-activated receptor γ coactivator 1 alpha (PGC-1α) is also estrogen-
dependent [183]. Through the ERα/Sirtuin1/PCG-1α signaling pathway, E2 improves
mitochondrial quality and biogenesis regulated by PGC-1α, reduces mitochondrial oxida-
tive stress caused by lipotoxicity, and interferes with JNK signaling, thereby limiting the
onset of insulin resistance [41,184,185]. Estrogen signaling also protects against HCC by
inhibiting inflammasome activation and regulating NF-κB pathways, shifting KCs from
a pro-inflammatory to an anti-inflammatory phenotype, with this effect being more pro-
nounced in women [186] than men [102]. The anti-inflammatory effects of estrogens may
help explain why premenopausal women, who have a lower prevalence of MASLD, tend
to have lower CRP levels than postmenopausal women, who have a higher inflammatory
status [187]. Overall, the protective effects of estrogen against liver injury and fibrosis help
explain the increased risk of advanced fibrosis in postmenopausal women [180,188].

At the mechanistic level, estrogens regulate liver lipid metabolism through their recep-
tors, primarily ERα, which is expressed in hepatocytes and KCs, while ERβ is expressed
in HSCs [5,6,102]. Mouse models have shown that ERα signaling promotes metabolic
flexibility in women and protects against obesity and metabolic dysfunction induced by a
HFD [189], such as fatty liver, elevated circulating lipids, ectopic fat accumulation, impaired
glucose tolerance, and insulin resistance, common in MetS and menopause [190]. In fact,
although male mice develop obesity and metabolic dysfunction more rapidly than females
when exposed to a HFD, females experience age-related changes in liver function, including
altered fatty acid oxidation during perimenopause, leading to increased hepatic fat accumu-
lation [40]. These changes are particularly common in postmenopausal women [189,190].
For example, ovariectomy in female mice results in overexpression of genes involved in
lipid accumulation in the liver, and male genes only in those with ERα. This suggests that
estrogen deprivation reprograms the liver to a male-like profile, contributing to MASLD
in postmenopausal women [191]. Liver-specific ablation of ERα in female LERKO mice
results in increased DNL, elevated circulating lipids, and ectopic fat accumulation [177,189],
further supporting the idea that the loss of estrogen protection after menopause increases
the prevalence and severity of MASLD, including advanced fibrosis and MASH [26,180].
Finally, ERα has been shown to accelerate hepatic steatosis, M1 macrophage infiltration,
and fibrogenesis in obese female mice [192]. Overall, this highlights hepatic ERα as a
potential target for the treatment of postmenopausal MASLD.
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Estrogen plays a key role in glucose metabolism by stimulating glucose uptake in skele-
tal muscle and adipose tissue [193]. However, in mice lacking estrogen signaling (global or
hepatic ERα knockout), this disruption leads to hepatic insulin resistance and increased
hepatic glucose production (HGP), resulting in hyperglycemia [194]. This highlights the
essential role of ERα in the regulation of glucose and energy balance. Estrogens suppress
HGP and improve insulin sensitivity via the ERα-phosphoinositide 3-kinase-Akt-Foxo1
pathway [41,194], with Foxo1 regulating glucose-6-phosphatase (G6pc), a critical enzyme
in HGP [195].

In addition, ERα improves hepatic insulin sensitivity by regulating insulin receptor
substrate 1 (IRS-1) [194], and glucose transporter 2 (GLUT-2), promoting glycogen synthesis
and insulin release [26]. Although regulation of HGP plays a more important role in
reducing insulin resistance than muscle glucose uptake [194,196], enhancing muscle glucose
utilization also helps improve insulin sensitivity [193]. Estrogens also support β-cell
function by inhibiting glucotoxicity-induced apoptosis and reducing inflammation [193].

Overall, this explains why premenopausal women generally have better glucose
tolerance, insulin sensitivity, and glucose utilization than men and postmenopausal women.
In the latter group, estrogen deficiency leads to dysglycemia and reduced hepatic insulin
clearance [177,194]. These changes in glucose metabolism secretion during menopause are
also associated with β-cell apoptosis, decreased insulin secretion, and increased hepatic
degradation [85].

These findings support the need to consider the role of estrogens in regulating glucose
and lipid metabolism as they influence susceptibility to multisystemic metabolic diseases
such as MASLD.

4.3. Involvement of Estrogens in the Adipose Tissue Dysfunction After Menopause

Excessive energy intake, along with hormonal, behavioral, and metabolic factors,
contributes to obesity and increased fat storage [7]. Obesity is a major risk factor for
MASLD, with fat type and distribution being more important than total body fat [102].
Adipose tissue distribution, which affects cardiometabolic risk independent of body weight
or fat percentage, is significantly influenced by sex hormones [60]. Estrogen promotes fat
storage in the gluteal–femoral region in women (pear-shaped obesity), while testosterone
causes visceral fat accumulation in men (apple-shaped obesity) [7,102].

Gluteo–femoral SAT stores fat more efficiently, enhances fat browning, and promotes
the production of anti-inflammatory adipokines, offering protection against MetS and
MASLD [176]. Its large adipocytes and ability to expand through hyperplasia and hyper-
trophy act as a “metabolic reservoir”, safely storing excess energy. This prevents harm-
ful abdominal and intra-abdominal fat accumulation and avoids lipotoxicity in insulin-
sensitive tissues. In addition, the higher activity of lipoprotein lipase (LPL) in subcutaneous
adipocytes of the lower body in women suggests greater TG clearance compared to visceral
adipocytes in men with obesity [171]. Estrogens also regulate genes involved in brown
adipose tissue (BAT) function, such as uncoupling protein 1 (UCP-1), which is critical for
energy balance, and promotes the “browning” process of white adipocytes [197]. This
process, along with adipocyte hyperplasia, helps protect against hypoxia and inflammation
in adipocytes [176,198]. Furthermore, overexpression of ERα has been shown to improve
mitochondrial function in hepatocytes, reduce hepatic lipid accumulation, and protect
against hepatic insulin resistance and steatosis in mice [199].

On the contrary, excess VAT is characterized by dysfunctional adipocytes result-
ing from hypertrophic expansion and mitochondrial dysfunction, leading to a pro-
inflammatory state and insulin resistance [171]. The lack of anti-lipolytic action of insulin
makes VAT more susceptible to lipolysis, leading to an increase in circulating FFAs that are
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redistributed to organs, including the liver, exacerbating insulin resistance, inflammation,
and metabolic stress in hepatocytes [25,176].

The metabolic differences associated with the effects of sex hormones on fat distribu-
tion are reflected in the correlation between changes in estrogen levels and fat percentage
over a woman’s lifetime [60,171]. After menopause, the decline in estrogen promotes a re-
distribution of lipids from SAT to a more central, android fat distribution [60,177,200]. This
helps explain the favorable cardiometabolic profile seen in premenopausal women, who
have better glucose regulation, increased insulin sensitivity, and a less atherogenic plasma
lipid profile [171]. In contrast, as happens in postmenopausal women [85], people with
higher VAT mass tend to be more insulin resistant, have impaired glucose metabolism, and
are more likely to develop MASLD [15,60]. Similarly, research indicates that young women
with reproductive dysfunction or those who have undergone ovariectomy experience a
higher prevalence of MASLD compared to their fertile counterparts [50].

According to research, menopause alters the phenotype of adipose tissue in both SAT
and VAT, reducing the number of adipocytes [200]. This may suggest that estrogens may
also regulate cell apoptosis [201]. Additionally, hypertrophic changes in VAT were associ-
ated with reduced insulin sensitivity [200] and increased peroxisome proliferator-activated
receptor gamma (PPAR-γ) expression, while decreasing FASN expression in SAT. These
changes are thought to be an adaptive protective response to lipid accumulation [60,200].

It has also been suggested that E2 may centrally regulate thermogenic adipose tissue
by activating hypothalamic AMP-activated protein kinase (AMPK), a pathway that acts
as an energetic sensor of nutritional status and cellular metabolism [202,203]. This also
supports the role of sex hormones in influencing the higher levels and activity of BAT in
women compared to men, attributed to higher thermogenic proteins such as UCP1 and
PGC1α [204,205]. A decrease in oxidative metabolism and glucose uptake in BAT has been
observed in postmenopausal women compared to premenopausal women, suggesting
a loss of thermogenic function associated with reduced E2 levels [206]. Furthermore,
ovariectomy has been shown to affect several proteins involved in the metabolic pathways
of BAT [207].

Given the role of ERα in the regulation of mitochondrial biogenesis and oxidative
phosphorylation through the induction of PGC1 and CPT-1, as well as lipid export from
the liver via the secretion of TG-rich VLDLs [31,41,208], the reduced oxidative capacity
of the liver during menopause shifts hepatic lipid metabolism from fatty acid oxidation
to lipogenesis. This leads to excessive hepatic fat accumulation, lipotoxicity, and chronic
inflammation [31,60,209].

In postmenopausal women, VAT accumulation has also been associated with in-
creased inflammation in SAT, with higher levels of hypoxia-inducible factor (HIF-1α) in
both adipose tissues, which mediates the hypoxic-inflammatory response associated with
hypertrophic adipocyte expansion. This factor contains an estrogen response element
in its promoter, suggesting that estrogen signaling through HIF-1α may help prevent
hypoxia and fibrosis [200]. In fact, adipose tissue also functions as an endocrine organ,
releasing several proteins that regulate metabolism, inflammation, and fibrosis [12]. In
particular, visceral obesity affects the liver by causing an imbalance in the secretion of these
adipokines from dysfunctional adipose tissue, exacerbating the cycle of insulin resistance,
hepatic steatosis, inflammation, and fibrosis [41]. Two key adipokines, adiponectin and
leptin, show sex differences in their levels [7,179], with women typically having higher
levels than men [179,210]. People with MASLD/MASH have altered adipokine levels,
with lower adiponectin and higher leptin [211,212]. Adiponectin improves insulin sen-
sitivity, reduces inflammation and fibrosis [12], and offers cardioprotective, anti-obesity,
and hepatoprotective effects [7,211]. Its synthesis is stimulated by E2, helping to protect
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the liver and cardiovascular system before menopause, while reducing its levels after
menopause [7]. Adiponectin levels also decrease as MASLD progresses to MASH [175],
with this relationship being particularly pronounced in women [175]. Leptin, on the other
hand, is known as the “starvation hormone”, which is synthesized by adipose tissue and
acts as a metabolic regulator that can reduce food intake [179,213]. By improving insulin
sensitivity and promoting lipid mobilization, leptin helps reduce fat accumulation in the
liver, thereby protecting against MASLD [214,215]. Physiologically, women appear to be
more sensitive to the anorexigenic effects of leptin than men, probably due to the sensitizing
effects of estrogen [214,216]. However, in MASLD, leptin shows dose-dependent activity,
becoming inflammatory and fibrotic at higher levels [175]. For example, women with obe-
sity with high levels of leptin develop resistance to its effects rather than sensitivity [214],
showing a positive correlation with serum insulin levels, insulin resistance, and liver dam-
age, including both steatosis and inflammation, contributing to MASLD/MASH [214,215].
This explains why adiponectin levels decrease in liver disease while leptin levels remain
elevated [7,211].

