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IMPORTANCE Metabolic dysfunction-associated steatotic liver disease (MASLD) includes
arange of liver conditions, progressing from isolated steatosis (characterized by fat
accumulation in the liver without inflammation) to metabolic dysfunction-associated
steatohepatitis (MASH), which involves fat accumulation and inflammation in the liver.
The presence of MASLD is associated with increased morbidity and mortality due to
liver-related complications, hepatocellular carcinoma, cardiovascular disease, and certain
extrahepatic cancers.
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OBSERVATIONS The most common chronic liver disease worldwide, MASLD affects
approximately 30% to 40% of the general adult population globally (with varying prevalence
across continents), including approximately 60% to 70% of individuals with type 2 diabetes
and approximately 70% to 80% of those with obesity. It is typically diagnosed based on an
ultrasonographic finding of hepatic steatosis, along with at least 1of 5 features of the
metabolic syndrome (abdominal overweight or obesity, prediabetes or type 2 diabetes,
hypertension, elevated level of plasma triglycerides, and low level of high-density lipoprotein
cholesterol) for women who consume less than 140 g/wk of alcohol (<2 standard drinks/d)
and for men who consume less than 210 g/wk (<3 standard drinks/d) and have no other
known causes of steatosis such as use of a particular medication (eg, corticosteroids,
tamoxifen, or methotrexate), hepatitis C, or iron overload. Other risk factors for MASLD
include older age (=50 years) and male sex (male:female ratio approximately 2).

The Fibrosis-4 index (a scoring system incorporating age, serum levels of aspartate
aminotransferase and alanine aminotransferase, and platelet count) and vibration-controlled
transient elastography (a noninvasive imaging technique) are commonly used to stage
hepatic fibrosis in patients with MASLD. Cardiovascular disease is the leading cause of death,
followed by certain extrahepatic cancers (primarily gastrointestinal, breast, and gynecologic
cancer) and liver-related complications, including cirrhosis, hepatic decompensation (ascites,
hepatic encephalopathy, or variceal bleeding). and hepatocellular carcinoma. First-line
treatment of MASLD involves behavioral modifications (including hypocaloric
low-carbohydrate and low-fat diets, physical exercise, and avoidance of alcohol) and
management of type 2 diabetes, obesity, hypertension, and hyperlipidemia. Bariatric surgery
should be considered for patients with MASLD and a body mass index greater than 35.
Resmetirom (a liver-directed, thyroid hormone receptor (3-selective agonist) and
subcutaneous semaglutide (a glucagon-like peptide-1receptor agonist) are conditionally
approved by the US Food and Drug Administration (FDA) for the treatment of adults with
MASH who have moderate to advanced fibrosis.

CONCLUSIONS A highly prevalent condition among adults worldwide, MASLD is associated
with liver-related complications, hepatocellular carcinoma, cardiovascular disease, and
certain extrahepatic cancers. First-line treatment includes behavioral modifications, including
a weight-reducing diet, physical exercise, and avoidance of alcohol. Resmetirom and
semaglutide are conditionally FDA-approved medications for the treatment of adults with
MASH and moderate to advanced fibrosis.
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etabolic dysfunction-associated steatotic liver disease

(MASLD), formerly nonalcoholic fatty liver disease, in-

cludes pathological conditions ranging from isolated
hepatic steatosis to metabolic dysfunction-associated steatohepa-
titis (MASH) and cirrhosis, which can progress to hepatocellular
carcinoma.? The diagnosis of MASLD is based on detection of
hepatic steatosis (usually with abdominal ultrasonographic find-
ings) in combination with at least 1 of 5 clinical traits of the meta-
bolic syndrome inindividuals without significant alcohol consump-
tion and no other known causes of hepatic steatosis.>

The most common chronic liver disease worldwide, MASLD
affects approximately 30% to 40% of the general adult pop-
ulation, including approximately 60% to 70% of individuals
with type 2 diabetes and approximately 70% to 80% of those with
obesity.*® Worldwide, MASLD is an increasingly important con-
tributor to liver-related and extrahepatic morbidity and mortality.”®
Cardiovascular disease and extrahepatic cancer-related deaths are
the leading causes of death in individuals with MASLD, whereas
liver-related complications account for approximately 10% of
deaths.9 2
However, because the risk of liver-related complications rises

with increased severity of hepatic fibrosis, liver-related and cardio-
vascular disease-related deaths are the predominant causes of mor-
tality in individuals with MASLD-related cirrhosis."? This Review
summarizes the pathogenesis, epidemiology, diagnosis, treat-
ment, and prognosis of MASLD (Box).

Methods

A PubMed search was performed for English-language articles re-
lated to the epidemiology, pathogenesis, diagnosis, prognosis, and
treatment of MASLD in adults aged 18 years or older published be-
tween January 1, 2000, and August 31, 2025. The search terms in-
cluded metabolic dysfunction-associated steatotic liver disease,
MASLD, metabolic dysfunction-associated steatohepatitis, MASH,
nonalcoholic fatty liver disease, nonalcoholic steatohepatitis,
and NASH. Of 10 154 retrieved articles, 99 wereincluded. There were
46 observational studies, 15 randomized clinical trials, 16 system-
atic reviews or meta-analyses, 15 reviews, and 7 guidelines or posi-
tion statements. If available, absolute data were reported from the
included studies.

Pathogenesis

Hepatic steatosis occurs due to (1) increased hepatic uptake of
free fatty acids (mainly from food and increased release from adi-
pose tissue lipolysis); (2) increased de novo hepatic lipogenesis (also
associated with high dietary intake of glucose and fructose'®);
(3) decreased hepatic fatty acid oxidation; and (4) reduced hepatic
export of triglycerides into very low-density lipoproteins.'* Sys-
temic insulin resistance, which is common among patients with
MASLD, " triggers lipolysis in adipose tissue (releasing larger amounts
of free fatty acids) and hepatic de novo lipogenesis.

