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ABSTRACT

Metabolic dysfunction-associated steatotic liver disease (MASLD) is increasing in prevalence worldwide. Patho-
genesis of MASLD has been considerably heterogenous. Increased hepatic de novo lipogenesis, adipose tissue
dysfunction, genetic predisposition, epigenetic mechanism, and other related factors have been associated with the
development and progression of MASLD. Patients with MASLD are at high risk of not only adverse liver-related
outcomes, including hepatocellular carcinoma, but also cardiometabolic disease including type 2 diabetes mellitus.
Weight loss is the cornerstone of therapy among the various treatments for MASLD to decrease hepatic fat accu-
mulation and delay the progression of inflammation and fibrosis. Resmetirom and semaglutide are approved for
the treatment of metabolic dysfunction-associated steatohepatitis with moderate to advanced fibrosis, and many
drugs are under investigation. Careful attention should be paid to the screening of MASLD, and concerted efforts
should be made to manage it appropriately.

Keywords: Cardiovascular diseases, fatty liver, hepatocellular carcinoma, liver cirrhosis, metabolic dysfunction-
associated steatohepatitis, nonalcoholic fatty liver disease, semaglutide, steatosis of liver, type 2 diabetes mellitus
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Figure 1: Graphical abstract

INTRODUCTION

Metabolic dysfunction-associated steatotic liver disease (MASLD) is an escalating epi-
demic that is tied to the surge in obesity and diabetes and has steadily increased worldwide
(Riazi et al., 2022; Younossi et al., 2023a). The terms MASLD and metabolic dysfunction-
associated steatohepatitis (MASH) were introduced in 2023 to replace non-alcoholic fatty liver
disease (NAFLD) and non-alcoholic steatohepatitis (NASH), respectively (Rinella et al.,
2023a), and can be applied to populations previously classified under NAFLD and NASH
(Hagstrom et al., 2024; Ratziu et al., 2024; Song et al., 2024b). The MASLD spectrum encom-
passes simple steatotic liver disease (SLD) to MASH, progressive fibrosis, and ultimately cir-
rhosis, leading eventually to hepatocellular carcinoma (HCC) (Sheka et al., 2020). The preva-
lence of MASLD in adult populations varies according to different diagnostic criteria, but is
now estimated at 38 % (Stefan et al., 2025). Notably, MASLD is highly prevalent among indi-
viduals with type 2 diabetes mellitus (T2DM), affecting approximately 60—80 % of this popu-
lation (En Li Cho et al., 2023; Lee et al., 2019).

Approximately 20 % of patients with MASLD have their condition progress to MASH, and
20 % of those with MASH have their condition progress to cirrhosis, though some patient con-
ditions can be reversible (Sheka et al., 2020). In addition, patients with MASLD are at high risk
of not only adverse liver-related outcomes, including HCC, but also extrahepatic outcomes,
such as cancer and cardiometabolic disease (Cho et al., 2019; Lim et al., 2019). Cardiovascular
disease (CVD) is already one of the leading causes of death in patients with MASL (Adams et
al., 2005; Ong et al., 2008). There is no doubt that appropriate management of MASLD patients
is crucial for global health care. This article aims to provide an in-depth review of pathogenesis,
complications and implications for diagnosis and treatment of MASLD.
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PATHOGENESIS

Excess accumulation of lipids in the liver is a fundamental process in the development and
progression of MASLD (Lauridsen et al., 2018; Shulman, 2014; Tchkonia et al., 2013).
Excessive intake of fatty acids contributes directly to hepatic triglyceride accumulation,
whereas excessive intake of glucose and fructose promotes triglyceride synthesis through de
novo lipogenesis in the liver (Roden and Shulman, 2019; Yki-Jarvinen et al., 2021). Excessive
fatty acids in the body results in subclinical inflammation in adipose tissue and the liver, and
insulin resistance in adipose tissue, liver, and skeletal muscle (Korenblat et al., 2008). Increased
signaling via fatty acids, diacylglycerols, ceramides, and various factors are involved in the
process, the resulting insulin resistance-associated hyperinsulinemia and hyperglycemia am-
plify hepatic de novo lipogenesis (Bo et al., 2024; Gastaldelli and Cusi, 2019). In addition,
hepatic mitochondrial dysfunction, increased oxidative stress, and uncoupling of oxidative
phosphorylation are also promoted by increased saturated fatty acids and hyperglycemia (John-
son et al., 2024). This process causes cell stress and macrophage activation, resulting in a fi-
brogenic response in hepatic stellate cells that can promote the progression to cirrhosis (Fried-
man et al., 2018; Loomba et al., 2021). Dysregulated release of adipokines and cytokines from
adipose tissue dysfunction also might be the predominant pathogenic mechanism in MASLD
(Kahn et al., 2019). There is growing evidence that genetic predisposition is associated with an
increased risk of hepatic steatosis, inflammation, fibrosis, and HCC (Ajmera and Loomba,
2023; Luukkonen et al., 2023; Romeo et al., 2020).

Increased hepatic de novo lipogenesis

Increased hepatic de novo lipogenesis is a main contributor to hepatic steatosis. A study
showed that 26 % of the hepatic triglycerides are derived from de novo lipogenesis in patients
with MASLD (Donnelly et al., 2005). In the study of 67 subjects, the contribution of hepatic de
novo lipogenesis to intrahepatic triglyceride palmitate was 11 %, 19 %, and 38 % in the lean,
obese, and obese-NAFLD groups, respectively (Smith et al., 2020). It means that hepatic de
novo lipogenesis is an important contributor to intrahepatic triglyceride production and intra-
hepatic triglyceride content in individuals with MASLD. In addition, the contribution of hepatic
de novo lipogenesis to intrahepatic triglyceride was negatively correlated with both hepatic and
whole-body insulin sensitivity and positively correlated with integrated 24 -hour plasma glucose
and insulin concentrations. In an analysis of data from 37,358 UK Biobank participants, all
liver triglyceride content-raising variants were associated with increased risk of non-alcohol-
related cirrhosis, HCC, and intrahepatic bile duct and gallbladder cancers (Ahmed et al., 2024).
Interestingly, genetic variants associated with enhanced de novo lipogenesis and higher liver
triglyceride content were linked to a higher risk of myocardial infarction and coronary artery
disease, whereas genetic variants associated with impaired hepatic triglyceride export and
higher liver triglyceride content were linked to a lower risk of coronary artery disease and my-
ocardial infarction.

