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INTRODUCTION

Metabolic dysfunction-associated steatotic liver disease 
(MASLD), formerly known as nonalcoholic fatty liver dis-
ease (NAFLD), is a large global public health issue. MASLD 
encompasses a spectrum ranging from steatosis to metabolic 
dysfunction-associated steatohepatitis (MASH, formerly 
NASH), advanced fibrosis, cirrhosis, and hepatocellular car-
cinoma (HCC). The nomenclature change reflects the rec-
ognition that metabolic dysfunction is the primary driver of 
this disease.1 This review synthesizes current understanding 
of MASLD epidemiology, pathophysiology, screening strat-
egies, and management approaches with particular empha-
sis on recently approved therapeutics and clinical scenarios 
including liver transplantation.

EPIDEMIOLOGY AND BURDEN OF DISEASE

The global prevalence of MASLD has increased dramatically 
over the last three decades, rising to more than 50% in some 
populations.2 The current estimated global prevalence is 
38.2%.2 Per the Global Burden of Disease (GBD) 2021 data, 
there are increasing rates and trends of point prevalence, 
annual incidence, and disability-adjusted life-years (DALYs) 
across 204 counties with approximately 2.2 times as many 
DALYs in 2021 compared to three decades prior.3

The prevalence of MASLD is substantially higher among 
specific subgroups. A meta-analysis of 156 studies includ-
ing 1.8 million people with type 2 diabetes (T2DM) found 
a global MASLD prevalence of 65% and MASH 32%.4 The 
bidirectional relationship is clinically significant as well. 
MASLD increases the risk of new-onset T2DM by a factor of 
2.2 or 3.4 in the presence of advanced liver disease.5

MASLD increases the risk of cirrhosis and HCC. A 
meta-analysis of 64 studies showed a pooled incidence rate 
of HCC of 1.25 per 1000 person-years among persons with 
MASLD, but 20 per 1000 person-years among persons with 
MASLD-related cirrhosis.6 Beyond hepatic complications, 
MASLD increases the risk of fatal and nonfatal cardiovascu-
lar disease (CVD) by a factor of 1.5 independent of traditional 
risk factors and by 2.5 in the presence of severe liver disease.7 
Additional extrahepatic manifestations include increase 
risk of new-onset heart failure,8 atrial fibrillation,9 CKD,10 
and other extrahepatic cancers by a factor of 1.2–1.5.11 The 
leading causes of death in MASLD are CVD, extrahepatic  
cancers, and cirrhosis-related complications, in that order.1

NATURAL HISTORY 

The highest number of coexisting metabolic disorders in 
MASLD patients includes T2DM, obesity, and hyperten-
sion.1 In roughly 30% of MASLD patients, disease pro-
gression is driven by lipotoxic effects (i.e., adiposity, or 
accumulation of visceral fat, and insulin resistance) leading 
to hepatocellular damage and lobular inflammation, which 
are the hallmark features of MASH that progress to fibrosis 
and cirrhosis.12

Liver fibrosis is staged on a five-point scale from F0 to F4. 
Patients with F0 (no fibrosis) or F1 (perisinusoidal or portal 
fibrosis) have an estimated time to cirrhosis of 30 to 35 years. 
F2 (perisinusoidal and portal or periportal fibrosis) represents 
a critical threshold since it is a strong predictor of death 
from any cause and liver-related complications. Progression 
to cirrhosis from F2 is approximately 20 years. F3 (septal and 
bridging fibrosis) progresses to cirrhosis in about five years. 
Once cirrhosis (F4) develops, there is less than 10% chance 
per year of reversing to MASH with a 0.5–2.5% annual risk 
of HCC and 10% annual risk of hepatic decompensation.1

Additional factors that hasten MASLD progression include 
alcohol, genetic variants (i.e., PNPLA3, TM6SF2, APOB), 
and hepatitis B and C infection.1

PATHOPHYSIOLOGY

The pathophysiology of MASLD is multifactorial. Insu-
lin resistance in adipose tissue increases intracellular lipid 
droplets and flux of free fatty acid into liver, thereby activat-
ing stress and inflammatory pathways. This promotes cell 
death, fibrinogenesis, and carcinogenesis.1,13 

De novo lipogenesis (DNL) is markedly elevated in 
patients with MASLD/MASH.14 Obesity and insulin resis-
tance disrupt signals from the gastrointestinal tract and 
adipose tissue that normally regulate carbohydrate, lipid, 
and amino acid metabolism. In MASLD/MASH, increased 
glucose flux via DNL leads to higher conversion of glucose 
into blood lactate, which is released into portal circula-
tion and taken up by hepatocytes and hepatic stellate cells, 
contributing to fibrosis. Fructose that is metabolized into  
acetyl-CoA also serves as a key substrate for DNL and 
induces gastrointestinal inflammation in gut macrophages.