The adiponectin/leptin (A/L) ratio has been suggested as a marker of adipose tis-
sue dysfunction, also known as secretory adiposopathy, characterized by altered lipid
metabolism [217], and a more accurate index for steatosis lesions and their progression to
MASH [218]. The abnormal expression of these adipokines has also been associated with
the development and prognosis of HCC, suggesting them as potential biomarkers for the
early diagnosis and progression of liver cancer [219].

Taken together, this suggests the involvement of sex steroids in the regulation of
numerous processes in adipocyte function, including their endocrine activity, which is
critical for maintaining normal metabolic functions. Therefore, the loss of estrogen after
menopause may affect the metabolic and secretory function of adipocytes, increasing
susceptibility to various metabolic diseases, including MASLD, and thus abolishing the
sex-specific incidence of this pathology [177].

4.4. Gut Microbiome Changes After Menopause

The gut microbiome plays a critical role in regulating metabolic processes through
the gut–liver axis, and its influence on metabolic diseases is increasingly recognized [220].
Dysbiosis, or changes in the composition of the gut microbiota, has been associated with all
stages of MASLD [211,221], including steatosis, MASH, advanced fibrosis, cirrhosis, and
HCC [222].

The influence of the gut microbiome on MASLD involves complex microbiome–host
interactions. Increased intestinal permeability, or “leaky gut,” leads to the release of
microbiota-derived metabolites that are recognized as biomarkers or therapeutic targets
for MASLD [211,223]. For example, metabolites such as lipopolysaccharide (LPS, a major
component of the outer membrane of Gram-negative bacteria) or trimethylamine N-oxide,
contribute to systemic inflammation, alterations in bile acid and choline metabolism, and
the production of short-chain fatty acids (SFCA) and ethanol [22,25,224,225].

Emerging evidence indicates that sex differences significantly shape the gut micro-
biome. In a rat model of HFD-induced obesity, HFD decreased microbial taxon diversity,
with female rats having even lower diversity than male rats. Specifically, male HFD rats had
higher levels of Firmicutes and Bilophila, bacteria that disrupt intestinal barrier function
and contribute to hepatic steatosis. In contrast, females had higher levels of propionate,
an SFCA beneficial for obesity and metabolic disease. These findings suggest that female
rats may experience less severe liver inflammation and steatosis than males [226]. Another
MASLD model showed differences in microbiome composition between male and female
rats, with greater diversity in females. In addition, male rats showed differential expres-
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sion of Toll-like receptor 4 in the liver, which correlated with their different microbiome
profiles compared to females [227]. These microbiome differences also extended to gut
inflammation, highlighting the role of sex in shaping microbiome-associated metabolic
changes [228].

It is reasonable to assume that sexual dimorphism in the gut microbiome is influenced
by sex hormones [228–230] and that this interaction plays an important role in the devel-
opment of metabolic diseases, particularly affecting key aspects such as intestinal barrier
integrity and inflammatory status [231].

This helps explain why, similar to ovariectomized mice with reduced estrogen levels,
the changes in the gut microbiota observed during menopause [230] lead to the neutraliza-
tion of sex differences in microbiota composition and function [232]. Serum estradiol has
been associated with greater gut microbiota diversity in premenopausal women, as well
as a greater ability to maintain the gut barrier and protect against gut injury [233]. After
menopause, women’s gut microbiomes become more similar to men’s in both composition
and function, suggesting a masculinization of the microbiota [234]. In fact, the decline
of female hormones during menopause causes shifts in the gut microbiome, with certain
species being associated with cardiometabolic profiles characteristic of this stage of life,
increasing the risk of MetS. Specifically, the increase in VAT is associated with changes
in gut microbiota populations and markers of gut inflammation. For example, higher
VAT correlates with a lower Firmicutes/Bacteroides ratio, increased abundance of gut
proteobacteria, and markers of metabolic endotoxemia such as LPS. In contrast, lower VAT
is associated with SCFA-producing microbes [235]. Further studies with larger populations
are needed to identify patterns in taxa affected by menopause [233].

Studies have also found that microbial profiles differ between men and women, with
sex-specific variations in MASLD patients. For example, amino acid degradation pathways
and production of harmful metabolites were particularly elevated in middle-aged women
with MASLD, and only three genera differed between MASLD and control groups in
both sexes. This suggests that the disease affects the composition of the microbiota in a
sex-specific manner [236].

Given that menopause-associated changes in the gut microbiome may be associ-
ated with adverse cardiometabolic risk, including the development of MASLD in post-
menopausal women, understanding these microbial variations may reveal sex-specific or
personalized pharmacotherapies for MASLD [102].

5. Applicability of Non-Invasive Diagnostic Tools for Screening for
Postmenopausal Liver Disease

Given the clinical burden of MASLD, non-invasive tests [237] offer early detection of
liver disease, cost-effectiveness in the management of metabolic dysfunction, and over-
coming the limitations of invasiveness of liver biopsy, the gold standard for assessing liver
fibrosis [238]. Because liver fibrosis can regress with effective treatment of the underlying
disease, especially in its early stages, non-invasive screening tools are particularly valuable
for patients with risk factors such as obesity and diabetes [239]. Given the increasing
prevalence of MetS, MASLD, and advanced fibrosis, the use of non-invasive diagnostic
tools to screen for liver disease is crucial in postmenopausal women.

A significant increase in VAI, a marker of dysfunctional abdominal fat, has been
observed in postmenopausal women and its association with MASLD reflects the metabolic
shift associated with reduced estrogen levels [108]. The decline in estrogen may also explain
the strong correlation between age and the non-invasive FLI index as a key predictor of
hepatic steatosis and MASLD in middle-aged women. It highlights the need to revise
FLI cut-off values for women over 50 to better reflect the association between MASLD
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and metabolic factors that affect women more than men, particularly with regard to liver
outcomes [240]. In addition, a low A/L ratio has been found in middle-aged women with
higher BMI and adiposity, particularly those with larger abdominal and omental adipocytes.
These women have higher rates of lipolysis and reduced expression of GLUT-4 in adipose
tissue, a marker of insulin resistance [217].

Transient elastography (TE) is also a reliable and non-invasive alternative to liver
biopsy that can quantify liver stiffness as a marker of fibrosis better than simple blood
tests [238]. Given the higher susceptibility to liver fibrosis in women after menopause, this
imaging diagnostic tool may be more reliable in this subgroup screening. For example, TE
has shown an independent association between female visceral obesity and more severe
hepatic steatosis in postmenopausal women, even after adjustment for HOMA-IR and
T2D. The shift of fat to the visceral area after menopause makes visceral obesity more
susceptible to fatty liver compared to premenopausal women and men, confirming the
impact of menopause on liver histology in addition to sex [241]. A cross-sectional study
further supported this by showing a significant association between abdominal obesity
and MASLD as assessed by TE in middle-aged women [242]. The cost-effectiveness of non-
invasive liver fibrosis screening with TE has been validated in middle-aged people from
the general population and in patients with risk factors, half of whom were women [239].
Particularly, TE has identified a high prevalence of significant fibrosis associated with
metabolic risk factors typical of MetS in a large cohort of middle-aged individuals, nearly
60% of whom were women [243].

In light of these findings, further research is needed to explore how non-invasive
screening tools, including NILDAs or imaging techniques such as TE, could serve as an
effective public health strategy to prevent MASLD and its progression in postmenopausal
women. Increased awareness and early identification of women at risk would facilitate
the timely implementation of treatments for underlying metabolic conditions, potentially
reversing the increasing trend of MASLD progression after menopause.

6. Non-Pharmacological Treatment of MASLD: How Postmenopausal
Hormonal Fluctuations Affect Women’s Dietary Behavior

Lifestyle interventions, such as diet and physical activity, are essential for managing
and preventing the metabolic changes associated with MetS and MASLD. There is a direct
correlation between the amount of weight loss achieved by a low-calorie diet and the extent
of improvement in biomarkers of liver injury. However, improving diet quality by avoiding
ultra-processed foods (high in sugar and saturated fat) is critical to preventing MASLD
and improving liver-related clinical outcomes [2]. The Mediterranean diet, rich in olive
oil, vegetables, fruits, legumes, fish, and whole grains, has been associated with a reduced
risk of MASLD [2,244,245], while a Western diet high in red meat, sugar, and saturated fat
increases the risk of MASLD [2,244,246], also affecting the microbiome, intestinal barrier,
bacterial translocation, and neuroinflammation [134,158].

Diet quality appears to have a greater effect on VAT in women than in men [247],
emphasizing the need to consider gender differences in dietary patterns and their impact
on diet quality and MASLD risk.

Middle-aged women are more likely than men to consume healthier foods, such
as fruits and vegetables [248,249], and are more likely to follow the Mediterranean
diet [250,251]. Adopting these healthy eating habits from an early age [252] may partly
explain their lower risk of premenopausal MASLD. However, the “menopausal transition”
is a period characterized by both physical and psychological changes [253]. Hormonal
fluctuations increase the risk of obesity, especially central obesity, which in turn contributes
to inflammation and cardiometabolic diseases such as MASLD [254]. In addition, these
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fluctuations lead to depression and decreased physical activity, further exacerbating weight
gain. This explains the higher prevalence of BED in women, with the female-to-male ratio
ranging from 2:1 to 10:1 [255,256], especially during menopause [255,257]. BED is associ-
ated with several comorbidities, including MetS, sleep disturbance, CV problems, somatic
symptoms, and reduced QoL in older women [258]. Sleep and mood disorders, such as
depression, anxiety, and emotional distress [255,259], combined with somato-vegetative
symptoms (hot flashes, palpitations, insomnia), which are common during menopause,
contribute to weight gain and an increase in visceral fat mass [260]. This creates a vicious
cycle that helps explain the rise in obesity during menopause.