Adipose tissue dysfunction

Excessive delivery of fatty acids to the liver caused by dysregulated lipolysis in adipose
tissue is also an important contributor to hepatic steatosis. Because insulin is a primary sup-
pressor of adipocyte lipolysis, adipose tissue insulin resistance contributes to dysregulated li-
polysis. Adipose tissue dysfunction might be the predominant pathogenic mechanism in pa-
tients with lean MASLD. Dietary oversupply of fat and carbohydrates causes a stress response
in adipose tissue that impairs insulin signaling and reduces beneficial adipokine production
such as adiponectin (Ghaben and Scherer, 2019; Kahn et al., 2019; Karpe and Pinnick, 2015;
Stefan, 2020; Stefan et al., 2017; Tchkonia et al., 2013). Patients with MASLD have lower
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serum adiponectin levels, which are associated with greater systemic insulin resistance, endo-
thelial dysfunction, accelerated atherosclerosis, and higher risk of adverse CVD outcomes
(Polyzos et al., 2016). Additionally, treatment with adiponectin was shown to enhance insulin-
mediated glucose uptake while inhibiting hepatic gluconeogenesis in mouse models (Miller et
al., 2011) and improved hepatic fat accumulation in an animal model of diabetes (Long et al.,
2014).

Genetic predisposition

Genetic predisposition derived from genome-wide association and exome sequencing stud-
ies might contribute to the underlying metabolic abnormalities leading to MAFLD (Cotter and
Rinella, 2020). The identified genetic variants and the associated altered pathways are often
involved in the regulation of the mobilisation of triglycerides from lipid droplets (PNPLA3),
assembly and secretion of VLDLs (TM6SF2), hepatic phosphatidylinositol acylchain remodel-
ing (MBOAT7), or de novo lipogenesis (GCKR) (Ajmera and Loomba, 2023; Romeo et al.,
2020). Multiple studies have reported that patients with MASLD based on a strong hepatic
genetic component have an increased risk of hepatic steatosis, inflammation, fibrosis, and HCC.
MASLD-risk allele were found to have hepatic mitochondrial dysfunction leading to reduced
de novo lipogenesis and channeling of carbons to ketogenesis in a study of people homozygous
for the PNPLA3 lle148Met (PNPLA3 rs738409 G) (Luukkonen et al., 2023). In a large exome-
wide association study of plasma lipids, the PNPLA3 rs738409 G MASLD-risk allele and the
TM6SF2 1558542926 T MASLD-risk allele were strongly associated with steatosis and pro-
gression to MASH, cirrhosis, and HCC (Lauridsen et al., 2018). Especially, PNPLA3 was iden-
tified as a triglyceride lipase mobilizing polyunsaturated fatty acid to facilitate hepatic secretion
of large-sized very low-density lipoprotein. The PNPLA3 rs738409 G MASLD-risk allele was
less active than the wildtype enzyme, indicating that hepatic steatosis might result from de-
creased hepatic triglyceride secretion (Johnson et al., 2024).

Epigenetic mechanism

Epigenetics affecting gene expression without altering DNA sequences is also one of
MASLD pathophysiology. Epigenetic regulation is essential for maintaining hepatic metabolic
function and cellular identity in response to metabolic cues but becomes critically dysregulated
during MASLD (Pearce et al., 1992). Environmental factors (diet, obesity, and aging) can in-
duce epigenetic changes that drive MASLD progression. DNA methylation processes, histone
modifications, and microRNAs (miRNAs) expression have been closely associated with
MAFLD progression (Pirola and Sookoian, 2022; Wu et al., 2023).

DNA methylation is the most studied epigenetic mechanism in MASLD (Rodriguez-
Sanabria et al., 2021). A study found that 41 genes responsible for lipid homeostasis were sig-
nificantly and differentially methylated, including members of the APO family (lipid transport),
genes involved in cholesterol transport like intracellular cholesterol transporter 1 (NPCILI),
acyl-CoA, sterol regulatory element binding transcription factor 1 (SREBF'I), StAR-related li-
pid transfer domain containing 5 (STARD)S), and solute carrier family 2 member 4 (SLC2A44)
(Mwinyi et al., 2017). In addition, an increased hepatic methylation of peroxisome proliferator-
activated receptor gamma coactivator-1 alpha (PPARGCIA) has been correlated with high
plasma fasting insulin levels and HOMA-IR in patients with MASLD (Santos et al., 2020;
Sookoian et al., 2010).

Histones are the basic structural proteins of chromosomes, rich in alkaline amino acid (ar-
ginine and lysine), which can facilitate the binding of acid DNA. Many histone posttranslation
modifications are confirmed, such as phosphorylation (e.g., H3K9me3 and H3K36me3) (Chen
et al., 2024; Oki et al., 2007), methylation (e.g., H3K27me3, H3K79me2/3, H3K4mel,
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H3K9me3, H3K36me2/3, H3R8me2, and H4K20me3) (Chen et al., 2024; Dimitrova et al.,
2015), ubiquitylation (e.g., H2Bubl, H2AK119ub, H2AKI121ub, H2BKI120ub, and
H2BK123ub) (Chen et al., 2024; Wang et al., 2004), acetylation (e.g., H3K9ac, H3K14ac,
H3K23ac, and H3K27ac) (Chen et al., 2024; Xia et al., 2022), lactylation (Lv et al., 2023), and
crotonylation (Tan et al., 2011), which make up the histone code.

MicroRNAs (miRNAs) are single-stranded non-coding RNAs of 18-25 nucleotides that can
regulate gene expression at posttranscriptional level by inhibiting translation or inducing deg-
radation of target mRNAs through complementary base-pairing (Bartel, 2004). Evidence has
demonstrated that miRNAs are implicated as important mediators in MASLD (Bafty, 2015;
Szabo and Csak, 2016). Several miRNAs including miR-27b, miR-33, miR-34a, miR-122, and
miR-223 are important regulators in fatty acid metabolism and cholesterol biosynthesis in the
liver (Landrier et al., 2019).