Lipotoxicity, characterized by the accumulation of various lip-
idsinthe liver (such as triglycerides, free cholesterol, saturated fatty
acids, and ceramide), leads to inflammation, cellular dysfunction,
and cell death and is an important factor contributing to MASH.'®
Multiple other factors (ie, metabolic and dietary factors, genetics,
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Box. Commonly Asked Questions About Metabolic
Dysfunction-Associated Steatotic Liver Disease (MASLD)

How Is MASLD Diagnosed?

The diagnosis of MASLD is made based on detection of hepatic
steatosis (typically with ultrasonography) combined with at least 1
of 5 typical features of the metabolic syndrome (abdominal
overweight or obesity, prediabetes or type 2 diabetes,
hypertension, increased level of plasma triglycerides, or low level
of high-density lipoprotein cholesterol) for women who consume
less than 140 g/wk of alcohol (<2 standard drinks/d) and for men
who consume less than 210 g/wk of alcohol (<3 standard drinks/d)
and do not have other known causes of hepatic steatosis.

How Is Hepatic Fibrosis Assessed and Staged?

Severity of liver fibrosis should be noninvasively assessed in
individuals with imaging-detected hepatic steatosis; in those
with prediabetes or type 2 diabetes, obesity, or 2 or more
cardiometabolic risk factors (such as level of triglycerides

=150 mg/dL [to convert to mmol/L, multiply by 0.0113] or waist
circumference =94 cmin men and =80 cm in women); and in
those with persistently elevated serum levels of aspartate
aminotransferase and alanine aminotransferase. The Fibrosis-4
index is a noninvasive prediction tool (performed by primary care
clinicians) to assess for risk of MASLD-related advanced liver
fibrosis. Vibration-controlled transient elastography (performed
by hepatologists) and the enhanced liver fibrosis test are 2 other
commonly used tools to noninvasively stage liver fibrosis. If
noninvasive testing is inconclusive, a liver biopsy can be
performed to diagnose and stage MASLD.

How Is MASLD Treated?

First-line treatment for MASLD involves a weight-reducing diet,
increased physical activity, alcohol avoidance, and effective
management of type 2 diabetes, hyperlipidemia, and
hypertension. Bariatric surgery may be considered for selected
patients with MASLD and obesity who have a body mass index
greater than 35 (calculated as weight in kilograms divided by
height in meters squared). Resmetirom (a liver-directed, thyroid
hormone receptor B-selective agonist; 80 or 100 mg/d) and
semaglutide (a glucagon-like peptide-1 receptor agonist; 2.4
mg/wk) are conditionally approved by the US Food and Drug
Administration for the treatment of adults with noncirrhotic
metabolic dysfunction-associated steatohepatitis and moderate
to advanced fibrosis.

and the gut microbiome) also likely contribute to the development
of MASH."”

Proteobacteria and various bacteria-derived components (such
as endotoxin or peptidoglycans) areincreased in both feces and the
liver, and may be involved in the development of MASLD by pro-
moting hepatic inflammation.'®2° Various dietary factors (such as
ahigh-fat diet and excessive intake of glucose or fructose) may pro-
mote low-grade inflammation in multiple organs, including the liver,
kidneys, heart, and blood vessels.2°-?2 In addition, excess adipose
tissue promotes systemic low-grade inflammation through in-
creased release of multiple proinflammatory cytokines and recruit-
ment and activation ofimmune cells (especially macrophages) within
the adipose tissue, which can lead to the progression of MASLD.?

Epidemiology
Currently, up to 30% to 40% of adults have MASLD worldwide.?*

Based on a systematic review® of 92 population-based studies from
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1990 to 2019, the highest prevalence of ultrasound-detected
MASLD was observed in Latin America (44.4%) and the lowest was
in Western Europe (25.1%). By 2040, the global prevalence of MASLD
among adults is projected to exceed 55% due to worldwide in-
creases in obesity and the metabolic syndrome.?*

The Global Burden of Disease Study (from 2010 to 2021)%
reported increasing rates and trends in prevalence, annual inci-
dence, and disability-adjusted life-years for MASLD across 204
countries. Globally in 2021, the age-standardized prevalence of
MASLD was 15 018 per 100 000 population (95% uncertainty
interval, 13 756-16 361) and the annual incidence was 608 per
100 000 population (95% uncertainty interval, 599-618). The
prevalence of MASLD was higher in men than in women (15 731 vs
14310 per 100 000 population), and the prevalence peaked at 45
to 49 years of age for men and at 50 to 54 years for women.?®
The largest increases in age-standardized prevalence estimates
from 2010 to 2021 occurred in China (16.9%), Sudan (13.3%), and
India (13.2%).2° Age-standardized mortality attributable to
MASLD also increased in the US from 2006 to 2023 (from 0.25
to 1.27 per 100 000 population).2® The highest average annual
percentage change in age-standardized mortality was observed
among people older than aged 65 years (average annual percent-
age change, 15.3% [95% Cl, 14.4%-16.3%]), among residents of
rural areas (13.5% [95% Cl, 10.7%-16.3%]), among non-Hispanic
White individuals (11.1% [95% CI, 9.5%-12.8%]), and among
Hispanic individuals (10.7% [95% Cl, 91%-12.3%]).%°