The primary biological factor influencing gender differences in eating behavior is the
alteration of gonadal hormones [259,261], which affect appetite, caloric needs, and energy
balance [250,262,263]. E2 plays a critical role in regulating energy expenditure, metabolism,
and body composition by modulating food intake [253]. Activation of the ERα receptor
reduces appetite by increasing anorexigenic peptide expression in POMC neurons and
decreasing orexigenic peptide expression in NPY/AgRP neurons [264], with female-specific
effects, particularly in the hypothalamic arcuate nucleus (ARC) and nucleus of the solitary
tract (NTS) [265]. E2 also interacts with other hormones [171,266], such as ghrelin (an
orexigenic gastric hormone), leptin, cholecystokinin, and GLP-1 to promote the cessation of
food intake [264,267,268]. It also reduces food-related reward in the ventral tegmental area
(VTA) [264]. Hormonal fluctuations throughout the menstrual cycle influence emotional
eating, with food intake peaking during the luteal phase (lower estradiol levels) and
decreasing during the ovulatory phase (higher estradiol levels) [259,261]. A reduction in
E2 levels may worsen uncontrolled eating disorders, such as BED [255,259,263,264,269], as
evidenced by the increased risk of compulsive overeating in adult female rats following
ovariectomy [270], and in postmenopausal women [268]. In addition, the absence of ERα
in the liver may impair the nutritional response, especially under compromised nutritional
conditions [177].

Estrogen deficiency during menopause disrupts circadian rhythms and sleep pat-
terns [271], along with hormones that regulate appetite and body composition. Specifically,
women experience a more pronounced decrease in leptin levels compared to men af-
ter sleep deprivation, which leads to increased food intake and lipid accumulation in
adipocytes [272]. Chronic disruption of circadian rhythms, along with increased nocturnal
snacking, is a known risk factor for metabolic disease, as evening or nighttime caloric
consumption is associated with a higher risk of hepatic steatosis [273]. In fact, a positive as-
sociation has been found between severe vasomotor symptoms in postmenopausal women
and the presence of MASLD [274]. Notably, these symptoms are often associated with
lower adherence to the Mediterranean diet [260], and increased consumption of highly
processed foods, saturated fats, and sugars [275,276].

Social and environmental stressors significantly affect the relationship between ovarian
hormones and food preferences, with emotional stress often leading to increased consump-
tion of fatty and sugary foods [277]. Women in particular experience a strong link between
body dissatisfaction, shaped by socio-cultural ideals, and disordered eating, beginning
in adolescence [278,279]. Higher rates of eating disorders in women, coupled with their
greater likelihood of experiencing anxiety and mood disorders [255,262], are linked to
increased concerns about body shape and weight, particularly in perimenopausal women
compared to premenopausal women [255,280].

Hormonal changes, combined with midlife lifestyle factors, can lead to body changes
and dissatisfaction [281], as women move away from the ideal of female beauty [282]. This
concern about physical appearance often triggers negative thoughts and anxiety, which
can lead to the development of unhealthy eating behaviors [283]. It has been reported that
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women tend to experience hunger spikes in the afternoon, often accompanied by crav-
ings [248]. These food cravings are associated with episodes of uncontrolled eating [284],
which reflect emotional rather than physical hunger, encouraging the consumption of
high-calorie foods [262]. This helps explain why middle-aged women often experience
BED despite adopting healthier eating habits [248,285].

Research suggests that postmenopausal women with MetS have an altered dietary
profile, with higher intakes of refined carbohydrates, sweets, and fats, which is reflected in
changes in anthropometric and lipid parameters [286]. Furthermore, among middle-aged
individuals with at least two typical features of MetS, women were found to be more
susceptible than men to the metabolic effects of the glycemic index of their diet. Given the
high prevalence of MetS and MASLD after menopause, the negative impact of this life stage
on women’s body composition and glucose homeostasis contributes significantly to the
higher incidence of metabolic disorders [287]. An increase in carbohydrate consumption,
especially simple sugars, promotes DNL, and fructose added to sugary beverages has been
identified as a key factor in the development of MASLD and MetS [288].

Although human clinical data are limited, preclinical studies suggest sex differences
in response to these dietary patterns [12]. For example, a fructose-rich diet, but not caloric
excess, leads to small adipocyte proliferation, VAT inflammation, and the development
of insulin resistance in female rats but not in males [289]. In a mouse model of fructose
supplementation with a HFD, females had significantly higher MASH (steatosis, inflamma-
tion, and fibrosis) scores compared to males [290], along with a marked increase in hepatic
TG [291]. In contrast, males showed only a modest increase in hepatic TG levels and no
evidence of hepatic steatosis [292]. Despite fructose-mediated activation of carbohydrate
response element binding protein (ChREBP) and DNL in both sexes, males appeared to
counterbalance lipid accumulation in the liver through increased β-oxidation [292], while
females showed reduced fat catabolism [291]. Moreover, in males, increased leptin levels
correlated positively with β-oxidation [292], suggesting that it serves as a protective mech-
anism against lipid accumulation. Therefore, while MASLD may develop earlier in men,
the severity of the disease is often greater in women.

Overall, the interaction of hormonal and social factors is a significant risk factor for
the development of unhealthy eating habits after menopause, which are closely linked to
obesity and depression [157,258], and the presence of typical MetS criteria [258]. These
factors negatively impact QoL, create barriers to weight loss, and interfere with achieving
treatment goals for MASLD [154]. A study evaluating Resmetirom, an approved pharma-
cotherapy for MASH, found that lower baseline Health-Related Quality of Life (HRQoL)
scores, which include physical, social, emotional, and mental health components, including
depression, were independently associated with female gender [293].

These findings suggest a typically female dietary pattern that may contribute to
the pathogenesis of MASLD [12], especially after menopause. Therefore, it is critical to
consider gender differences when optimizing recommendations and adherence strategies
for postmenopausal women to ensure that interventions are tailored to address the unique
challenges they face at this stage of life.

7. Pharmacological Treatment of MASLD
Although targeted pharmacotherapy for adults with cirrhotic MASH is not yet avail-

able, the Food and Drug Administration (FDA) recently approved resmetirom, a liver-
targeted thyroid hormone receptor agonist for non-cirrhotic MASH in adults with sig-
nificant liver fibrosis (stage ≥ 2). This drug has shown histologic efficacy in reducing
steatohepatitis and fibrosis, with an acceptable safety profile [2]. In the phase 3 trials,
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MAESTRO-NAFLD-1 [294] and MAESTRO-MASH [295], resmetirom effectively reduced
liver steatosis in non-cirrhotic MASH adults with significant liver fibrosis [296].

GLP1-RAs are approved for the treatment of T2D and obesity and have been explored as
a potential treatment option for MASLD due to the overlap in pathophysiology [2,297,298].
Although not approved for MASLD, guidelines support their use in the treatment of T2D
and obesity in MASLD to improve cardiometabolic outcomes [2]. It has been suggested
that hepatic histologic benefits may be expected due to the substantial weight loss induced
by this class of drugs, although this has not yet been documented [2], as well as from their
pleiotropic activity.

The Emerging Role of GLP1-RAs in MASLD

GLP1-RAs have shown promise in improving liver health through their metabolic
regulatory effects, benefiting individuals with MASLD/MASH and associated CV
risks [126,297,299]. They help reduce liver enzymes, hepatic fat content, inflammation,
and fibrosis [300], confirming their safety and supporting their use in treating T2D and/or
obesity in MASLD patients [2].

Although the exact mechanisms are not fully understood, the efficacy of GLP1-RAs
in MASLD is related to the amelioration of metabolic defects associated with MetS [9,297]
by improving glucose and lipid levels, hepatic insulin resistance, mitochondrial function,
and regulation of insulin and glucagon levels [298,300]. Their hepatoprotective effects
result from both indirect mechanisms, such as weight loss, and direct effects on the CNS,
pancreas, liver, and gut through GLP-1R receptor interactions [126,300], which explain the
neuroprotective, anti-inflammatory, cardioprotective, and metabolic effects of GLP1-RAs in
conditions associated with MASLD [301].

GLP1-RAs activate receptors in the hypothalamus and hindbrain, including the par-
aventricular nucleus (PVN), dorsal medial nucleus of the hypothalamus and ARC, as
well as the nucleus of the NTS, increasing satiety, reducing food intake [298,300,302], and
potentially reducing anticipatory food reward [299,303]. Recent research provides evidence
that GLP1-RAs appear to be effective in reducing BED in preclinical models and in adults
with subclinical or clinical BED [303–306]. They also increase sympathetic nervous system
activity, promoting BAT activation and white adipose tissue browning [300], contributing
to significant weight loss observed in patients treated with GLP1-RAs [126,299,301]. GLP1-
RAs contribute to satiety by reducing gastric emptying and motility, which helps reduce
food intake [301]. However, this effect diminishes over time, while their more pronounced
effect on weight and glucose control persists [299].

GLP1-RAs also exert beneficial effects on the pancreas, including increased insulin se-
cretion, improved β-cell survival, increased glucose transporter expression, and decreased
glucagon secretion [301]. These actions protect the liver from ectopic lipid accumulation by
promoting nutrient storage in adipose tissue and glycogen synthesis [299,300] while reduc-
ing lipolysis. This results in less FFAs flowing to the liver, reducing substrate availability
for DNL [300], HGP [297], and the secretion of TG-rich VLDL [301], while promoting fatty
acid oxidation. Together, they prevent ectopic fat accumulation [307].

While it is believed that GLP1-RAs do not directly interact with hepatocytes [126,300,301],
it has also been reported that their effects on lipid metabolism [299] may be influenced by
GLP-1 receptors (GLP-1R) in the liver [307–310], particularly in liver endothelial cells and T
cells, as shown in preclinical models [309] and liver biopsies from MASH patients [310].
Therefore, while weight loss alone has been associated with improvements in hepatic
steatosis and significantly contributes to the resolution of MASH after treatment [300,301],
additional, as yet unexplored mechanisms may be involved in the anti-inflammatory and
anti-steatotic effects of GLP1-RAs, which require further investigation [299].
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Improving systemic inflammation, a key feature of MetS [307], has been proposed
as a unifying mechanism for the beneficial effects of GLP1-RAs in multiple organs [301],
particularly in the liver, where they reduce the progression of MASLD and the devel-
opment of HCC while providing CV protection [307]. The immunoregulatory effects of
GLP1-RAs are associated with the suppression of pro-inflammatory pathways such as
JNK and NF-kB, the reduction of inflammatory mediators such as CRP, TNF-alpha, IL-1β,
and IL-6, and the induction of anti-inflammatory cytokines [301,307]. GLP1-RAs regulate
adiponectin synthesis and decrease leptin production [301], improving insulin sensitivity
and reducing inflammation, ultimately decreasing hepatic fat accumulation and the pro-
gression of fibrosis [307]. In addition, GLP1-RAs promote macrophage polarization toward
an anti-inflammatory M2 phenotype [299,301,307], further helping to reduce MASH and
fibrosis [297]. This may also explain their beneficial effects on the intestinal barrier and gut
microbiota [301,311].