COMPLICATIONS

Liver-related outcomes

The histological characteristics of MASLD range from mild steatosis to MASH, which, if
not addressed, can cause fibrosis, cirrhosis, and HCC (Chalasani et al., 2018). In general, people
with MASLD are at an increased risk of developing cirrhosis and HCC, and in approximately
15 % to 20 % of those with MASH, progress to cirrhosis, HCC, and liver death is observed
(Powell et al., 2021; Sheka et al., 2020; Younossi et al., 2023b). In a prospective study of 1,773
adults with MASLD, fibrosis stages F3 (bridging fibrosis) and F4 (cirrhosis) were associated
with increased risks of liver-related complications and death (Sanyal et al., 2021). In a meta-
analysis of 13 studies comprising 4,428 patients with MASLD, patients with stage 4 fibrosis
(cirrhosis) had higher liver-related mortality (relative risk [RR] 11.13, 95 % CI 4.15-29.84)
than those without fibrosis (Taylor et al., 2020). This risk is potentiated in patients with both
MASLD and T2DM. A meta-analysis of 2,016 patients of six cohorts, among people with
MASLD, the presence of T2DM is associated with a significantly higher risk of hepatic decom-
pensation (hazard ratio [HR] 3.29, 95 % CI 2.21-4.90) and HCC (HR 7.72, 95 % CI 2.61—-
22.87), compared with patients without diabetes (Huang et al., 2023).

Pathophysiologic link between MASLD and T2DM

MASLD and T2DM are mechanistically linked through a bidirectional and self-reinforcing
network of insulin resistance, lipotoxicity, inflammation, and -cell stress (Figure 2). Upstream,
adipose tissue insulin resistance driven by adipocyte hypertrophy and hypoxia enhances lipol-
ysis and increases free fatty acid flux to the liver, accompanied by adipokine imbalance char-
acterized by increased TNF-a and IL-6 and reduced adiponectin, thereby promoting systemic
and hepatic insulin resistance (Erceg et al., 2025; Mantovani et al., 2018). In parallel, skeletal
muscle insulin resistance impairs glucose uptake and increases hepatic substrate delivery, con-
tributing to persistent hyperglycaemia and loss of metabolic flexibility (Mohiuddin et al., 2025).
Within the liver, excess lipid availability stimulates SREBP-1c—mediated de novo lipogenesis
and accumulation of lipotoxic intermediates such as diacylglycerols and ceramides, leading to
PKCg activation, impaired insulin signaling, increased hepatic gluconeogenesis, and enhanced
VLDL secretion—core mechanisms underlying fasting and postprandial dysglycaemia (Chung
et al., 2026; Mohiuddin et al., 2025). Hepatic oxidative stress and activation of inflammatory
pathways, including NLRP3 inflammasome signaling, further amplify hepatic and systemic in-
sulin resistance (Erceg et al., 2025). As illustrated in Figure 2, disruption of the gut-liver—pan-
creas axis provides an additional mechanistic link, whereby gut dysbiosis, reduced short-chain
fatty acid production, increased intestinal permeability, and translocation of microbial products
impair incretin signaling and exacerbate insulin resistance and B-cell stress (Guo et al., 2025;
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Jing and Jiang, 2025; Liang et al., 2025; Tilg et al., 2026; Zhou et al., 2026). Downstream,
chronic hyperglycaemia and compensatory hyperinsulinaemia induce glucolipotoxic stress on
pancreatic B-cells, ultimately leading to B-cell dysfunction and failure, while established T2DM
reciprocally accelerates MASLD progression. Consistent with this integrated pathophysiologic
framework, epidemiologic studies demonstrate that MASLD is independently associated with
incident T2DM, with risk increasing in parallel with hepatic disease severity and fibrosis burden
(Chung et al., 2026; Han et al., 2025; Mantovani et al., 2018).
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Figure 2: Pathophysiologic link between metabolic dysfunction—associated steatotic liver disease
(MASLD) and type 2 diabetes mellitus (T2DM). Schematic illustration of the bidirectional interplay be-
tween MASLD and T2DM. Systemic insulin resistance arises from adipose tissue dysfunction (enhanced
lipolysis and inflammation), skeletal muscle insulin resistance (impaired glucose uptake), and pancreatic
B-cell stress (compensatory hyperinsulinemia and dysfunction). Epigenetic regulation (DNA methylation,
histone modification, and microRNAs) influenced by environmental factors further modulates disease
progression. Dysregulation of the gut-liver—pancreas axis contributes via gut dysbiosis, increased in-
testinal permeability, and endotoxin translocation. In the liver, increased de novo lipogenesis, lipid ac-
cumulation, inflammation, and hepatic insulin resistance promote gluconeogenesis and VLDL secretion.
These processes drive chronic hyperglycemia, cardiometabolic risk, and reciprocal progression of
MASLD and T2DM.

Mechanistic and clinical evidence support that T2DM is bidirectionally related to MASLD
(Lim et al., 2019; Mohiuddin et al., 2025; Targher et al., 2021). MASLD is a very common
condition among patients with T2DM, and individuals with MASLD have an increased risk of
developing T2DM (Bril and Cusi, 2016). In a meta-analysis of 501,022 adult individuals
(30.8 % with MASLD), MASLD was associated with 2.2 times higher risk of incident T2DM
over a median period of 5 years (Mantovani et al., 2020). Patients with T2DM are more likely
to develop advanced fibrosis, cirrhosis, and HCC than those without T2DM (Anstee et al.,
2013). Furthermore, MASLD and T2DM have a synergistic association that contributes to car-
diovascular risk. In a nationwide, population based, longitudinal cohort study with 7,796,763
Koreans, MASLD in patients with T2DM was associated with a higher risk of CVD and all
cause death, even in patients with mild MASLD (Kim et al., 2024). Although the exact mech-
anisms linking MASLD with CVD in T2DM patients are not fully understood, they likely in-
volve distinct pathophysiological pathways. Specifically, these pathways encompass low-grade
chronic inflammation, proatherogenic lipid profiles (such as increased very low density lipo-
protein and small, dense low density lipoprotein cholesterol), and prothrombotic states driven
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by altered coagulation factors and platelet reactivity (Biondi-Zoccai et al., 2003; Brouwers et
al., 2020; Santos et al., 2019). The American Diabetes Association now recommends to “Screen
adults with T2DM or with prediabetes, particularly those with obesity or other cardiometabolic
risk factors or established CVD, for their risk of having or developing cirrhosis related to
MASH using a calculated fibrosis-4 index (FIB-4), even if they have normal liver enzymes”
(American Diabetes Association Professional Practice Committee for Diabetes, 2026).