The worldwide prevalence of MASLD is substantially higher
among individuals with other metabolic diseases (such as obesity
or type 2 diabetes).*® In a systematic review and meta-analysis® of
123 cohort studies (involving 2.2 million individuals with type 2 dia-
betes), the global pooled prevalence from 1990 to 2021 of MASLD
(based on ultrasonographic findings) was 65.3% (95% Cl, 62.3%-
68.2%). Among these patients with type 2 diabetes, the preva-
lence of MASLD was highest in Eastern Europe (80.6% [95% ClI,
75.7%-84.7%]) and the Middle East (71.2% [95% Cl, 62.2%-
78.8%]) and lowest in Africa (53.1% [95% Cl, 26.0%-78.4%]).”
Among individuals with type 2 diabetes who had liver biopsy
data (12 studies including 2733 patients with type 2 diabetes), the
global histological prevalence of MASH was 66.4% (95% ClI,
56.6%-75.0%).” Stage F2 hepatic fibrosis (histologically defined as
perisinusoidal and portal or periportal fibrosis) was present in 40.8%
(95% Cl, 24.2%-59.7%) of patients, and 15.5% (95% Cl, 6.9%-
30.9%) had advanced fibrosis (defined as stage F3 or F4).> The liver
fibrosis scale and stages are defined later in this article.

Risk Factors
The most important clinical risk factors for MASLD are abdominal
overweight or obesity (defined as a body mass index [BMI; calcu-
lated as weight in kilograms divided by height in meters squared]
=23 for Asianindividuals and =25 for White individuals and a waist
circumference of =80 c¢m for women and =94 ¢cm for men), insu-
lin resistance (usually estimated by the homeostatic model assess-
ment of insulin resistance score >2.5), and prediabetes or type 2
diabetes.?7-30

The risk of developing MASLD and progressing to MASH
increases with the number of metabolic syndrome features, includ-
ing abdominal obesity, hypertension (defined as systolic/diastolic
blood pressure =130/85 mm Hg in the context of MASLD or use
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of antihypertensive medication), hypertriglyceridemia (fasting level
of triglycerides =150 mg/dL [to convert to mmol/L, multiply by
0.0113] or use of lipid-lowering medication), low level of high-
density lipoprotein (HDL) cholesterol (<40 mg/dL for men and
<50 mg/dL for women [to convert to mmol/L, multiply by
0.0259]), and elevated blood glucose level (fasting glucose level
=100 mg/dL [to convert to mmol/L, multiply by 0.0555], hemo-
globin A,_ level =5.7%, or use of antihyperglycemic medication).>'
In addition to male sex and older age, postmenopausal status (pri-
marily due to estrogen deficiency) and certain genetic variants (in
the PNPLA3 and TM6SF2 genes) may also contribute to the devel-
opment and progression of MASLD.?7-30-32

Behavioral factors such as a sedentary lifestyle, smoking, and
high intake of fructose (principally from sugar-sweetened bever-
ages =1serving/d), alcohol consumption (>140 g/wk [>2 standard
drinks/d]for women and >210 g/wk [>3 standard drinks/d] for men;
a standard drink is equivalent to approximately 12 oz of beer, 5 0z
of wine, or 1.5 oz of 80-proof distilled spirits), and high-calorie diets
(especially those high in saturated fats, sugars, and processed foods)
also increase the risk of MASLD.?7-3°

Metabolic Dysfunction and Alcohol-Related Liver Disease

Metabolic dysfunction and alcohol-related liver disease represents
a separate category of individuals in whom the etiology of liver dis-
ease is both the metabolic syndrome and alcohol intake. This cat-
egory is defined as higher weekly amounts of alcohol consumption
(140-350 g/wk for women and 210-420 g/wk for men) compared
with the lower weekly amounts of alcohol consumption associated
with MASLD indicated below. Alcohol intake above these levels is
usually classified as alcohol-associated liver disease. Therefore, ac-
curate assessment of alcohol use (determined from the patient his-
tory) is necessary to correctly classify steatotic liver disease sub-
types; however, this classification may be affected by underreporting.

Clinical Presentation
Patients with MASLD are usually asymptomatic during precirrhotic
stages,3>3# although some may experience fatigue, malaise, or
right upper quadrant abdominal discomfort. Based on phys-
ical examination, about 50% to 60% of patients with MASLD
have mild to moderate hepatomegaly. Less than 5% of patients
have splenomegaly,>** and more than 80% are classified by BMI
as overweight or obese, 60% to 70% have atherogenic dyslipid-
emia (typically characterized by high plasma level of triglycerides
and low level of HDL cholesterol), approximately 60% have predia-
betes or type 2 diabetes, and up to 50% have hypertension.'®>
The presence of MASLD is often identified incidentally by detec-
tion of hepatic steatosis on abdominal ultrasonographic findings when
ultrasonography is performed for other reasons or because of mild to
moderate increases in serum aminotransferase levels, mainly due to
elevations in serum alanine aminotransferase (ALT) levels. However,
up to two-thirds of patients with MASLD, including those with ad-
vanced fibrosis or cirrhosis, have normal serum aminotransferase lev-
els; serum ALT levels do not correlate well with the histological se-
verity of MASLD.3334

Assessment and Diagnosis
The diagnosis of MASLD is made based on detection of hepatic

steatosis (typically with ultrasonographic findings) combined
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Figure 1. Flowchart Showing the Classification and Subclassification of Steatotic Liver Disease

Patient with steatotic liver disease (SLD)

Diagnosed by hepatic steatosis on ultrasonography, other imaging methods, or liver histology

|

Assess for presence of cardiometabolic risk factors

» Body mass index (BMI) 225 (223 in Asian individuals) or waist circumference 280 cm in women and 294 c¢cm in men
(290 cm in Asian men)