As reported in the literature [299,301,312], a growing number of randomized clinical
trials (RCTs) have investigated the hepatoprotective effects of incretin-based therapies in
the treatment of MASLD or MASH. These studies suggest improvements in steatohepati-
tis, reduced progression of fibrosis, and decreased liver-related complications [297,299],
supporting these therapies for the treatment of T2D and/or obesity in patients with
MASLD [313–316]. A recent meta-analysis of phase 2 RCTs confirmed these findings,
showing a reduction in liver enzyme levels, decreased liver fat content, and histologic
improvement in MASH without worsening fibrosis [317]. A Phase 2 study of subcutaneous
semaglutide in patients with biopsy-confirmed MASH and liver fibrosis demonstrated
significant MASH resolution without fibrosis progression. While the effect on fibrosis
regression remains uncertain, improvements in non-invasive markers of liver fibrosis
were observed [314]. These results were also confirmed in studies combining semaglutide
with lipogenesis inhibitors [318,319] and in preliminary results from the ongoing phase 3
ESSENCE study [320,321].

Although not specifically indicated for MASH [2], GLP1-RAs have also reduced
the risk of composite liver disease (including cirrhosis or HCC) in patients with
diabetes [322–324], even in those with compensated cirrhosis from MASLD [325]. Pre-
clinical data suggest that GLP1-RAs may reduce the incidence of HCC associated with
MASH by restoring the balance between adiponectin and leptin levels [307,326].

Considering the high metabolic burden in MASLD, as highlighted in the ESSENCE
baseline analysis [321], all studies of GLP1-RAs have confirmed their strong beneficial
effects on metabolic parameters, particularly body weight, glycemic control, and plasma
lipid profile. These improvements have been associated with histologic improvements in
MASH [299]. Due to their pleiotropic activity, GLP1-RAs are effective not only in managing
MASLD and long-term liver-related outcomes [301], but also in addressing the metabolic
dysfunctions underlying MASLD, such as T2D, MetS, obesity, and CV disease [297,301,307],
all of which are key to diagnosis.

Given the strong association between MetS and MASLD, as well as the increased
prevalence of both conditions in postmenopausal women, GLP1-RAs are proving to be par-
ticularly effective in preventing and improving prognosis in this population, underscoring
the importance of early intervention during the menopausal transition.

8. Do Sex Differences in GLP1-RA Response Suggest That Estrogens
Enhance Efficacy in Women?

Recognizing the subgroups that would benefit from GLP-1 analog therapy would
allow healthcare professionals to optimize the use of these treatments, particularly with
respect to sex differences.
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Studies suggest that women experience greater weight loss than men after treatment
with GLP1-RAs [327,328]. Women also experienced greater improvements in glycemic
control, with higher reductions in HbA1c levels with combined exenatide and metformin
therapy, along with greater improvements in lipid profiles, insulin resistance, and increased
adiponectin levels [329]. A retrospective analysis of the long-term effects of treatment
with GLP1-RAs identified male sex as a predictor of treatment failure in terms of HbA1c.
Similarly, an analysis of liraglutide found that female sex was a predictor of better glycemic
response [328].

One possible explanation for the greater efficacy of GLP1-RAs in reducing body
weight is the lower average body weight of women compared to men, resulting in greater
drug exposure [327,328,330]. However, one study found that, in addition to female sex,
a higher baseline BMI was also associated with greater weight loss after treatment with
liraglutide [331]. Pharmacokinetic analysis of liraglutide exposure showed 32% higher
exposure in women than in men, independent of body weight, suggesting that female sex
is an independent factor promoting weight loss [332]. This raises the hypothesis that sex
hormones may influence the action of GLP1-RAs and their efficacy [327], with women
experiencing different effects depending on their menopausal status.

In a retrospective, real-world study evaluating the sex-specific response to liraglutide
3.0 mg in individuals with obesity without T2D, greater weight loss (in kg and %) and
improvements in lipid profile and FIB-4 were observed in men compared with women [333].
These findings, observed in a sample with an average age of 50, have been linked to
changes in body composition and cardiometabolic risk factors during the perimenopausal
period [333,334]. Although the sample size was small, the results suggest that menopausal
status may be a predictor of a reduced response to these medications.

In fact, sex differences in the response to GLP-1 agonists have been linked to levels of
sex steroids [264,335]. Therefore, while women generally respond well to GLP1-RAs [327],
their effectiveness seems to decrease after menopause [328,336]. Consistent with this, early
initiation of liraglutide therapy was associated with better glycemic control, as was female
sex [336].

The anorexigenic effect of liraglutide is primarily mediated by a central effect, with
a secondary contribution from inhibition of gastric emptying. Both mechanisms can be
influenced by estrogen.

GLP-1 acts on brain areas involved in eating behavior, such as the ARC and reward
circuitry, which are also targets of estrogen’s anorexigenic action. This may provide a
neuroanatomical basis for the interaction between the GLP-1R and sex [337].

Changes in endogenous GLP-1 levels have been observed during BED episodes [303],
and the increased consumption of palatable foods after ovariectomy was reversed by
estrogen replacement [259,338–340]. This supports the likely role of sex hormones in the
regulation of eating behavior mediated by GLP1-RAs [341]. For example, it has been
observed that female rats are more sensitive than males to the anorectic effects of centrally
administered GLP1-RA (exendin-4), and this sex difference is abolished by anti-estrogens.
The effect of GLP-1 on feeding behavior is based on central signaling through the estrogen
receptor ERα, which is necessary for its effects on food reward [342]. Additionally, given
the link between depression and binge eating, studies of GLP1-RA treatment for T2D have
shown that women experience a greater reduction in anxiety and depression risk compared
to men. This suggests an interaction between GLP-1R, the central and peripheral nervous
systems, and estrogen in anorexigenic actions [343].

In addition, some researchers have hypothesized that sex hormones may influence
GLP-1 efficacy, as the removal of ovarian estrogen may affect GLP-1 production [328].
For example, it has been reported that estrogen increases total GLP-1 secretion from
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human pancreatic alpha cells and intestinal L-cells, suggesting that sex may influence
endogenous intestinal or pancreatic responses to GLP-1 [327,344]. In premenopausal
women, endogenous responses to GLP-1 appear to change in relation to fluctuations in
gonadal hormones [327]. In ovariectomized mice, glucose tolerance and insulin secretion
were impaired, and intestinal and pancreatic GLP-1 secretion was reduced. This effect
was reversed by E2 supplementation, confirming the essential role of sex hormones in
maintaining glycemic homeostasis [344]. Similar to GLP1-RAs, E2 has been shown to
prevent the exacerbation of diabetes by improving glucose-stimulated insulin secretion in a
prediabetic mouse model [196], probably through GLP-1-mediated regulation. This may
explain the increased risk of T2D after menopause, with further exacerbation associated
with lower premenopausal E2 levels [85,196].

Finally, although gastric emptying rates tend to be slower in women, it has been
hypothesized that ovarian hormones may influence this process by activating gastric vagal
afferents through GLP1-RAs [264,327]. However, further research is needed to confirm this.

Overall, while it remains unclear whether GLP1-RAs have sex-specific effects on
reducing CV risk or influencing parameters like WC, blood pressure, and the frequency of
MACE [328], it is important to consider the possibility that biological sex may positively
modulate treatment response [264,328].

This area of investigation is critical in the context of recommending the use of GLP1-
RAs for the treatment of obesity and/or T2D to improve cardiometabolic outcomes as-
sociated with MASLD/MASH [2]. The increased incidence of T2D and obesity in post-
menopausal women has led to increased use of GLP1-RAs. At the same time, given
the bidirectional relationship of these conditions with MASLD, further research should
investigate the efficacy of GLP1-RAs in this population.

9. Combining Estrogens with GLP1-RAs: A Promising Dual Therapy for
the Prevention of MASLD and Metabolic Dysfunction in
Postmenopausal Women?

Pharmacological intervention in chronic diseases often requires a polypharmacolog-
ical approach. For example, the combination of GIP with GLP1-RAs has been shown to
significantly improve MASH, reduce fibrosis, and decrease liver steatosis [345–347], while
also having a synergistic effect on cardiometabolic risk factors [348–350]. This combina-
tion strategy enhances treatment efficacy for the management of MASLD/MASH as a
multisystemic disease [351], by targeting multiple metabolic pathways.

Estrogen signaling plays a critical role in regulating energy balance throughout the
brain and body, but these effects diminish after menopause, increasing the risk of metabolic
disorders and higher mortality [265]. The absence of estrogen leads to significant changes
in adipose tissue, including alterations in adipocytes, lipid metabolism, insulin sensitivity,
adipokine secretion, and inflammation [352], factors involved in MASLD. However, these
changes have been reversed with GLP1-RAs, such as liraglutide [352].

Given the role of estrogen in modulating GLP-1 action, the estrogen-GLP-1 pathway
may be an important therapeutic target [353], especially in conditions such as obesity and
MetS during estrogen deficiency [352]. Combining GLP1-RAs with estrogen during the
menopausal transition could help counteract the loss of estrogen’s protective effects against
the development of MASLD, the hepatic manifestation of MetS, and enhance the efficacy of
GLP1-RAs, particularly if treatment is initiated early.

Estrogen replacement has been shown to be effective in preventing the development
and progression of liver disease [5,12,26], and the conjugation of GLP-1 with 17-β-estradiol
was one of the first peptide fusion experiments [351]. However, the oncogenic and gyneco-
logic side effects associated with estrogens have limited the use of GLP-1 conjugates and
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estradiol. On the other hand, weight loss induced by GLP-1 alone is often insufficient [264],
particularly when addressing the multiple metabolic changes associated with menopause
due to estrogen deficiency.

To overcome these shortcomings, a stable GLP-1-estradiol conjugate was developed
using unimolecular polypharmacy [264]. The use of a peptide transporter that specifically
delivers estrogen to cells expressing the GLP-1R receptor allows targeted estrogen delivery
to GLP-1R-expressing tissues without causing unwanted side effects such as endocrine
toxicity or tumorigenesis. In addition, this selective targeting has proven to be significantly
more effective than activating individual GLP-1 or estrogen receptors, thereby maximiz-
ing their efficacy [354]. In mice with MetS, estrogen was shown to greatly enhance the
metabolic benefits of components of MetS (adiposity, hyperglycemia, and dyslipidemia)
compared to single hormones by exploiting its pleiotropic effects on energy, glucose, and
lipid metabolism. The reduction in body weight was associated with appetite suppression
and reduced food intake. The loss of fat mass was also associated with decreased leptin
levels, suggesting an improvement in leptin sensitivity. Positive effects on glycemic control,
insulin sensitivity, dyslipidemia, and respiratory quotient were also observed [354].