Pathophysiologic link between MASLD and CVD

MASLD is increasingly recognized as an active driver of CVD, rather than a passive marker
of shared cardiometabolic risk. As illustrated in Figure 3, adipose tissue insulin resistance rep-
resents an upstream trigger, promoting enhanced lipolysis and increased free fatty acid flux to
the liver, together with adipokine imbalance characterized by reduced adiponectin and elevated
pro-inflammatory cytokines such as TNF-a and IL-6 (Targher et al., 2024; Tilg and Moschen,
2010). These processes fuel hepatic steatosis through maladaptive de novo lipogenesis and ac-
cumulation of lipotoxic intermediates, including diacylglycerols and ceramides, which induce
hepatic insulin resistance, mitochondrial dysfunction, and oxidative stress (Friedman et al.,
2018). Concomitantly, activation of innate immune pathways—particularly TLR4-dependent
signaling and NLRP3 inflammasome activation—amplifies hepatic and systemic inflammation,
leading to increased circulating levels of IL-1f, IL-6, and C-reactive protein, thereby linking
hepatic injury to vascular inflammation (Lim et al., 2019; Mantovani et al., 2021). As depicted
in Figure 3, endothelial dysfunction emerges as a critical downstream consequence, driven by
reduced nitric oxide bioavailability, heightened oxidative stress, and increased vascular tone,
collectively fostering a pro-atherogenic environment that accelerates monocyte recruitment,
foam-cell formation, and plaque progression (Abohashem et al., 2026; Ratti et al., 2025;
Targher et al., 2016; Wang et al., 2024). Alterations in the gut—liver axis, including dysbiosis
and endotoxin translocation, further reinforce these inflammatory circuits (Friedman et al.,
2018; Pandey et al., 2025; Wang et al., 2025). Consistent with this integrated pathophysiologic
framework, epidemiologic and imaging studies demonstrate that MASLD is independently as-
sociated with subclinical atherosclerosis and adverse cardiovascular outcomes, with CVD risk
increasing in parallel with disease severity and fibrosis stage (Han et al., 2025; Mantovani et
al., 2022b; Targher et al., 2021).

Notably, CVD is one of the leading causes of death in patients with MASLD (Adams et al.,
2005; Ong et al., 2008). In a population-based cohort study with a 28-year follow-up, MASLD
predicted the risk of adverse CVD events, independent of common cardiovascular risk factors
(Pisto et al., 2014). A systematic review and meta-analysis of 26 observational studies with
85,395 participants showed that patients with MASLD had a higher risk of subclinical athero-
sclerosis than those in the non-MASLD group (odds ratio [OR] 1.60, 95 % confidence interval
[CI] 1.45 to 1.78) (Zhou et al., 2018). In a meta-analysis of 36 longitudinal studies with aggre-
gate data on 5,802,226 middle aged participants, MASLD has been associated with an increased
long-term risk of fatal or non-fatal CVD events (Mantovani et al., 2021). Furthermore, the fi-
brosis stage was also associated with long-term adverse outcomes in patients with MASLD
(Angulo et al., 2015).
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Figure 3: Pathophysiologic link between metabolic dysfunction—associated steatotic liver disease
(MASLD) and cardiovascular disease (CVD). Schematic overview showing how adipose tissue dysfunc-
tion, endothelial dysfunction, gut-liver axis alterations, and genetic and epigenetic regulation contribute
to hepatic lipotoxicity, including increased de novo lipogenesis, lipid accumulation, mitochondrial dys-
function, and inflammation. These hepatic changes promote systemic oxidative stress and vascular
dysfunction, leading to a pro-atherogenic state characterized by monocyte recruitment, foam cell for-
mation, and plaque progression, ultimately resulting in adverse cardiovascular outcomes such as coro-
nary artery disease, myocardial infarction, stroke, and heart failure.

Association between MASLD and mortality

Accumulating population-based evidence demonstrates that MASLD is independently as-
sociated with increased long-term mortality, particularly in the presence of metabolic risk fac-
tors and advanced fibrosis. Analyses from NHANES III with extended follow-up show that
MASLD is associated with a significantly higher risk of all-cause mortality after adjustment for
sociodemographic and lifestyle factors, whereas NAFLD defined by exclusion criteria alone
does not retain an independent association once metabolic confounders are considered (Kim et
al., 2021; Song et al., 2024a). Excess mortality in MASLD is largely driven by cardiometabolic
causes, with cardiovascular disease representing the leading contributor (Kim et al., 2021).
Consistent findings across U.S. and East Asian cohorts, including nationwide studies from Ko-
rea and Taiwan, demonstrate a 15-30 % increase in all-cause mortality among individuals with
MAFLD/MASLD, with particularly elevated risk observed in those meeting MASLD but not
NAFLD criteria (Cheng et al., 2024; Kim et al., 2023; Moon et al., 2022; Song et al., 2024a).
Across studies, advanced fibrosis emerges as the strongest determinant of mortality, conferring
an approximately 1.7-2-fold increase in death risk irrespective of disease nomenclature (Kim
et al., 2021; Moon et al., 2022; Song et al., 2024a). Collectively, these data support MASLD as
a clinically meaningful construct that captures mortality risk in various ethnic groups.

DIAGNOSIS

MASLD is diagnosed by the presence of hepatic steatosis in conjunction with cardiometa-
bolic risk factors, reflecting a shift from exclusion-based definitions toward a positive, patho-
physiology-oriented framework. According to international consensus, MASLD requires evi-
dence of liver steatosis—identified by imaging modalities such as ultrasonography, controlled
attenuation parameter, or MRI—proton density fat fraction, or by histology—together with at
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least one cardiometabolic criterion, including overweight or obesity, T2DM, or defined meta-
bolic abnormalities (Rinella et al., 2023a; Targher et al., 2025). Importantly, MASLD may co-
exist with other liver diseases, acknowledging the frequent overlap between metabolic dysfunc-
tion and alternative hepatic insults (Targher et al., 2025).