« Fasting glucose level 25.6 mmol/L, 2-h postload glucose level 7.8 mmol/L, hemoglobin A 25.7%,
established type 2 diabetes, or use of medication to lower glucose level

« Systolic/diastolic blood pressure 2130/85 mm Hg or use of medication to lower blood pressure
« Level of plasma triglycerides 21.70 mmol/L or use of medication to lower plasma triglycerides level

« Plasma high-density lipoprotein (HDL) cholesterol <1.0 mmol/L for men and <1.3 mmol/L for women
or use of medication to raise HDL cholesterol level

21 Cardiometabolic risk factor

I

No cardiometabolic risk factors

Alcohol intake
1 standard drink = 70 g alcohol (approximately 12 oz of beer, 5 0z of wine, or 1.5 oz of 80-proof distilled spirits)

v

v

MetALD is on a continuum

MASLD-dominant ALD-dominant

<140 g/wk (female) 140-350 g/wk (female) >350 g/wk (female) 2140 g/wk (female) <140 g/wk (female)
<210 g/wk (male) 210-420 g/wk (male) >420 g/wk (male) 2210 g/wk (male) <210 g/wk (male)
Metabolic dysfunction- Metabolic dysfunction Alcoholic liver disease Specific etiology for SLD
associated steatotic and alcohol-related (ALD) or

liver disease (MASLD) liver disease (MetALD) Cryptogenic SLD

Individuals without metabolic risk factors and no identifiable causes are
considered to have cryptogenic SLD. Those with cryptogenic SLD may be
reexamined over time or be recategorized in the future, pending developments
in the understanding of disease pathophysiology. Other known causes of SLD
include drug-induced liver injury, iron overload, monogenic disorders such as
lysosomal acid lipase deficiency, hypobetalipoproteinemia, Wilson disease,

inborn errors of metabolism, and other liver diseases (such as genotype 3
hepatitis C virus infection, autoimmune hepatitis), celiac disease, malnutrition,
or HIV infection. BMI is calculated as weight in kilograms divided by height in
meters squared. To convert glucose to mg/dL, divide by 0.0555; HDL
cholesterol to mg/dL, divide by 0.0259; and triglycerides to mg/dL, divide by
0.0113.

with at least 1of 5 typical features of the metabolic syndrome (ab-
dominal overweight or obesity, prediabetes or type 2 diabetes,
hypertension, increased plasma level of triglycerides, or low level
of HDL cholesterol) for women who consume less than 140 g/wk
of alcohol (<2 standard drinks/d) and for men who consume less
than 210 g/wk (<3 standard drinks/d) and do not have other
known causes of hepatic steatosis, including use of certain medi-
cations (such as corticosteroids, methotrexate, or tamoxifen),
hepatitis C virus infection, iron overload, celiac disease, HIV, mal-
nutrition, Wilson disease, lysosomal acid lipase deficiency, hypo-
betalipoproteinemia, or inborn errors of metabolism? (Figure 1).

Imaging Studies

Although hepatic steatosis may be incidentally identified with
abdominal computed tomography or magnetic resonance
imaging, abdominal ultrasonography is the first-line imaging
test for the diagnosis of hepatic steatosis, which is characterized
by the qualitative assessment of increased hepatic echogenicity
(compared with the renal cortex), decreased visibility of intra-
hepatic vessels, and impaired visualization of the diaphragm
and deeper liver tissue. Ultrasonography, which is widely
available and affordable, has a sensitivity of 80% to 89% and a
specificity of 87% to 90% for detecting moderate to severe
steatosis.>*36-38 However, the sensitivity of ultrasonography is
less than 50% for detecting mild steatosis (hepatic fat content
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<20%).3° For detection of any degree of hepatic steatosis, mag-
netic resonance imaging-proton density fat fraction has a sensi-
tivity of 77% to 92% and a specificity of 87% to 94% and the
range is 95% to 98% for both the sensitivity and specificity of
magnetic resonance spectroscopy.*® However, these 2 imaging
techniques are primarily used in clinical trials and are only avail-
able at specialized centers.

The controlled attenuation parameter (CAP), which measures
the attenuation of ultrasound waves passing through the liver, is
another noninvasive method for assessing hepatic steatosis. It
is typically performed in conjunction with vibration-controlled tran-
sient elastography (an imaging method usually performed by hepa-
tologists) to measure liver stiffness based on the speed of ultra-
sound pulses passing through the liver. CAP values of 248 dB/m or
greater are considered diagnostic for hepatic steatosis, and higher
CAP values indicate more severe steatosis.>*3”38 Compared with
conventional ultrasonography, CAP has a similar sensitivity and a
slightly higher specificity (approximately 90%) for detecting
hepatic steatosis.>+3"38

Liver Biopsy and Liver Fibrosis Stage

Liver biopsy is the criterion standard for diagnosing MASH and
staging hepatic fibrosis, but it is an invasive procedure that is costly
and is associated with acute bleeding in rare cases (approximately
<2%).*' Although typically not used to diagnose MASLD, liver
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biopsy is useful for the diagnosis and management of patients with
liver conditions of unknown etiology and in those with MASLD and
coexisting liver diseases (such as autoimmune hepatitis or viral
hepatitis).** Based on liver biopsy histology, liver fibrosis is scored
using a 5-stage scale: FO (absence of fibrosis), F1 (perisinusoidal or
portal fibrosis), F2 (perisinusoidal and portal or periportal fibrosis),
F3 (septal and bridging fibrosis), and F4 (cirrhosis).