The synergistic action of these two hormones in activating brain areas that regulate
food intake has been shown to exceed the anorectic effects of GLP-1 alone, with greater
efficacy in the New Zealand obese mouse model of T2D. The anorectic signaling of the
GLP-1-E2 conjugate results in significantly higher expression of POMC neurons, leading
to a significant reduction in body weight. In addition, the suppression of hyperphagia
has protected beta cells from glucolipotoxic damage induced by carbohydrates, improving
glucose tolerance and insulin sensitivity, thus preventing the onset of T2D [355].

The GLP-1-E2 dual agonist has also shown superior efficacy compared to the GLP-1
monomer in preventing insulin-deficient T2D (insulin sensitivity and glucose homeostasis)
in wild-type mice. This was observed independently of fat mass improvement and without
any gynecological effects of E2. It has also shown transcriptional activity in the mouse
pancreatic beta cell line and an improvement in glucose-stimulated insulin secretion (GSIS)
in static incubation in cultured human islets [356]. Another study showed that the conjugate
ameliorated insulin-deficient diabetes in male mice to a greater extent than a single GLP-1
agonist, without causing feminizing effects, and upregulated anti-apoptotic pathways in
cultured human islets produced by the monoagonists [357]. In fact, the antidiabetic effect
of the dual agonist has been recently linked to the enhancement of the insulinotropic effects
of GLP-1 [351,358]. Maximizing estrogen signaling to β-cells via GLP-1 has been shown to
reduce daily insulin needs by 60%, increase β-cell survival, and protect against cytokine-
induced dysfunction in mouse models of T2D and in human micro-islets [358]. Based on
these findings, the authors suggest that the dual agonism of E2 and GLP-1 may be more
effective than either monotherapy in improving β-cell function in both mice and humans.

These metabolic benefits may explain the positive effects on liver health observed
in these preclinical studies, which reported significant reductions in lipid content in both
liver and adipose tissue [355] and improvements in hepatosteatosis and hepatocellular
damage [354]. Since the potential role of receptors in these tissues remains uncertain, it is
likely that these results are due to the central actions of the conjugate. By inducing severe
caloric restriction, weight loss, and improving insulin sensitivity, it positively influences
the overall metabolism of the body [355].

Another example is the use of this dual agonist in the treatment of PCOS, the
leading cause of hyperandrogenism in women during their reproductive years, where
disrupted estrogen signaling and elevated androgen levels lead to impaired hepatic
metabolism [177,359]. This condition is strongly associated with an increased risk of
MASLD [22,102,175]. At relatively low doses, GLP-1-E2 has demonstrated beneficial
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effects in a PCOS mouse model of obesity, particularly in addressing metabolic dysfunction,
including reductions in body weight and fat, as well as improvements in glucose manage-
ment and insulin resistance, without causing uterine effects. These benefits were found to
be superior to GLP-1/GIP and were primarily attributed to effects on food intake at the
brain level. In addition, changes in the hypothalamic proteome related to inflammation,
apoptotic processes, autophagy, and vesicular trafficking have been suggested as contribut-
ing factors [360]. Activation of autophagy may be a promising strategy for the prevention
and treatment of metabolic diseases [360,361].

Although peripheral effects of the GLP-1-E2 conjugate are expected, its metabolic
effects appear to be primarily due to its central action, which suppresses not only food
intake but also food reward [264,268].

As noted above, given the involvement of sex hormones in food regulation, BEDs are
more common in women than in men and become even more prevalent during menopause.
Therefore, targeting both GLP-1 and E2 signaling may represent a novel strategy to improve
the treatment of obesity and food reward regulation [264,303] in these women.

E2 has been reported to enhance central GLP-1-induced suppression of food intake
in several brain regions, including the hypothalamic PVN and other areas such as the
supramammillary nucleus (SUM) and medial amygdala (MeA) [268].

In addition to these regions, the GLP-1-E2 conjugate transports bioactive estrogens
to the dorsal raphe nucleus (DRN), a key area involved in the development of eating
behavior [362]. Research has shown that the replacement of 17β-estradiol in ovariectomized
female mice suppresses food intake by interacting with ERα in serotonin (5-HT) neurons in
the DRN [363]. This suggests that some of the effects of the co-agonist on BED are mediated
by estrogens [99]. Research using functional neuroimaging techniques has confirmed
that the anti-obesity activity of the GLP-1 E2 dual agonist occurs through interactions
with co-expressed receptors in brain areas that regulate homeostatic eating behavior and
reward. Specifically, in mouse models, the SUM was identified as a direct target site for
the synergistic activity on reward, contributing to a greater reduction in body weight. In
addition, more traditional areas involved in energy balance regulation, such as the lateral
hypothalamus (LH) and, to a lesser extent, the NTS, mediate the metabolic benefits of the
co-agonist on food intake and body weight regulation without affecting food-motivated
eating behavior [335]. This study also confirmed that the GLP-1-E2 combination was more
effective than the individual hormones used separately [335].

The MeA expresses significant GLP-1Rs, in addition to ERα, and the GLP-1-E2 conju-
gate has been shown to release bioactive estrogens in this region in mice. This suggests that
the expression of ERα in MeA neurons is at least partially responsible for mediating the
weight-loss effects of the dual agonist. ERα signaling in these neurons has been linked to
the stimulation of physical activity, which promotes energy expenditure [362]. As a result,
this population of extra-hypothalamic receptors may interact with other neural networks
and contribute to a broader range of actions related to body weight reduction. In addition,
the presence of estrogens appears to be essential for mediating the effect of GLP-1 on food
intake in the PVN nucleus [364].

In general, this stable conjugate enhances the benefits of energy balance, insulin
secretion, and β-cell protection, while binding estrogen to prevent its release into the
bloodstream. This mechanism helps to specifically target cells that express the GLP-1R,
thus avoiding unwanted hormonal effects [264], such as the uterotrophic and oncogenic
effects seen in breast cancer models [264,354,365]. In contrast, the labile conjugate releases
extracellular estrogen [264,354], which may lead to potential side effects. Moreover, the
stable conjugate does not appear to interfere with the hypothalamic–pituitary–gonadal
axis [264].
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This approach can address all metabolic, physiological, and psychological changes as-
sociated with menopause and offers a potential new strategy for the prevention/treatment
of MASLD/MASH and its comorbidities (T2D, CV disease, MetS, mental disorders)
(Figure 2).
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hepatocellular carcinoma. 

10. Conclusions 

Figure 2. Stable GLP-1–estrogen conjugate as a promising therapeutic strategy for MASLD and its
hepatic and extrahepatic comorbidities (T2D, CV diseases, MetS, mental disorders). Glp-1: glucagon-
like peptide 1; GLP1-R: glucagon-like peptide 1 receptor; ER-alpha: estrogen receptor alpha; PVN:
paraventricular nucleus; LHA: lateral hypothalamic area; ARC: arcuate nucleus; MeA: medial amyg-
dala; VTA: ventral tegmental area; NTS: nucleus of the solitary tract; DRN: dorsal raphe nucleus;
SUM: supramammillary nucleus; MASLD: metabolic dysfunction-associated steatotic liver disease;
MASH: metabolic dysfunction-associated steatohepatitis; HCC: hepatocellular carcinoma.

10. Conclusions
MASLD is a complex disease influenced by multiple genetic, lifestyle, and environ-

mental factors. Previous studies have shown a sex difference in the prevalence of MASLD,
generally higher in men but reversing after menopause, highlighting the critical role of hor-
monal interactions in liver disease risk. The loss of estrogen protection during menopause
calls for more personalized therapies.

Menopause negatively affects MASLD and its progression due to the complex in-
teraction between estrogen deficiency, visceral fat, and glucose and lipid metabolism
dysfunction, which exacerbates the increased risk of CV disease observed after menopause.
In addition, estrogen deficiency is associated with physiological and psychological changes
that contribute to uncontrolled eating and depressive disorders, further promoting a vi-
cious cycle of increased adiposity and metabolic dysfunction. Weight loss in this group can
improve quality of life, self-esteem, and psychological well-being, while also helping to
prevent metabolic diseases such as MASLD.

Given the recommendation of GLP1-RAs for the treatment of obesity and T2D in
MASLD patients and the positive modulation of these agents by estrogens, which decline
after menopause, a combined therapeutic approach may provide a more targeted therapeu-
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tic strategy in this subgroup. Although preclinical data are limited, a stable GLP-1–estrogen
conjugation has shown promising synergistic effects, particularly in reducing food intake,
food reward, and episodes of uncontrolled eating. By acting primarily on the CNS, this
synergy promotes weight loss and helps address excess adiposity, a major contributor to
MAFLD, MetS, and related diseases. In addition, this combination may improve insulin
sensitivity, β-cell function, glucose and lipid metabolism, and leptin resistance, potentially
preventing or reversing metabolic dysfunction and T2D, while providing hepatoprotective
benefits. This suggests that this pharmacotherapy may be an effective strategy for the
prevention of MASLD and its progression after menopause.

11. Future Directions
The physiological and psychological changes that occur after menopause significantly

influence the epidemiology, pathogenesis, and associated complications of MASLD. This
highlights the need to stratify patients based on these factors to guide more targeted
therapeutic approaches, making this a critical area for future research.

The combination of GLP-1 and estrogen in a stable conjugate may offer greater effi-
cacy than GLP1-RAs alone in treating metabolic dysfunction in postmenopausal women,
improving overall metabolic health without unwanted hormonal interference. However,
despite the promise of this dual agonist approach, studies to date have been limited to
preclinical models such as mice and cultured micro-islets, leaving a significant gap in the
clinical literature. Given the current lack of clinical evidence on the efficacy and safety
of this dual agonist approach in this subpopulation, there is a critical need to explore
this mechanism in a large-scale trial. This review aims to highlight the importance of
further investigation and validation of these findings in the clinical setting to address this
research gap.
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120. Kamińska, M.S.; Schneider-Matyka, D.; Rachubińska, K.; Panczyk, M.; Grochans, E.; Cybulska, A.M. Menopause Predisposes
Women to Increased Risk of Cardiovascular Disease. J. Clin. Med. 2023, 12, 7058. [CrossRef]

121. Meloni, A.; Cadeddu, C.; Cugusi, L.; Donataccio, M.P.; Deidda, M.; Sciomer, S.; Gallina, S.; Vassalle, C.; Moscucci, F.; Mercuro, G.;
et al. Gender Differences and Cardiometabolic Risk: The Importance of the Risk Factors. Int. J. Mol. Sci. 2023, 24, 1588. [CrossRef]
[PubMed]

122. Khalid, Y.S.; Dasu, N.R.; Suga, H.; Dasu, K.N.; Reja, D.; Shah, A.; McMahon, D.; Levine, A. Increased cardiovascular events and
mortality in females with NAFLD: A meta-analysis. Am. J. Cardiovasc. Dis. 2020, 10, 258–271. [PubMed]