Although not included in the formal diagnostic criteria, surrogate indices such as the fatty
liver index (FLI) have been widely used to identify hepatic steatosis in epidemiologic and pop-
ulation-based studies (Kim et al., 2024). FLI is calculated as

FLI= (e0.953Xln(triglyceride)+0.139><BMI+0.718><In(y-glutamyl transferase)+0.053xwaist circumference—15.745)
- (1 + e0.953xIn(triglyceride)+0.139xBMI+0.718 XIn(y-glutamy] transferase)+0.053xwaist circumference—15.745) x100 (1)

and has been validated as a simple and accurate marker of hepatic steatosis across diverse
populations (Bedogni et al., 2006; Cuthbertson et al., 2014; Huang et al., 2015). In general, an
FLI > 60 reliably identifies hepatic steatosis, whereas lower thresholds (e.g., > 30) are com-
monly applied in Asian populations (Ballestri et al., 2021; Bedogni et al., 2006; Huang et al.,
2015).

Because prognosis and management of MASLD are largely determined by fibrosis severity,
noninvasive fibrosis assessment constitutes a central component of the diagnostic pathway
(Castera et al., 2025). Widely validated blood-based tools include the aspartate aminotransfer-
ase—platelet ratio index (APRI), FIB-4, and the Enhanced Liver Fibrosis (ELF) score
(Rosenberg et al., 2004; Sterling et al., 2006; Wai et al., 2003). The FIB-4 score is calculated
as FIB-4=(agexAST level)+(platelet countxVALT level) (2), and represents the most cost-effective
first-line screening strategy for identifying individuals with clinically significant fibrosis or at-
risk MASH in primary care and diabetes settings (American Diabetes Association Professional
Practice Committee for Diabetes, 2026). A FIB-4 value > 1.3 indicates increased probability of
fibrosis stage > F2 and heightened risk of adverse liver outcomes, warranting further evaluation
with elastography-based techniques (Castera et al., 2025). Emerging evidence further supports
incorporation of extrahepatic features such as sarcopenia and altered body composition into
diagnostic assessment, as these factors identify clinically vulnerable MASLD phenotypes not
fully captured by liver-centered metrics alone (Liu et al., 2026).

TREATMENT

In patients with MASLD, weight loss is the treatment of choice to decrease hepatic fat ac-
cumulation and delay the progression of inflammation and fibrosis (Lazo et al., 2011). Although
there is significant individual variability in histological outcomes with weight loss, a minimum
weight loss goal of 5 %, preferably > 10 %, is needed to improve liver histology, with fibrosis
requiring the larger weight reduction to promote change (Cusi et al., 2022; European
Association for the Study of the Liver et al., 2024; Kanwal et al., 2021; Promrat et al., 2010;
Rinella et al., 2023b; Vilar-Gomez et al., 2015). Of the ways to achieve weight reduction, life-
style modifications including a programmed diet and exercise are effective and sound treatment
options for all patients with MASLD and MASH (Kim et al., 2019; Rinella, 2015) (Figure 4).
Individualized, structured weight loss and exercise programs may offer greater benefit than
standard counseling in people with MASLD (Younossi et al., 2023c). A systematic review of
23 studies of adult populations with MASLD revealed that weight loss by lifestyle modification
was the most strongly correlated with reductions in liver fat and/or liver aminotransferase con-
centrations (Thoma et al., 2012).
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Figure 4: Pathogenesis, complications and treatment in metabolic dysfunction-associated steatotic liver
disease (MASLD). Abbreviation: LPS, lipopolysaccharide; TLR4, toll-like receptor4; ER, endoplasmic
reticulum; SGLT2, sodium-glucose cotransporter 2; FGF, fibroblast growth factor.

Lifestyle modification in MASLD is focused on behavior change to support sustained ben-
eficial lifestyle practices such as improving overall dietary patterns (low fat and calorie diet or
Mediterranean type of diets), moderate caloric restriction and regular physical activity (Wadden
et al., 2020). Lifestyle modification is best achieved through structured, multi-disciplinary pro-
grams with ongoing support to facilitate sustained behavior change (Alamuddin and Wadden,
2016). From a dietary standpoint, key elements include a balanced diet with limited intake of
simple carbohydrates and saturated fat, and higher intake of lean proteins, whole grains, fruits
and vegetables, and omega-3 fatty acids (Lichtenstein et al., 2021). The Mediterranean diet
demonstrates particularly potent anti-inflammatory effects.

Physical activity has a significant positive impact on MASLD. In randomized trials, acrobic
physical activity improves several pathogenetic factors in MASLD, including inflammation and
endothelial dysfunction (Wewege et al., 2018). Furthermore, the addition of resistance training
to aerobic activity is linked to further improvements in MASLD and is therefore advised as part
of the exercise regimen (Xue et al., 2024). In general, moderate to vigorous physical activity
on most days of the week is recommended, with a weekly goal of 150 minutes or more of
physical activity per week (Barone Gibbs et al., 2021). While weight loss with lifestyle modi-
fication is desirable, it is important for patients and healthcare professionals to recognize that
improved dietary patterns and regular physical activity improve metabolic impairment inde-
pendent of weight loss (Rao et al., 2019). In addition to lifestyle modification, moderation of
alcohol use should be advised to lessen the risk of hepatic complications.

Pharmacological treatment

Although weight reduction is the cornerstone of therapy among the various treatments for
MASLD, pharmacotherapy should be administered since sufficient weight reduction can be
difficult to achieve and maintain (Kim and Lee, 2020). The US Food and Drug Administration
(FDA) published a whitepaper in 2011 detailing the roadmap of drug approval for the treatment
of MASH, stating that for conditional approval, at least one of the following histologic end-
points should be reached: resolution of MASH (defined as an inflammation score of 0 or 1 and
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a ballooning score of 0) without worsening of fibrosis or improvement in fibrosis by one stage
or more, without worsening of MASH (Sanyal et al., 2011). The European Medicine Agency
(EMA) requires both the resolution of MASH and improvement in fibrosis as the primary end-
point (Stefan et al., 2025). As of early 2026, resmetirom is approved by both the US FDA and
EMA for the treatment of MASH with moderate to advanced fibrosis and semaglutide is ap-
proved by US FDA (Table 1).