Noninvasive Assessment of Hepatic Fibrosis Severity
The 2 most commonly used noninvasive tests to evaluate fibrosis
severity in individuals with MASLD are the Fibrosis-4 (FIB-4) index
and the enhanced liver fibrosis (ELF) test. The FIB-4 index equa-
tion (includes age, serum ALT level, serum aspartate aminotrans-
ferase level, and platelet count) provides an estimate of the risk of
advanced liver fibrosis as low (score <1.30), indeterminate (score of
1.30-2.67), or high (score >2.67). An FIB-4 index of less than 1.3 has
anegative predictive value of 85% to 90% for detecting advanced
liver fibrosis. The ELF test uses 3 serum biomarkers of fibrosis
(tissue inhibitor of metalloproteinase 1, type lll procollagen amino
terminal peptide, and hyaluronic acid), which are associated with liver
extracellular matrix metabolism, to provide a score reflecting fibro-
sis severity. The ELF test has a sensitivity of approximately 98% for
detecting advanced liver fibrosis.*®

Another noninvasive test, the Agile 3+ score (based on a
combination of measured liver stiffness via vibration-controlled
transient elastography with aspartate aminotransferase:ALT ratio,
platelet count, diabetes status, sex, and age), has been shown to
better identify advanced fibrosis in patients with MASLD than the
FIB-4 index or the measurement of liver stiffness alone.**“* In
addition, the single or serial use of the Agile 3+ score accurately
predicted long-term liver-related events in a multinational cohort
of 16 603 patients with MASLD followed up for a median of 51.7
months (IQR, 25.2-85.2 months), making it a suitable alternative
to liver biopsy in clinical practice and in clinical trials of MASH.*®

Other less frequently used serum biomarkers and imaging tech-
niques for identifying individuals with MASH and fibrosis stage of
F2 or higher*”*° are summarized in eTable 1in the Supplement.

Screening for MASLD
Guidelines from the American Association for the Study of Liver Dis-
eases, the European Association for the Study of the Liver (EASL),
the European Association for the Study of Obesity, and the American
Diabetes Association do not recommend universal screening for
MASLD.9->% Instead, the guidelines from these organizations
strongly recommend a 2-tier testing approach to screening for ad-
vanced liver fibrosis in high-risk populations for MASLD (such asin-
dividuals with prediabetes or type 2 diabetes, those with obesity or
=2 metabolic risk factors, and those with an incidental finding of
imaging-detected hepatic steatosis or persistently elevated serum
aminotransferase levels).”%>°

The first step of this 2-tier screening approach involves calcu-
lation of the FIB-4 index, whichis usually performed by primary care
clinicians (Figure 2). Patients with an FIB-4 index greater than 1.3
should undergo either vibration-controlled transient elastography
to measure liver stiffness or another noninvasive test (such as the
ELF test). Patients with a liver stiffness measurement greater than
8.0 kPa or an ELF test score greater than 9.8 should be referred to
a hepatologist for further evaluation.>©->°
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Development of Advanced Fibrosis, Cirrhosis,

and Hepatocellular Carcinoma

Approximately 15% to 40% of patients with isolated hepatic ste-
atosis progress to MASH.>® Fibrosis progression typically occurs
slowly; estimated progression is about 1liver fibrosis stage over ap-
proximately 14 years for patients with isolated steatosis and 1liver
fibrosis stage over approximately 7 years for those with MASH.>”
More advanced stages of liver fibrosis are the strongest risk factor
for progression to cirrhosis and hepatic decompensation*®
(Figure 3).

In a systematic review and meta-analysis°® of 54 studies
involving 26 738 patients with histologically confirmed MASLD, 2%
to 3% of patients with isolated steatosis developed advanced fibro-
sis (determined by histology) over 15 to 20 years, and about 25% to
30% of patients with MASH developed advanced fibrosis (defined
as histological fibrosis stage =F3) within 8 to 10 years. In a study of
patients with biopsy-confirmed MASH, progression to cirrhosis
occurred over 2 years in 22% (48/217) of patients with fibrosis
stage F3.%8 Cirrhosis is associated with hepatic decompensation
events (such as ascites, hepatic encephalopathy, and variceal
bleeding) that occur at rates of about 10% annually.®>94° In addi-
tion, up to nearly 2.5% of patients with cirrhosis develop incident
hepatocellular carcinoma annually.%>°

Treatment

The primary goals of MASLD treatment are to induce resolution of
MASH and to prevent progression of liver fibrosis and long-term liver-
related events (such as new-onset cirrhosis, hepatic decompensa-
tion, hepatocellular carcinoma, and liver-related death).'0->>®" Ef-
fective management of metabolic comorbidities (obesity, type 2
diabetes, hyperlipidemia, and hypertension) is also important to de-
crease the progression risk for MASLD, chronic kidney disease (stage
=3), heart failure, and certain types of extrahepatic cancer.®

Behavioral Modifications

Behavioral modifications are the first-line treatment for MASLD.
A prospective study with paired liver biopsy results (involving
293 adult patients with MASH followed up for 52 weeks) reported
lifestyle-induced weight loss of 7% to 10% improved MASH and
liver fibrosis, and a weight loss of 5% decreased hepatic steatosis.®?
Improvement by more than 30% in histological hepatic steatosis
was reported in 76% of patients with weight loss of 7% to 10%
compared with 35% of patients with weight loss of less than 5%
(P < .001); resolution of MASH was more common in the group
with weight loss of 7% to 10% (64% vs 10% in the group with
weight loss of <5%; P < .001). Patients with weight loss of 10%
or greater showed more improved resolution of MASH vs patients
with weight loss of less than 5% (90% vs 10%, respectively; P < .001)
and more patients showed a reduction in liver fibrosis at 52 weeks
(45% vs 16%; P < .001).%2

Dietary Modifications

Low-carbohydrate and low-fat hypocaloric diets have shown simi-
lar effectiveness in reducing liver fat and related biomarkers (such
as serum aminotransferase levels) in patients with MASLD.%>%% The
EASL guidelines®® recommend a Mediterranean-type diet with high
intake of fruits, vegetables, whole grains, fish, and olive oil and lim-
iting ultraprocessed foods, saturated fats, and refined sugars to

JAMA Published online November 10, 2025

© 2025 American Medical Association. All rights reserved, including those for text and data mining, Al training, and similar technologies.