123. Allen, A.M.; Therneau, T.M.; Mara, K.C.; Larson, J.J.; Watt, K.D.; Hayes, S.N.; Kamath, P.S. Women with Nonalcoholic Fatty Liver
Disease Lose Protection against Cardiovascular Disease—A Longitudinal Cohort Study. Am. J. Gastroenterol. 2019, 114, 1764–1771.
[CrossRef] [PubMed]

124. Simon, T.G.; Roelstraete, B.; Hagström, H.; Sundström, J.; Ludvigsson, J.F. Non-alcoholic fatty liver disease and incident major
adverse cardiovascular events: Results from a nationwide histology cohort. Gut 2022, 71, 1867–1875. [CrossRef]

125. Parikh, N.S.; Koh, I.; VanWagner, L.B.; Elkind, M.S.V.; Zakai, N.A.; Cushman, M. Liver Fibrosis is Associated with Ischemic Stroke
Risk in Women but not Men: The REGARDS Study. J. Stroke Cerebrovasc. Dis. 2021, 30, 105788. [CrossRef]

126. Milani, I.; Leonetti, F.; Capoccia, D. Non-invasive liver disease assessments: Can they replace liver biopsy? Hepatobiliary Surg.
Nutr. 2025, 14, 147–150. [CrossRef]

127. Anagnostis, P.; Lambrinoudaki, I.; Stevenson, J.C.; Goulis, D.G. Menopause-associated risk of cardiovascular disease. Endocr.
Connect. 2022, 11, e210537. [CrossRef]

128. Ramirez, M.F.; Honigberg, M.; Wang, D.; Parekh, J.K.; Bielawski, K.; Courchesne, P.; Larson, M.D.; Levy, D.; Murabito, J.M.; Ho,
J.E.; et al. Protein Biomarkers of Early Menopause and Incident Cardiovascular Disease. J. Am. Heart Assoc. 2023, 12, e028849.
[CrossRef]

129. Pemmasani, G.; Yandrapalli, S.; Aronow, W. Sex differences in cardiovascular diseases and associated risk factors in non-alcoholic
steatohepatitis. Am. J. Cardiovasc. Dis. 2020, 10, 362–366.

130. Sorimachi, H.; Obokata, M.; Takahashi, N.; Reddy, Y.N.V.; Jain, C.C.; Verbrugge, F.H.; Koepp, K.E.; Khosla, S.; Jensen, M.D.;
Borlaug, B.A. Pathophysiologic importance of visceral adipose tissue in women with heart failure and preserved ejection fraction.
Eur. Heart J. 2021, 42, 1595–1605. [CrossRef]

131. Hartman, H.S.; Kim, E.; Carbone, S.; Miles, C.H.; Reilly, M.P. Sex differences in the relationship between body composition and
cardiac structure and function. Eur. Heart J. Cardiovasc. Imaging 2025, 26, 337–348. [CrossRef] [PubMed]

132. George, E.S.; Sood, S.; Daly, R.M.; Tan, S.-Y. Is there an association between non-alcoholic fatty liver disease and cognitive
function? A systematic review. BMC Geriatr. 2022, 22, 47. [CrossRef]

133. Medina-Julio, D.; Ramírez-Mejía, M.M.; Cordova-Gallardo, J.; Peniche-Luna, E.; Cantú-Brito, C.; Mendez-Sanchez, N. From
Liver to Brain: How MAFLD/MASLD Impacts Cognitive Function. Med. Sci. Monit. 2024, 30, e943417-1–e943417-13. [CrossRef]
[PubMed]

134. Colognesi, M.; Gabbia, D.; De Martin, S. Depression and Cognitive Impairment—Extrahepatic Manifestations of NAFLD and
NASH. Biomedicines 2020, 8, 229. [CrossRef]

135. Cannavale, C.N.; Bailey, M.; Edwards, C.G.; Thompson, S.V.; Walk, A.M.; Burd, N.A.; Holscher, H.D.; Khan, N.A. Systemic
inflammation mediates the negative relationship between visceral adiposity and cognitive control. Int. J. Psychophysiol. 2021, 165,
68–75. [CrossRef]

136. Yu, Q.; He, R.; Jiang, H.; Wu, J.; Xi, Z.; He, K.; Liu, Y.; Zhou, T.; Feng, M.; Wan, P.; et al. Association between Metabolic
Dysfunction-associated Fatty Liver Disease and Cognitive Impairment. J. Clin. Transl. Hepatol. 2022, 10, 1034. [CrossRef]

137. Beeri, M.S.; Bendlin, B.B. The link between type 2 diabetes and dementia: From biomarkers to treatment. Lancet Diabetes Endocrinol.
2020, 8, 736–738. [CrossRef]

138. Stefan, N.; Schick, F.; Birkenfeld, A.L.; Häring, H.-U.; White, M.F. The role of hepatokines in NAFLD. Cell Metab. 2023, 35, 236–252.
[CrossRef]

139. Boccara, E.; Golan, S.; Beeri, M.S. The association between regional adiposity, cognitive function, and dementia-related brain
changes: A systematic review. Front. Med. 2023, 10, 1160426. [CrossRef]

140. Zsido, R.G.; Heinrich, M.; Slavich, G.M.; Beyer, F.; Kharabian Masouleh, S.; Kratzsch, J.; Raschpichler, M.; Mueller, K.; Scharrer, U.;
Löffler, M.; et al. Association of Estradiol and Visceral Fat with Structural Brain Networks and Memory Performance in Adults.
JAMA Netw. Open 2019, 2, e196126. [CrossRef]

https://doi.org/10.1093/eurheartj/ehaa1044
https://doi.org/10.3390/jcm12227058
https://doi.org/10.3390/ijms24021588
https://www.ncbi.nlm.nih.gov/pubmed/36675097
https://www.ncbi.nlm.nih.gov/pubmed/32923108
https://doi.org/10.14309/ajg.0000000000000401
https://www.ncbi.nlm.nih.gov/pubmed/31577570
https://doi.org/10.1136/gutjnl-2021-325724
https://doi.org/10.1016/j.jstrokecerebrovasdis.2021.105788
https://doi.org/10.21037/hbsn-2024-658
https://doi.org/10.1530/EC-21-0537
https://doi.org/10.1161/JAHA.122.028849
https://doi.org/10.1093/eurheartj/ehaa823
https://doi.org/10.1093/ehjci/jeae264
https://www.ncbi.nlm.nih.gov/pubmed/39397531
https://doi.org/10.1186/s12877-021-02721-w
https://doi.org/10.12659/MSM.943417
https://www.ncbi.nlm.nih.gov/pubmed/38282346
https://doi.org/10.3390/biomedicines8070229
https://doi.org/10.1016/j.ijpsycho.2021.03.010
https://doi.org/10.14218/JCTH.2021.00490
https://doi.org/10.1016/S2213-8587(20)30267-9
https://doi.org/10.1016/j.cmet.2023.01.006
https://doi.org/10.3389/fmed.2023.1160426
https://doi.org/10.1001/jamanetworkopen.2019.6126


Biomedicines 2025, 13, 855 34 of 43

141. Kang, S.H.; Yoo, H.; Cheon, B.K.; Kim, J.P.; Jang, H.; Kim, H.J.; Kang, M.; Oh, K.; Koh, S.-B.; Na, D.L.; et al. Sex-specific relationship
between non-alcoholic fatty liver disease and amyloid-β in cognitively unimpaired individuals. Front. Aging Neurosci. 2023,
15, 1277392. [CrossRef] [PubMed]

142. Foret, J.T.; Dekhtyar, M.; Cole, J.H.; Gourley, D.D.; Caillaud, M.; Tanaka, H.; Haley, A.P. Network Modeling Sex Differences in
Brain Integrity and Metabolic Health. Front. Aging Neurosci. 2021, 13, 691691. [CrossRef] [PubMed]

143. Choi, J.M.; Chung, G.E.; Kang, S.J.; Kwak, M.-S.; Yang, J.I.; Park, B.; Yim, J.Y. Association Between Anxiety and Depression and
Nonalcoholic Fatty Liver Disease. Front. Med. 2021, 7, 585618. [CrossRef]

144. Labenz, C.; Huber, Y.; Michel, M.; Nagel, M.; Galle, P.R.; Kostev, K.; Schattenberg, J.M. Nonalcoholic Fatty Liver Disease Increases
the Risk of Anxiety and Depression. Hepatol. Commun. 2020, 4, 1293–1301. [CrossRef]

145. Kim, D.; Dennis, B.B.; Cholankeril, G.; Ahmed, A. Association between depression and metabolic dysfunction-associated fatty
liver disease/significant fibrosis. J. Affect. Disord. 2023, 329, 184–191. [CrossRef]

146. Jeong, S.-M.; Lee, H.R.; Jang, W.; Kim, D.; Yoo, J.E.; Jeon, K.H.; Jin, S.-M.; Han, K.; Shin, D.W. Sex differences in the association
between nonalcoholic fatty liver disease and Parkinson’s disease. Park. Relat. Disord. 2021, 93, 19–26. [CrossRef]

147. Tobari, M.; Hashimoto, E. Characteristic Features of Nonalcoholic Fatty Liver Disease in Japan with a Focus on the Roles of Age,
Sex and Body Mass Index. Gut Liver 2020, 14, 537–545. [CrossRef]

148. Boyle, C.P.; Raji, C.A.; Erickson, K.I.; Lopez, O.L.; Becker, J.T.; Gach, H.M.; Kuller, L.H.; William Longstreth, J.; Carmichael, O.T.;
Riedel, B.C.; et al. Estrogen, brain structure, and cognition in postmenopausal women. Hum. Brain Mapp. 2020, 42, 24. [CrossRef]

149. Fu, C.; Hao, W.; Shrestha, N.; Virani, S.S.; Mishra, S.R.; Zhu, D. Association of reproductive factors with dementia: A systematic
review and dose-response meta-analyses of observational studies. EClinicalMedicine 2021, 43, 101236. [CrossRef]

150. Tecalco-Cruz, A.C.; Zepeda–Cervantes, J.; Ortega-Domínguez, B. Estrogenic hormones receptors in Alzheimer’s disease. Mol.
Biol. Rep. 2021, 48, 7517–7526. [CrossRef]

151. Jamalinia, M.; Lonardo, A.; Weiskirchen, R. Sex and Gender Differences in Liver Fibrosis: Pathomechanisms and Clinical
Outcomes. Fibrosis 2024, 2, 10006. [CrossRef]

152. Weinstein, G.; Schonmann, Y.; Yeshua, H.; Zelber-Sagi, S. The association between liver fibrosis score and incident dementia: A
nationwide retrospective cohort study. Alzheimer’s Dement. 2024, 20, 5385–5397. [CrossRef] [PubMed]