Resmetirom

Thyroid hormone receptor (THR)-B is predominantly expressed in hepatocytes and plays a
vital role in various metabolic processes (Sinha et al., 2019). Activation of THR-J is associated
with significant metabolic benefits in the liver because it can lower cholesterol and triglyceride
levels, stimulate bile acid synthesis, and promote fat oxidation (Kokkorakis et al., 2024).
Resmetirom is a THR-P agonist approved by the US FDA for the treatment of adults with
MASLD with moderate (F2) or advanced (F3) liver fibrosis on liver histology or a validated
imaging- or blood-based test. In an ongoing phase 3 randomized controlled trial (RCT) (MAES-
TRO-NASH trial), resmetirom for 52 weeks in 966 adults at the highest dose of 100 mg (or
placebo) met the primary end point of MASH resolution without worsening of fibrosis in
29.9 % of individuals compared with 9.7 % on placebo (P < 0.001) (Harrison et al., 2024).
Fibrosis improvement by at least one stage without worsening of the NAFLD Activity Score
was seen in 25.9 % in the resmetirom 100 mg group compared with 14.2 % in the placebo
group. The gastrointestinal side effects including nausea, vomiting, and diarrhea are dose de-
pendent and improve with continued treatment. Because resmetirom could decrease free thy-
roxine levels by ~20 % and increase sex hormone-binding protein levels two- to threefold,
clinicians should monitor all individuals with MASLD for symptoms of endocrine deficiency,
including hypothyroidism and hypogonadism (Chen et al., 2025).

Semaglutide

Glucagon-like peptide-1 (GLP-1) is released by enteroendocrine cells in the gastrointestinal
tract to play a crucial role in regulating postmeal blood sugar levels by enhancing insulin se-
cretion and suppressing glucagon release (Drucker, 2018; Son et al., 2026). GLP-1 also delays
gastric emptying and reduces food intake, striking a balance between nutrient absorption and
preventing excessive weight gain. GLP-1 receptor agonists are appealing candidates for the
treatment of MASLD and MASH because they can reduce weight and enhance insulin action.
Many preclinical studies found that these agonists could alleviate MASH by mitigating hepatic
steatosis, inflammation, and injury, whereas these effects were suggested to be secondary to the
weight loss induced by GLP-1 receptor agonists (Zhang et al., 2025). Among various GLP-1
receptor agonists, semaglutide has shown encouraging outcomes in resolving MASH. In an
ongoing phase 3 clinical trial examining the effect of semaglutide (2.4 mg subcutaneously once
weekly for 72 weeks) in subjects with MASH without cirrhosis (ESSENCE trial), resolution of
steatohepatitis without worsening of fibrosis occurred in 62.9 % of the 534 patients in the
semaglutide group and in 34.3 % of the 266 patients in the placebo group (estimated difference,
28.7 percentage points; 95 % CI, 21.1 to 36.2; P < 0.001). A reduction in liver fibrosis without
worsening of steatohepatitis was reported in 36.8 % of the patients in the semaglutide group
and in 22.4 % of those in the placebo group (estimated difference, 14.4 percentage points; 95 %
CI, 7.5 to 21.3; P<0.001) (Sanyal et al., 2025). Based on these phase 3 trial results, the US
FDA approved semaglutide for the treatment of MASH with moderate to advanced liver fibro-
sis.
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Table 1: Comparison of resmetirom and semaglutide in MASLD/MASH

Resmetirom Semaglutide

Drug class

Molecular weight
Elimination half-life (t1/2)
Protein binding

Time to peak (Tmax)
Metabolism

Excretion

Administration route

Mechanism of action
Weight loss
Lipid profile

Common side effects
Key clinical trial
Study population
Sample size (N)
Dosage & route

MASH resolution without worsening of fibro-
sis

Fibrosis improvement without worsening of
MASH

US FDA status (MASH)

EMA status (MASH)

Selective thyroid hormone receptor-§ (THR-) ago-
nist

435.22 Da

~4.5 hours

>99 % (mainly to albumin)

3-6 hours

Primarily via CYP2C8

Feces (~65 %), urine (~33 %)

Oral (daily tablet)

Hepatocentric: directly increases hepatic mitochon-
drial B-oxidation and lipid metabolism

Minimal/neutral

Reduction in LDL-cholesterol, ApoB, and triglycer-
ides

Diarrhea, nausea, pruritus, abdominal pain
MAESTRO-NASH trial

Biopsy-confirmed MASH with F1B, F2, or F3 fibrosis
966 (primary analysis cohort)

80 mg or 100 mg (once daily, oral)

25.9 % (80 mg), 29.9 % (100 mg) (vs. 9.7 % pla-
cebo)

24.2 % (80 mg), 25.9 % (100 mg) (vs. 14.2 % pla-
cebo)

Approved (March 2024) for non-cirrhotic MASH with
F2—F3 fibrosis

Approved (August 2025) for non-cirrhotic MASH with
F2—F3 fibrosis

Glucagon-like peptide-1 receptor agonist (GLP-1
RA)

4113.58 Da

~1 week (160—168 hours)

>99 % (mainly to albumin)

1-3 days

Proteolytic cleavage & B-oxidation

Urine and feces

Subcutaneous (weekly injection)

Systemic: indirect liver benefit via weight loss, im-
proved insulin sensitivity, and satiety

10-15 % body weight reduction

Reduction in lipids (secondary to weight loss/glu-
cose control)

Nausea, vomiting, diarrhea, constipation
ESSENCE trial

Biopsy-confirmed MASH with F2 or F3 fibrosis
800 (part 1 analysis)

2.4 mg (once weekly, subcutaneous)

62.9 % (vs. 34.3 % placebo)

36.8 % (vs. 22.4 % placebo)