E5


https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2025.19615?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2025.19615
http://www.jama.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2025.19615

Clinical Review & Education Review Metabolic Dysfunction-Associated Steatotic Liver Disease in Adults: A Review

Figure 2. Diagnostic Framework for Detection of Advanced Liver Fibrosis in Individuals at High Risk

Patient with type 2 diabetes; obesity and 21 cardiometabolic risk factor; imaging-detected steatotic liver disease;

or persistently elevated level of serum aminotransferase

Calculate Fibrosis-4 (FIB-4) index
FIB-4 score = age x AST/(platelet count x v[ALT])

FIB-4 score >2.67
High risk of advanced fibrosis
(5%-10% of patients tested)

FIB-4 score <1.3
Low risk of advanced fibrosis
(50%-70% of patients tested)

FIB-4 score 1.3-2.67
Indeterminate risk of advanced fibrosis
(20%-40% of patients tested)

v

Measure liver stiffness
Vibration-controlled transient elastography

<8.0 kPa 28.0 kPa
4 A

Reassess FIB-4 score every 1-3y Refer to liver specialists
Lifestyle modification Further noninvasive test of fibrosis
Avoid alcohol intake + Imaging-based and blood-based
. tests alone or in combination
Treatment of type 2 diabetes, - Consider liver biopsy
obesity, dyslip_idemia, (in selected cases)
and hypertension Management of liver disease
and its complications

Intensify management of metabolic
comorbidities

GLP-1 receptor agonists
Incretin-based polyagonists

Bariatric surgery for selected
severely obese patients

v

( Reassess FIB-4 score at <1y W

| FIB-4 score <1.3 ‘ | FIB-4 score 21.3 |

E6

This diagnostic framework, which is structured around a 3-tier testing process
(each serving a specific purpose), has been validated.>®-' The FIB-4 index
(first-line test) is a reliable and accurate test that helps rule out advanced
fibrosis, with a high negative predictive value, thereby reducing the need for
further testing. The FIB-4 index should be performed by primary care clinicians.
Vibration-controlled transient elastography (second-line test) is used to
noninvasively measure liver stiffness; alternatively, a blood test is used to obtain
the enhanced liver fibrosis score in certain countries (such as the UK). These
more expensive, specialized noninvasive tests aim to identify patients at high

risk of advanced fibrosis and are usually performed by specialists

(eg, hepatologists). Hepatologists perform third-line testing to confirm the
presence of advanced fibrosis and develop a treatment plan. Confirmation of
the diagnosis by hepatologists may require additional noninvasive
imaging-based or blood-based tests of liver fibrosis (alone or in combination)
or a liver biopsy, especially if the results from the noninvasive tests are
inconsistent (or discordant). ALT indicates alanine aminotransferase;

AST, aspartate aminotransferase; GLP-1, glucagon-like peptide-1.

manage MASLD. Long-term dietary adherence isimportant and may
improve when individual preferences are considered along with clini-
cal, cultural, and economic factors.

Physical Activity

The EASL guidelines®° strongly recommend regular physical activ-
ity (preferably consisting of =150 min/wk of moderate-intensity
aerobic exercise or 75-150 min/wk of vigorous-intensity exercise) to
reduce hepatic steatosis inindividuals with MASLD.®° Evidence from
well-designed trials is needed to assess the long-term effects of physi-
cal activity on liver-related events.

Medications

Two pharmacotherapies (resmetirom and semaglutide) are condi-
tionally approved by the US Food and Drug Administration (FDA) for
the treatment of adults with noncirrhotic MASH and moderate to
severe fibrosis (stages F2-F3) (Table).6%%” To date, no randomized
clinical trials have compared the combined effects of semaglutide
and resmetirom for the treatment of MASH and moderate to ad-
vanced fibrosis.

Resmetirom | Resmetirom is a liver-directed, thyroid hormone re-
ceptor B-selective agonist, which was conditionally approved by the
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FDA on March 14, 2024, and by the European Medicines Agency on
August 19, 2025, for the treatment of adults with MASH and mod-
erate to advanced fibrosis. A phase 3 trial involving 966 patients
with obesity and biopsy-confirmed MASH (fibrosis stages F1-F3) re-
ported that resmetirom (80 mg/d or 100 mg/d for 52 weeks)
resulted in histological resolution of MASH without worsening of fi-
brosis in the 80-mg resmetirom group (25.9%) and in the 100-mg
resmetirom group (29.9%) compared with the placebo group (9.7%);
P < .001for both comparisons with placebo.®® Improvement of liver
fibrosis by at least 1stage (without worsening of MASH) was achieved
in 24.2% of patients in the 80-mg resmetirom group and in 25.9%
of patients in the 100-mg resmetirom group compared with
14.2% of patients in the placebo group (P < .001).6¢