153. Ismaiel, A.; Spinu, M.; Leucuta, D.-C.; Popa, S.-L.; Chis, B.A.; Fadgyas Stanculete, M.; Olinic, D.M.; Dumitrascu, D.L. Anxiety
and Depression in Metabolic-Dysfunction-Associated Fatty Liver Disease and Cardiovascular Risk. J. Clin. Med. 2022, 11, 2488.
[CrossRef]

154. Golubeva, J.A.; Sheptulina, A.F.; Yafarova, A.A.; Mamutova, E.M.; Kiselev, A.R.; Drapkina, O.M. Reduced Quality of Life in
Patients with Non-Alcoholic Fatty Liver Disease May Be Associated with Depression and Fatigue. Healthcare 2022, 10, 1699.
[CrossRef] [PubMed]

155. Brodosi, L.; Stecchi, M.; Musio, A.; Bazzocchi, M.; Risi, E.; Marchignoli, F.; Marchesini, G.; Petroni, M.L. Anxiety and depression
in metabolic-associated steatotic liver disease: Relation with socio-demographic features and liver disease severity. Acta Diabetol.
2024, 61, 1041–1051. [CrossRef]

156. Dakanalis, A.; Mentzelou, M.; Papadopoulou, S.K.; Papandreou, D.; Spanoudaki, M.; Vasios, G.K.; Pavlidou, E.; Mantzorou, M.;
Giaginis, C. The Association of Emotional Eating with Overweight/Obesity, Depression, Anxiety/Stress, and Dietary Patterns: A
Review of the Current Clinical Evidence. Nutrients 2023, 15, 1173. [CrossRef]

157. Witaszek, T.; Babicki, M.; Brytek-Matera, A.; Mastalerz-Migas, A.; Kujawa, K.; Kłoda, K. Maladaptive Eating Behaviours,
Generalised Anxiety Disorder and Depression Severity: A Comparative Study between Adult Women with Overweight, Obesity,
and Normal Body Mass Index Range. Nutrients 2023, 16, 80. [CrossRef]

158. Ntona, S.; Papaefthymiou, A.; Kountouras, J.; Gialamprinou, D.; Kotronis, G.; Boziki, M.; Polyzos, S.A.; Tzitiridou, M.; Chatzopou-
los, D.; Thavayogarajah, T.; et al. Impact of nonalcoholic fatty liver disease-related metabolic state on depression. Neurochem. Int.
2023, 163, 105484. [CrossRef]

159. Soto, A.; Spongberg, C.; Martinino, A.; Giovinazzo, F. Exploring the Multifaceted Landscape of MASLD: A Comprehensive
Synthesis of Recent Studies, from Pathophysiology to Organoids and Beyond. Biomedicines 2024, 12, 397. [CrossRef]

160. Buzzetti, E.; Pinzani, M.; Tsochatzis, E.A. The multiple-hit pathogenesis of non-alcoholic fatty liver disease (NAFLD). Metab. Clin.
Exp. 2016, 65, 1038–1048. [CrossRef]

161. Ebrahimi, F.; Hagström, H.; Sun, J.; Bergman, D.; Shang, Y.; Yang, W.; Roelstraete, B.; Ludvigsson, J.F. Familial coaggregation of
MASLD with hepatocellular carcinoma and adverse liver outcomes: Nationwide multigenerational cohort study. J. Hepatol. 2023,
79, 1374–1384. [CrossRef] [PubMed]

162. Loomba, R.; Schork, N.; Chen, C.-H.; Bettencourt, R.; Bhatt, A.; Ang, B.; Nguyen, P.; Hernandez, C.; Richards, L.; Salotti, J.; et al.
Heritability of Hepatic Fibrosis and Steatosis Based on a Prospective Twin Study. Gastroenterology 2015, 149, 1784–1793. [CrossRef]
[PubMed]

https://doi.org/10.3389/fnagi.2023.1277392
https://www.ncbi.nlm.nih.gov/pubmed/37901792
https://doi.org/10.3389/fnagi.2021.691691
https://www.ncbi.nlm.nih.gov/pubmed/34267647
https://doi.org/10.3389/fmed.2020.585618
https://doi.org/10.1002/hep4.1541
https://doi.org/10.1016/j.jad.2023.02.101
https://doi.org/10.1016/j.parkreldis.2021.10.030
https://doi.org/10.5009/gnl19236
https://doi.org/10.1002/hbm.25200
https://doi.org/10.1016/j.eclinm.2021.101236
https://doi.org/10.1007/s11033-021-06792-1
https://doi.org/10.70322/fibrosis.2024.10006
https://doi.org/10.1002/alz.14033
https://www.ncbi.nlm.nih.gov/pubmed/38946688
https://doi.org/10.3390/jcm11092488
https://doi.org/10.3390/healthcare10091699
https://www.ncbi.nlm.nih.gov/pubmed/36141310
https://doi.org/10.1007/s00592-024-02287-0
https://doi.org/10.3390/nu15051173
https://doi.org/10.3390/nu16010080
https://doi.org/10.1016/j.neuint.2023.105484
https://doi.org/10.3390/biomedicines12020397
https://doi.org/10.1016/j.metabol.2015.12.012
https://doi.org/10.1016/j.jhep.2023.08.018
https://www.ncbi.nlm.nih.gov/pubmed/37647992
https://doi.org/10.1053/j.gastro.2015.08.011
https://www.ncbi.nlm.nih.gov/pubmed/26299412


Biomedicines 2025, 13, 855 35 of 43

163. Kocas-Kilicarslan, Z.N.; Cetin, Z.; Faccioli, L.A.P.; Motomura, T.; Amirneni, S.; Diaz-Aragon, R.; Florentino, R.M.; Sun, Y.;
Pla-Palacin, I.; Xia, M.; et al. Polymorphisms Associated with Metabolic Dysfunction-Associated Steatotic Liver Disease Influence
the Progression of End-Stage Liver Disease. Gastro Hep Adv. 2024, 3, 67–77. [CrossRef] [PubMed]

164. Pei, Y.; Goh, G.B.-B. Genetic Risk Factors for Metabolic Dysfunction-Associated Steatotic Liver Disease. Gut Liver 2025, 19, 8–18.
[CrossRef]

165. Xiao, L.; Li, Y.; Hong, C.; Ma, P.; Zhu, H.; Cui, H.; Zou, X.; Wang, J.; Li, R.; He, J.; et al. Polygenic risk score of metabolic dysfunction-
associated steatotic liver disease amplifies the health impact on severe liver disease and metabolism-related outcomes. J. Transl.
Med. 2024, 22, 650. [CrossRef]

166. Rosso, C.; Caviglia, G.P.; Birolo, G.; Armandi, A.; Pennisi, G.; Pelusi, S.; Younes, R.; Liguori, A.; Perez-Diaz-del-Campo, N.;
Nicolosi, A.; et al. Impact of PNPLA3 rs738409 Polymorphism on the Development of Liver-Related Events in Patients With
Nonalcoholic Fatty Liver Disease. Clin. Gastroenterol. Hepatol. 2023, 21, 3314–3321.e3. [CrossRef]

167. Link, J.C.; Reue, K. The Genetic Basis for Sex Differences in Obesity and Lipid Metabolism. Annu. Rev. Nutr. 2017, 37, 225–245.
[CrossRef]

168. Sung, Y.J.; Pérusse, L.; Sarzynski, M.A.; Fornage, M.; Sidney, S.; Sternfeld, B.; Rice, T.; Terry, J.G.; Jacobs, D.R.; Katzmarzyk, P.;
et al. Genome-wide association studies suggest sex-specific loci associated with abdominal and visceral fat. Int. J. Obes. 2016, 40,
662–674. [CrossRef]

169. Agrawal, S.; Wang, M.; Klarqvist, M.D.R.; Smith, K.; Shin, J.; Dashti, H.; Diamant, N.; Choi, S.H.; Jurgens, S.J.; Ellinor, P.T.; et al.
Inherited basis of visceral, abdominal subcutaneous and gluteofemoral fat depots. Nat. Commun. 2022, 13, 3771. [CrossRef]

170. Chen, X.; McClusky, R.; Chen, J.; Beaven, S.W.; Tontonoz, P.; Arnold, A.P.; Reue, K. The Number of X Chromosomes Causes Sex
Differences in Adiposity in Mice. PLoS Genet. 2012, 8, e1002709. [CrossRef]

171. Goossens, G.H.; Jocken, J.W.E.; Blaak, E.E. Sexual dimorphism in cardiometabolic health: The role of adipose tissue, muscle and
liver. Nat. Rev. Endocrinol. 2021, 17, 47–66. [CrossRef] [PubMed]

172. Øzdemir, C.M.; Ridder, L.O.; Chang, S.; Fedder, J.; Just, J.; Gravholt, C.H.; Skakkebæk, A. Mild liver dysfunction in Klinefelter
syndrome is associated with abdominal obesity and elevated lipids but not testosterone treatment. J. Endocrinol. Investig. 2024, 47,
3057–3066. [CrossRef] [PubMed]

173. Spaziani, M.; Radicioni, A.F. Metabolic and cardiovascular risk factors in Klinefelter syndrome. Am. J. Med. Genet. Part. C Semin.
Med. Genet. 2020, 184, 334–343. [CrossRef]

174. Yoon, S.H.; Kim, G.Y.; Choi, G.T.; Do, J.T. Organ Abnormalities Caused by Turner Syndrome. Cells 2023, 12, 1365. [CrossRef]
175. Hutchison, A.L.; Tavaglione, F.; Romeo, S.; Charlton, M. Endocrine aspects of metabolic dysfunction-associated steatotic liver

disease (MASLD): Beyond insulin resistance. J. Hepatol. 2023, 79, 1524–1541. [CrossRef]
176. Joo, S.K.; Kim, W. Sex differences in metabolic dysfunction-associated steatotic liver disease: A narrative review. Ewha Med. J.