Approved (August 2025) for MASH with moderate-
to-advanced fibrosis

Under review/in progress (as of Jan 2026)

MASLD, metabolic dysfunction-associated steatotic liver disease; MASH, metabolic dysfunction-associated steatohepatitis; US FDA, US Food and Drug Administration; EMA, European Medicine

Agency
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Tirzepatide

In contrast to the GLP-1 receptor, the glucose-dependent insulinotropic polypeptide (GIP)
receptor is present on adipocytes (Galindo et al., 2026; Yip et al., 1998). GIP is implicated in
adipocyte carbohydrate and lipid metabolism through regulation of glucose uptake (Song et al.,
2007), lipolysis (Getty-Kaushik et al., 2006), and lipoprotein lipase activity (Miyawaki et al.,
2002). Tirzepatide, a GLP-1 receptor and GIP receptor co-agonist, has been approved for the
treatment of T2DM and obesity and was not only found superior to GLP-1 receptor agonists to
decrease bodyweight, both in people with and without T2DM, but also HbAlc levels in patients
with diabetes (Campbell et al., 2023). In a phase 2 trial of tirzepatide (5 mg, 10 mg, or 15 mg)
subcutaneously once weekly for 52 weeks in 190 participants with MASH and stage F2 or F3
(moderate or severe) fibrosis, tirzepatide treatment led to statistically significant MASH reso-
lution without worsening of fibrosis in 44 % of 5 mg, 56 % of 10 mg, and 62 % of 15 mg
tirzepatide groups compared with 10 % in the placebo group (Loomba et al., 2024). In this trial
(SYNERGY-NASH trial), improvement of at least one fibrosis stage without worsening of
MASH was found in 55 % of 5 mg, 51 % of 10 mg, and 51 % of the 15 mg tirzepatide groups
compared with 30 % in the placebo group.

Other GLP-1 based therapies

There are few RCTs of other GLP-1 receptor agonists in individuals with MASH proven by
biopsy. In a phase 2 trial of liraglutide 1.8 mg subcutaneous once daily for 48 weeks, treatment
with liraglutide led to MASH resolution in nine (39 %) of 23 patients compared with two (9 %)
of 22 in the placebo group (relative risk 43, 95 % CI 1.0-17.7) (Armstrong et al., 2016). No
improvement of fibrosis, but a lower rate of worsening of fibrosis, was observed in the lirag-
lutide group.

Survodutide is a dual GLP-1 and glucagon receptor agonist that is in development. Gluca-
gon responds to hypoglycemia by mobilizing hepatic glucose through the stimulation of gly-
cogenolysis and gluconeogenesis (Habegger et al., 2010). Despite its glucose mobilizing effect,
the broad catabolic and thermogenic nature of glucagon receptor agonism adds to its attractive
portfolio as a weight loss therapeutic (Hope et al., 2021). In particular, glucagon has been
demonstrated to enhance hepatic lipid metabolism (Galsgaard et al., 2019). In a phase 2 trial of
survodutide (2.4 mg, 4.8 mg, or 6.0 mg) subcutaneously once weekly for 48 weeks in 293 par-
ticipants with biopsy-confirmed MASH and fibrosis stage F1-F3, improvement in MASH with
no worsening of fibrosis occurred in 47 % of the participants in the survodutide 2.4-mg group,
62 % of those in the 4.8-mg group, and 43 % of those in the 6.0-mg group, as compared with
14 % of those in the placebo group (P < 0.001 for the quadratic dose-response curve as best-
fitting model) (Sanyal et al., 2024a). Improvement in fibrosis by at least one stage occurred in
34 % of 2.4 mg, 36 % of 4.8 mg, 34 % of 6.0 mg groups compared with 22 % in the placebo
group.

Pemvidutide is another dual GLP-1 and glucagon receptor agonist that is in development.
In the study of pemvidutide (1.2 mg, 1.8 mg, or 2.4 mg) subcutaneously once weekly for 12
weeks in 94 patients with a BMI > 28.0 kg/m? and liver fat content (LFC) > 10 % by magnetic
resonance imaging-proton density fat fraction (MRI-PDFF), relative reductions in LFC from
baseline were 46.6 % (95 % CI -63.7 to -29.6), 68.5 % (95 % CI -84.4 to -52.5), and 57.1 %
(95 % CI -76.1 to -38.1) for the pemvidutide 1.2 mg, 1.8 mg, and 2.4 mg groups, respectively,
vs. 4.4 % (95 % CI -20.2 to 11.3) for the placebo group (p < 0.001 vs. placebo, all treatment
groups) (Harrison et al., 2025). The IMPACT trial is an ongoing 48-week international, ran-
domized, double-blind, placebo-controlled, phase 2b trial of pemvidutide in patients with bi-
opsy-confirmed MASH and fibrosis stage F2 or F3 (Noureddin et al., 2025). At 24 weeks of
treatment, MASH resolution without fibrosis worsening was observed in 18 (20 %) of 86
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patients in the placebo group, 24 (58 %) of 41 patients in the 1.2 mg pemvidutide group (dif-
ference of 38 % [95 % CI 21-56]; p<0.0001), and 45 (52 %) of 85 patients in the 1.8 mg
pemvidutide group (difference of 32 % [95 % CI 19—46]; p < 0.0001). Fibrosis improvement
without worsening of MASH was observed in 24 (28 %) of 86 patients in the placebo group,
13 (33 %) of 41 patients in the 1.2 mg pemvidutide group (difference of 5 % [95 % CI -13 to
22]; p = 0-59), and 30 (36 %) of 85 patients in the 1.8 mg pemvidutide group (difference of 8 %
[95 % CI-6to 22]; p = 0-27). At 24 weeks, pemvidutide treatment met the primary endpoint of
MASH resolution without worsening of fibrosis but did not meet the other primary endpoint of
fibrosis improvement without worsening of MASH. Because the IMPACT trial is ongoing,
longer-duration results will be needed to confirm the efficacy of pemvidutide for MASH.