At week 52, treatment with 100 mg of resmetirom reduced se-
rum ALT levels (between-group difference for 100 mg of resmeti-
rom vs placebo, —26% [95% Cl, -34% to -18%]; P < .001), achieved
a measured reduction in liver stiffness of 25% or greater (49% for
resmetirom vs 29% for placebo; P < .001), and significantly im-
proved (P < .001) circulating levels of plasma low-density lipopro-
tein cholesterol (between-group difference, -16% [95% Cl, -20%
to -13%]), triglycerides (between-group difference, -19% [95% Cl,
-28% to -10%]). and lipoprotein(a) (between-group difference,
-35% [95% Cl, -43% to -27%]), which may confer cardiovascular
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Figure 3. Pathogenesis and Progression of Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD)
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Among the possible genetic factors,
some genetic polymorphisms are
significantly associated with
increased susceptibility to MASLD,
such as the PNPLA3 [148M variant
and the TM6SF2 E167K variant, which
influence hepatic lipid droplet
metabolism, lipoprotein secretion,
and inflammation. Female sex (prior
to postmenopausal status), hormonal
factors (eg, estrogen levels), and
specific genetic polymorphisms (eg,
HSD17B13 genetic variant) can
beneficially influence the
development and progression of
MASLD. The stage of liver fibrosis is
the strongest prognostic factor for
long-term, liver-related morbidity and

mortality.

benefits.®® There was no significant difference in weight loss at week
52 (-1.8% for the 100 mg of resmetirom group vs -0.9% for the pla-
cebo group), indicating that the hepatoprotective effects of resme-
tirom were not due to weight loss.®®

Semaglutide | On August 15, 2025, the FDA conditionally approved
the glucagon-like peptide-1receptor agonist semaglutide (2.4 mg/wk)
for the treatment of MASH and moderate to advanced fibrosis based
onaphase 3, placebo-controlled trial that included 800 patients with
obesity and biopsy-confirmed MASH with fibrosis stage F2 or F3.6”
Histological resolution of MASH without worsening of fibrosis oc-
curred in 62.9% of patients in the semaglutide group (2.4 mg/wk for
72 weeks) vs 34.3% of patients in the placebo group (P < .001). Inad-
dition, improvement by at least 1fibrosis stage without worsening of
MASH occurred in 36.8% of patients in the semaglutide group vs
22.4% of patients in the placebo group (P < .001).

At week 72, patients taking semaglutide had greater weight loss
compared with placebo (-10.5% vs -2%, respectively; P < .001), im-
provements in plasma lipid levels (lower levels of plasma total cho-
lesterol and triglycerides and higher HDL cholesterol level), reduc-
tionsin meanserum ALT levels (-52% vs -8%; P < .001), and a higher
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likelihood of achieving a reduction of 25% or greater in the mea-
surement of liver stiffness from baseline (60% vs 35%; P < .001).%”

Bariatric Surgery
Bariatric surgery (Roux-en-Y gastric bypass or sleeve gastrectomy)
should be considered for individuals with MASLD and obesity (BMI
>35), especially in those without improvement from behavioral modi-
fications or from the use of medications on imaging-detected he-
patic steatosis and liver fibrosis.®®7° A bariatric surgery cohort that
included 180 patients with severe obesity (mean BMI, 48.1) and bi-
opsy-proven MASH reported histological resolution of MASH (in 84%
of patients) and reductions in liver fibrosis (in 70% of patients) at
5-year follow-up.®®

In an observational study that included 1158 adults with con-
firmed histological diagnosis of MASH and liver fibrosis (stages
F1-F3), patients who underwent bariatric surgery had a lower 10-
year cumulative incidence rate of liver-related adverse events
(eg, progression to cirrhosis, hepatocellular carcinoma, requiring
a liver transplant, or liver-related mortality) compared with those
who did not undergo bariatric surgery (2.3% [95% Cl, 0%-4.6%]
vs 8.5% [95% Cl, 5.5%-11.4%]; adjusted hazard ratio [HR], 0.12
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[95% Cl, 0.02-0.63]; P = .01).%° The 10-year cumulative incidence
rates of cardiovascular disease events (defined as a composite of
coronary artery events, cerebrovascular events, heart failure, or car-
diovascular disease death) were also lower in the bariatric surgery
group (8.5% [95% Cl, 5.5%-11.4%] vs 15.7% [95% Cl, 11.3%-19.8%]
in those who did not undergo surgery; adjusted HR, 0.30 [95% Cl,
0.12-0.72]; P = .007).%°

Prognosis

A2020 systematic review and meta-analysis’' of 13 longitudinal stud-
ies, involving 4428 patients with biopsy-proven MASLD (65% of
whom had MASH), reported that the unadjusted risk of adverse
health outcomes increased with increasing stage of fibrosis (stage
FO [nofibrosis] vs F4) for liver-related events (HR, 12.8 [95% Cl, 6.8-
23.8]), liver-related mortality (HR, 11.1[95% Cl, 4.1-29.8]), liver trans-
plant (HR, 5.42[95% Cl, 1.05-27.9]), and all-cause mortality (HR, 3.42
[95% Cl, 2.6-4.5]). The HRs did not differ significantly after adjust-
ment for age and sex.”’

Ananalysis’?including 4925 patients with MASLD (2135 witha
histological diagnosis and 2790 diagnosed by vibration-controlled
transient elastography) reported that the 5-year probability was
0.2% for liver-related events and was 3.0% for extrahepatic events
(including cardiovascular disease-related outcomes and extrahe-
patic cancer-related outcomes) in patients with stage FO or F1,2.0%
and 3.8%, respectively, in patients with stage F2,and 9.7% and 6.4%
in patients with stage F3 or F4.