2024, 47, e17. [CrossRef]
177. Della Torre, S. Beyond the X Factor: Relevance of Sex Hormones in NAFLD Pathophysiology. Cells 2021, 10, 2502. [CrossRef]
178. Saigo, Y.; Sasase, T.; Uno, K.; Shinozaki, Y.; Maekawa, T.; Sano, R.; Toriniwa, Y.; Miyajima, K.; Ohta, T. Establishment of a new

nonalcoholic steatohepatitis model; Ovariectomy exacerbates nonalcoholic steatohepatitis-like pathology in diabetic rats. J.
Pharmacol. Toxicol. Methods 2022, 116, 107190. [CrossRef]

179. Chen, X.-Y.; Wang, C.; Huang, Y.-Z.; Zhang, L.-L. Nonalcoholic fatty liver disease shows significant sex dimorphism. World J. Clin.
Cases 2022, 10, 1457–1472. [CrossRef]

180. Cooper, K.M.; Delk, M.; Devuni, D.; Sarkar, M. Sex differences in chronic liver disease and benign liver lesions. JHEP Rep. 2023,
5, 100870. [CrossRef]

181. Steensels, S.; Qiao, J.; Ersoy, B.A. Transcriptional Regulation in Non-Alcoholic Fatty Liver Disease. Metabolites 2020, 10, 283.
[CrossRef] [PubMed]

182. Ali Mondal, S.; Sathiaseelan, R.; Mann, S.N.; Kamal, M.; Luo, W.; Saccon, T.D.; Isola, J.V.V.; Peelor, F.F.; Li, T.; Freeman, W.M.; et al.
17α-estradiol, a lifespan-extending compound, attenuates liver fibrosis by modulating collagen turnover rates in male mice. Am.
J. Physiol. Endocrinol. Metab. 2023, 324, E120–E134. [CrossRef]

183. Duan, H.; Gong, M.; Yuan, G.; Wang, Z. Sex Hormone: A Potential Target at Treating Female Metabolic Dysfunction-Associated
Steatotic Liver Disease? J. Clin. Exp. Hepatol. 2025, 15, 102459. [CrossRef]

184. Tian, Y.; Hong, X.; Xie, Y.; Guo, Z.; Yu, Q. 17β-Estradiol (E2) Upregulates the ERα/SIRT1/PGC-1α Signaling Pathway and
Protects Mitochondrial Function to Prevent Bilateral Oophorectomy (OVX)-Induced Nonalcoholic Fatty Liver Disease (NAFLD).
Antioxidants 2023, 12, 2100. [CrossRef]

185. Galmés-Pascual, B.M.; Martínez-Cignoni, M.R.; Morán-Costoya, A.; Bauza-Thorbrügge, M.; Sbert-Roig, M.; Valle, A.; Proenza,
A.M.; Lladó, I.; Gianotti, M. 17β-estradiol ameliorates lipotoxicity-induced hepatic mitochondrial oxidative stress and insulin
resistance. Free Radic. Biol. Med. 2020, 150, 148–160. [CrossRef]

186. Xu, L.; Yuan, Y.; Che, Z.; Tan, X.; Wu, B.; Wang, C.; Xu, C.; Xiao, J. The Hepatoprotective and Hepatotoxic Roles of Sex and
Sex-Related Hormones. Front. Immunol. 2022, 13, 939631. [CrossRef]

https://doi.org/10.1016/j.gastha.2023.09.011
https://www.ncbi.nlm.nih.gov/pubmed/38292457
https://doi.org/10.5009/gnl240407
https://doi.org/10.1186/s12967-024-05478-z
https://doi.org/10.1016/j.cgh.2023.04.024
https://doi.org/10.1146/annurev-nutr-071816-064827
https://doi.org/10.1038/ijo.2015.217
https://doi.org/10.1038/s41467-022-30931-2
https://doi.org/10.1371/journal.pgen.1002709
https://doi.org/10.1038/s41574-020-00431-8
https://www.ncbi.nlm.nih.gov/pubmed/33173188
https://doi.org/10.1007/s40618-024-02394-3
https://www.ncbi.nlm.nih.gov/pubmed/38816662
https://doi.org/10.1002/ajmg.c.31792
https://doi.org/10.3390/cells12101365
https://doi.org/10.1016/j.jhep.2023.08.030
https://doi.org/10.12771/emj.2024.e17
https://doi.org/10.3390/cells10092502
https://doi.org/10.1016/j.vascn.2022.107190
https://doi.org/10.12998/wjcc.v10.i5.1457
https://doi.org/10.1016/j.jhepr.2023.100870
https://doi.org/10.3390/metabo10070283
https://www.ncbi.nlm.nih.gov/pubmed/32660130
https://doi.org/10.1152/ajpendo.00256.2022
https://doi.org/10.1016/j.jceh.2024.102459
https://doi.org/10.3390/antiox12122100
https://doi.org/10.1016/j.freeradbiomed.2020.02.016
https://doi.org/10.3389/fimmu.2022.939631


Biomedicines 2025, 13, 855 36 of 43

187. Baek, S.-U.; Yoon, J.-H. High-Sensitivity C-Reactive Protein Levels in Metabolic Dysfunction-Associated Steatotic Liver Disease
(MASLD), Metabolic Alcohol-Associated Liver Disease (MetALD), and Alcoholic Liver Disease (ALD) with Metabolic Dysfunction.
Biomolecules 2024, 14, 1468. [CrossRef]

188. Ministrini, S.; Montecucco, F.; Sahebkar, A.; Carbone, F. Macrophages in the pathophysiology of NAFLD: The role of sex
differences. Eur. J. Clin. Investig. 2020, 50, e13236. [CrossRef]

189. Meda, C.; Barone, M.; Mitro, N.; Lolli, F.; Pedretti, S.; Caruso, D.; Maggi, A.; Della Torre, S. Hepatic ERα accounts for sex
differences in the ability to cope with an excess of dietary lipids. Mol. Metab. 2020, 32, 97–108. [CrossRef]

190. Ou, Y.-J.; Lee, J.-I.; Huang, S.-P.; Chen, S.-C.; Geng, J.-H.; Su, C.-H. Association between Menopause, Postmenopausal Hormone
Therapy and Metabolic Syndrome. J. Clin. Med. 2023, 12, 4435. [CrossRef]

191. Meda, C.; Benedusi, V.; Cherubini, A.; Valenti, L.; Maggi, A.; Torre, S.D. Hepatic estrogen receptor alpha drives masculinization in
post-menopausal women with metabolic dysfunction-associated steatotic liver disease. JHEP Rep. 2024, 6, 101143. [CrossRef]
[PubMed]

192. Shu, Z.; Zhang, G.; Zhu, X.; Xiong, W. Estrogen receptor α mediated M1/M2 macrophages polarization plays a critical role in
NASH of female mice. Biochem. Biophys. Res. Commun. 2022, 596, 63–70. [CrossRef] [PubMed]

193. Xiang, X.; Palasuberniam, P.; Pare, R. The Role of Estrogen across Multiple Disease Mechanisms. Curr. Issues Mol. Biol. 2024, 46,
8170–8196. [CrossRef] [PubMed]

194. Yang, W.; Jiang, W.; Liao, W.; Yan, H.; Ai, W.; Pan, Q.; Brashear, W.A.; Xu, Y.; He, L.; Guo, S. An estrogen receptor α-derived
peptide improves glucose homeostasis during obesity. Nat. Commun. 2024, 15, 3410. [CrossRef]

195. Peng, S.; Li, W.; Hou, N.; Huang, N. A Review of FoxO1-Regulated Metabolic Diseases and Related Drug Discoveries. Cells 2020,
9, 184. [CrossRef]

196. Liebmann, M.; Asuaje Pfeifer, M.; Grupe, K.; Scherneck, S. Estradiol (E2) Improves Glucose-Stimulated Insulin Secretion and
Stabilizes GDM Progression in a Prediabetic Mouse Model. Int. J. Mol. Sci. 2022, 23, 6693. [CrossRef]

197. Kuryłowicz, A. Estrogens in Adipose Tissue Physiology and Obesity-Related Dysfunction. Biomedicines 2023, 11, 690. [CrossRef]
198. Srikanthan, D.P.; Horwich, T.B.; Calfon Press, M.; Gornbein, J.; Watson, K.E. Sex Differences in the Association of Body

Composition and Cardiovascular Mortality. J. Am. Heart Assoc. 2021, 10, e017511. [CrossRef]
199. Alves, E.S.; Santos, J.D.M.; Cruz, A.G.; Camargo, F.N.; Talarico, C.H.Z.; Santos, A.R.M.; Silva, C.A.A.; Morgan, H.J.N.; Matos, S.L.;

Araujo, L.C.C.; et al. Hepatic Estrogen Receptor Alpha Overexpression Protects Against Hepatic Insulin Resistance and MASLD.
Pathophysiology 2025, 32, 1. [CrossRef]

200. Abildgaard, J.; Ploug, T.; Al-Saoudi, E.; Wagner, T.; Thomsen, C.; Ewertsen, C.; Bzorek, M.; Pedersen, B.K.; Pedersen, A.T.;
Lindegaard, B. Changes in abdominal subcutaneous adipose tissue phenotype following menopause is associated with increased
visceral fat mass. Sci. Rep. 2021, 11, 14750. [CrossRef]

201. Tao, Z.; Shi, L.; Parke, J.; Zheng, L.; Gu, W.; Dong, X.C.; Liu, D.; Wang, Z.; Olumi, A.F.; Cheng, Z. Sirt1 coordinates with ERα to
regulate autophagy and adiposity. Cell Death Discov. 2021, 7, 53. [CrossRef] [PubMed]

202. Koceva, A.; Herman, R.; Janez, A.; Rakusa, M.; Jensterle, M. Sex- and Gender-Related Differences in Obesity: From Pathophysio-
logical Mechanisms to Clinical Implications. Int. J. Mol. Sci. 2024, 25, 7342. [CrossRef] [PubMed]

203. Lizcano, F. Roles of estrogens, estrogen-like compounds, and endocrine disruptors in adipocytes. Front. Endocrinol. 2022,
13, 921504. [CrossRef]

204. Kaikaew, K.; Grefhorst, A.; Visser, J.A. Sex Differences in Brown Adipose Tissue Function: Sex Hormones, Glucocorticoids, and
Their Crosstalk. Front. Endocrinol. 2021, 12, 652444. [CrossRef]

205. Keuper, M.; Jastroch, M. The good and the BAT of metabolic sex differences in thermogenic human adipose tissue. Mol. Cell.
Endocrinol. 2021, 533, 111337. [CrossRef]

206. Blondin, D.P.; Haman, F.; Swibas, T.M.; Hogan-Lamarre, S.; Dumont, L.; Guertin, J.; Richard, G.; Weissenburger, Q.; Hildreth, K.L.;
Schauer, I.; et al. Brown adipose tissue metabolism in women is dependent on ovarian status. Am. J. Physiol.-Endocrinol. Metab.
2024, 326, E588–E601. [CrossRef]

207. Chou, T.-J.; Lu, C.-W.; Liao, C.-C.; Chiang, C.-H.; Huang, C.-C.; Huang, K.-C. Ovariectomy Interferes with Proteomes of Brown
Adipose Tissue in Rats. Int. J. Med. Sci. 2022, 19, 499–510. [CrossRef]

208. Yang, M.; Liu, Q.; Huang, T.; Tan, W.; Qu, L.; Chen, T.; Pan, H.; Chen, L.; Liu, J.; Wong, C.-W.; et al. Dysfunction of estrogen-related
receptor alpha-dependent hepatic VLDL secretion contributes to sex disparity in NAFLD/NASH development. Theranostics 2020,
10, 10874–10891. [CrossRef]
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