Retatrutide is a novel triple agonist of the GLP-1, GIP, and glucagon receptors. In a phase
2a trial of retatrutide (1, 4, 8 or 12 mg dose) subcutaneously once weekly for 48 weeks in 98
patients with MASLD and LFC > 10 % by MRI-PDFF, the mean relative change from baseline
in LFC at 24 weeks was -42.9 % (1 mg), -57.0 % (4 mg), -81.4 % (8 mg), -82.4 % (12 mg) and
+0.3 % (placebo) (all P < 0.001 versus placebo) (Sanyal et al., 2024b). Liver biopsy results of
retatrutide treatment are not available yet.

Pioglitazone

Pioglitazone is a peroxisome proliferator-activated receptor (PPAR)-y agonist that acts as
insulin sensitizer and improves insulin and glucose parameters, modulates adipose tissue dis-
tribution while decreasing visceral fat and increasing subcutaneous fat, and reduces lipotoxicity
in the liver. Several studies have shown histological improvement in steatosis and lobular in-
flammation after pioglitazone treatment (Aithal et al., 2008; Promrat et al., 2004). A meta-
analysis showed an OR of 3.65 (95 % CI 2.32-5.74) for MASH resolution and 10.17 (95 % CI
2.8-36.5) for improvement in advanced fibrosis (stages F3—F4) compared with control groups
(Musso et al., 2017). Although pioglitazone has not been approved to treat MASLD, it is at-
tractive because they offer potential benefit compared with a lack of histological benefit (or
clinical trial data) from other oral glucose-lowering therapies in MASLD. Guidelines on the
management of MASLD state that pioglitazone can be used to treat patients with MASH, with
or without T2DM (Chalasani et al., 2018; European Association for the Study of the et Liver
al., 2024).

Sodium-glucose cotransporter 2 (SGLT2) inhibitors

Sodium-glucose co-transporter 2 (SGLT2) is predominant in the S1 and S2 segments of the
renal proximal tubule and functions as a high-capacity glucose transporter, responsible for ap-
proximately 90 % of glucose reabsorption in the renal tubules (Dai et al., 2023; Lee et al., 2025).
SGLT?2 inhibitor leads to reduced glucose and sodium reabsorption by the renal tubules, result-
ing in an increased excretion of glucose, sodium, and water in the urine (Lee et al., 2025).
SGLT2 inhibitor promotes weight loss, which is an attractive property for the treatment of pa-
tients with MASLD. Although histological evaluation of the efficacy of SGLT2 inhibitors in
MASLD/MASH patients is still lacking, in a systematic review of seven trials, treatment with
SGLT2 inhibitors was associated with an improvement in LFC, aminotransferase levels, body-
weight, and HbAlc levels (Mantovani et al., 2022a). A large population study in South Korea
has shown that SGLT2 inhibitors were associated with a higher likelihood of MASLD regres-
sion when compared with thiazolidinediones, dipeptidyl peptidase-4 inhibitors, and sulfonylu-
reas (Jang et al., 2024). Because SGLT2 inhibitors might be effective in treating
MASLD/MASH, most probably via their glucose and bodyweight-lowering effects, further
studies will be warranted to evaluate the efficacy of SGLT2 inhibitors.
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Drugs under investigation and future direction

Multiple therapeutic targets for MASLD/MASH are under active investigation, reflecting
the disease’s complex and heterogeneous pathophysiology. Agents in development include fi-
broblast growth factor 21 analogues, pan—peroxisome proliferator—activated receptor agonists,
small interfering RNAs targeting HSD17B13 or PNPLA3, farnesoid X receptor agonists, stea-
royl-CoA desaturase 1 antagonists, CC-chemokine receptor antagonists, and therapies modu-
lating the gut microbiota (Zhang et al., 2025).

In recent years, there has been growing interest among researchers in elucidating the role
of epigenetic modifications in the treatment of MASLD. DNA methyltransferase (DNMT) in-
hibitors, histone deacetylases (HDAC) inhibitors, and miRNA inhibitors are under investiga-
tion with a focus on gene regulation (Zaiou and Joubert, 2025). DNMT inhibitors (azacitidine
and zebularine) ameliorated different metabolic biochemical parameters and increased insulin
sensitivity, preventing the progression and development of MASLD (Pant et al., 2023). Some
new nucleoside DNMT inhibitors and nonnucleoside DNMT inhibitors, including hydralazine,
procaine and MG98, have been identified and are currently being investigated (Hu et al., 2021).
HDAC inhibitors (trichostatin A, sodium butyrate, and MS-275) suppressed hepatocyte apop-
tosis and increase cell viability (Lei et al., 2010). Inhibition of miRNA-34a activated fatty acid
oxidation, inhibited hepatocyte steatosis, reduced hepatocyte reactive oxygen species levels and
decreased gene expression of fibrogenesis (Zhu et al., 2023). Additionally, inhibition of
miRNA-21 and miRNA-103-3p offers a potential therapeutic strategy for treating MASLD
(Ding et al., 2022; Wang et al., 2019).

Because MASLD results from the convergence of metabolic dysfunction, inflammation,
lipotoxicity, and fibrogenesis, monotherapy is unlikely to achieve sustained disease modifica-
tion in many patients. As in other chronic metabolic diseases, rational combination therapy
targeting complementary pathways represents a promising future strategy, although robust clin-
ical evidence for specific regimens is still evolving.

CONCLUSION

The prevalence of MASLD is increasing worldwide, and appropriate management of
MASLD patients will be crucial for global health care. Although considerable heterogeneity in
the pathogenesis of MASLD exists, multiple factors, including increased hepatic de novo lipo-
genesis, adipose tissue dysfunction, genetic predisposition, epigenetic mechanism, and other
related factors, have been associated with the development and progression of MASLD (Figure
4). Patients with MASLD can progress to cirrhosis and HCC and are at increased risk of devel-
oping T2DM and CVD. The fundamental principle of MASLD treatment is weight loss to de-
crease hepatic fat accumulation and delay the progression of inflammation and fibrosis. How-
ever, because it is not easy to achieve and maintain weight loss by only lifestyle modification,
pharmacological treatment is necessary in patients with MASLD. Resmetirom and semaglutide
are approved for the treatment of MASH with moderate to advanced fibrosis, and many drugs
are under investigation. It is important to raise awareness of MASLD and promote appropriate
management starting now.
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