Recent cohort studies also reported that individuals with
MASLD have significantly higher all-cause mortality rates than
matched controls.'>”37> A nationwide, registry-based cohort study
from Sweden that identified patients based on International Statis-
tical Classification of Diseases and Related Health Problems, Tenth
Revision, codes for MASLD (n = 13 099) and control individuals
from the general population (n = 118 884) matched for age, sex,
municipality, and calendar year reported higher incidence rates
(over a median follow-up of approximately 5 years) for all-cause
mortality in patients with MASLD (20.4 [95% Cl, 19.5-21.5] per
1000 person-years) vs control individuals (11.1 [95% Cl, 10.8-11.3]
per 1000 person-years; HR, 1.85 [95% Cl, 1.74-1.96]), higher cardio-
vascular disease-related mortality (5.3 [95% Cl, 4.8-5.8] per 1000
person-years vs 3.5 [95% Cl, 3.4-3.7], respectively; HR, 1.54
[95% CI, 1.38-1.72]), and higher non-hepatocellular carcinoma
cancer-related mortality (5.7 [95% Cl, 5.2-6.2] per 1000 person-
years vs 3.5 [95% Cl, 3.4-3.7]; HR, 1.47 [95% Cl, 1.32-1.63])."

Another retrospective cohort study' of 366 433 US adults
with imaging-detected steatotic liver disease at the Veterans
Health Administration (2010-2021) reported that the leading
causes of death in patients with noncirrhotic MASLD were cardio-
vascular disease and extrahepatic cancer (10-year cumulative inci-
dence of 8.1% and 7.5%, respectively). Conversely, among patients
with MASLD-related cirrhosis, the 10-year cumulative incidence of
liver-related death was 9.2% and the incidence of cardiovascular
disease-related death was 17.3%."

Asystematic review and meta-analysis’® of 36 longitudinal stud-
ies, including 5.8 million middle-aged individuals (mean age, 53 years
[SD, 7 years]), reported that MASLD was associated with an in-
creased risk of fatal or nonfatal cardiovascular disease events (pooled
random-effects HR, 1.45 [95% Cl, 1.31-1.61]) over a median follow-up
of 6.5 years (IQR, 5-10 years). The risk of cardiovascular disease
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events increased across the severity of MASLD, especially by the
stage of fibrosis (pooled random-effects HR, 2.50 [95% Cl, 1.68-
3.72)).

Furthermore, meta-analyses’’”° have reported that MASLD is
significantly associated with a higher risk of developing heart failure
(pooled HR, 1.50 [95% Cl, 1.34-1.67] from an analysis’’ that
included 11 cohort studies with 11.2 million participants who were
followed up for a median of 10 years [IQR, 8-14 years]), a higher risk
of developing chronic kidney disease stage 3 or higher (pooled HR,
143 [95% Cl, 1.33-1.54] from an analysis’® that included 13 cohort
studies with 1.2 million individuals who were followed up for a
median of 9.7 years [IQR, 5-10 years]), and a higher risk of develop-
ing new-onset atrial fibrillation (pooled HR, 1.20 [95% Cl, 110-1.32]
from an analysis’® that included 16 cohort studies with aggregate
data for 19.5 million individuals who were followed up for a median
of 7.2 years [IQR, 3.6-9.5 years]). A meta-analysis of 33 cohort stud-
ies (including 501022 individuals followed up for a median of 5
years [IQR, 4-19 years]) showed that MASLD is associated with an
approximately 2-fold increased risk of developing incident type 2
diabetes (pooled HR, 2.19 [95% Cl, 1.93-2.48]), and this risk mark-
edly increases across the severity of liver fibrosis (pooled HR, 3.42
[95% Cl, 2.29-5.11]).8°

Another meta-analysis®' of 10 cohort studies (including
182 202 individuals over a median follow-up of 5.8 years [IQR, 4-8
years]; there were 8485 incident cases of extrahepatic cancer)
found that MASLD is also associated with a higher risk of develop-
ing certain types of gastrointestinal cancer (esophageal: HR,
1.93[95% Cl, 119-3.12]; stomach: HR, 1.81[95% Cl, 1.19-2.75]; pan-
creatic: HR, 1.84 [95% Cl, 1.23-2.74]; and colorectal: HR, 1.64
[95% Cl, 1.24-2.19]) and a higher risk of developing breast cancer
(HR, 1.39 [95% ClI, 1.13-1.71]) and gynecologic malignancies (HR,
1.62 [95% Cl, 113-2.32]).

Future Directions

Phase 3, randomized, placebo-controlled trials are ongoing for tirz-
epatide and other dual- or triple-incretin receptor agonists,8286
gliflozins,®” pan-peroxisome proliferator-activated receptor ago-
nists (ie, lanifibranor),®® and fibroblast growth factor 21analogs®°*'
(eTable 2 in the Supplement). Other investigational approaches in-
clude fatty acid synthase inhibitors (NCTO4906421) and genetic
target-based therapies (such as antisense oligonucleotides targeting
the PNPLA3 genetic variant).?

Blood-based biomarkers of fibrosis and vibration-controlled
transient elastography will likely be used more frequently to moni-
tor liver disease progression and regression, predict long-term liver-
related events, and assess treatment responses, especially with the
availability of semaglutide and resmetirom for the treatment of
MASH and liver fibrosis.®>* In addition, polygenic risk scores, %7
metabolic signatures,®® and microbiome signatures®® may help iden-
tify patients with MASLD who have distinct disease trajectories and
responses to treatment.

Limitations

This Review has several limitations. First, some relevant publica-
tions may have been missed. Second, the quality of evidence was
not formally assessed. Third, this Review focused on MASLD in
adults and did not include information about MASLD in children
and adolescents.
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Conclusions

A highly prevalent condition among adults worldwide, MASLD is as-
sociated with liver-related complications, hepatocellular carcinoma,
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