On a cellular level, MASLD/MASH is associated with mito- 
chondrial structural abnormalities, such as swollen mito-
chondria, fragmented cristae, and decreased mitochondrial 
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density.14,15 These mitochondrial damages reduce hepatic 
fatty acid oxidation. While this initially stimulates path-
ways for mitochondrial biogenesis, there is poor reserve to 
do this in MASH.15 Furthermore, in high concentrations of 
glucose substrates in MASLD/MASH, the flux of lactate 
is higher, which has important implications for the liver. 
Hepatic stellate cells utilize lactate, which is a key cellular  
contributor to liver fibrosis. As such, this may explain higher 
risk of MASH in patients with T2DM.14,15

Genetic variants also contribute to MASLD/MASH patho-
physiology. The PNPLA3 I148M variant, which encodes liver 
and adipose expressed membrane-bound lipid droplet-asso-
ciated protein, results in increased lipid droplet stability and 
accumulation.16 This variant has been found associated with 
increased MASLD risk and higher rates of fibrosis, cirrhosis, 
and HCC.17

Insulin regulation, which physiologically insulin would 
inhibit adipose tissue lipolysis, is defective in MASLD/
MASH. Insulin resistance increases more fatty acid deliv-
ery to the liver even in the postprandial state, driving both 
increased DNL flux, impaired adipose tissue lipolysis,  
and steatosis.17 

Some basic science research has suggested leveraging 
other biochemical pathways in the liver and the futile 
lipid cycle to help systemic metabolic homeostasis. One of 
which is the glycerol/fatty acid cycle, which involves repet-
itive hydrolysis of glycerides and re-esterification of fatty 
acids into glycerides in the liver. This allows fatty acids 
to be sequestered as glycerol in the liver instead, reducing 
fatty acid stores in liver. Moreover, this cycle requires ATP 
consumption and may help reduce metabolic burden in  
MASLD/MASH.18

SCREENING AND DIAGNOSIS

Risk factors for MASLD include T2DM, multiple meta-
bolic risk factors (i.e., atherogenic dyslipidemia [elevated 
triglycerides and apolipoprotein B, small LDL particles, and 
low HDL cholesterol concentrations], elevated blood pres-
sure, elevated plasma glucose, a prothrombotic state, and a 
proinflammatory state), and elevated liver enzymes.19

Fibrosis-4 index (FIB-4) is a widely used screening methods 
for MASLD/MASH in primary care clinics and uses nonin-
vasive blood-based fibrosis biomarkers calculated from age, 
aspartate aminotransferase (AST), alanine aminotransferase 
(ALT), and platelet count.1 FIB-4 stratifies patients into low, 
indeterminate, and high-risk for MASLD. Low-risk patients 
can be managed by primary care providers with re-evalua-
tion every one to three years. Indeterminate-risk patients 
should be referred for additional testing based on liver- 
specific biomarkers, vibration-controlled transient elastog-
raphy (VCTE), Enhanced Liver Fibrosis (ELF) test, or his-
tology. High-risk patients should also have a VCTE and be 
referred to a hepatologist.1

MANAGEMENT FOR MASLD, MASH,  

AND MASH CIRRHOSIS

Lifestyle Modifications

Lifestyle modification remains the cornerstone of MASLD 
management and is indicated for all patients at risk, includ-
ing those with low-risk FIB-4.1,20 Weight loss targets are 
stratified by therapeutic goal: 1) at least 5% to reduce liver 
steatosis; 2) 7–10% to reduce liver inflammation; and 3) 
at least 10% to reduce liver fibrosis.20 However, less than 
20% of individuals achieve and maintain requisite levels of 
weight loss over sustained periods.1 The Mediterranean diet, 
physical exercise (ideally >150 minutes per week of mod-
erate or 75 min/week of vigorous intensity), and alcohol 
and smoking abstinence are recommended. Alcohol is the 
strongest modifiable risk factor with increased risk for liver- 
related mortality in overweight or obese males starting at 
15 drinks per week. Overall, there is no quantifiable recom-
mended safe level of alcohol consumption. Per the European 
Association for the Study of Liver (EASL) Practice Guide-
lines, avoidance of alcohol for individuals with or at risk for 
MASLD is generally recommended.20 Vitamin E supplemen-
tation may also help reduce liver inflammation, specifically 
reduction in aminotransferases, steatosis, and cellular bal-
looning on biopsy.21 However, vitamin E has not been shown 
to have an antifibrotic benefit. As such, recent guidelines 
do not widely recommend vitamin E supplementation but 
can be considered in select individuals without diabetes to 
improve steatosis.22

EXISTING FDA-APPROVED  

PHARMACEUTICAL THERAPY 

Resmetirom

Resmetirom, a selective thyroid hormone receptor beta 
(THR-beta) agonist, was the first FDA-approved medication 
for treating noncirrhotic MASH with moderate to advanced 
fibrosis (F2-3) in March 2024.23 The approval was based on 
the phase 3 MAESTRO-NASH trial, which randomized 966 
patients with biopsy-proven MASH and F1-3 fibrosis to 
receive resmetirom 80 mg, 100 mg, or placebo daily for 52 
weeks.23 Both resmetirom doses achieved the primary end-
points (MASH resolution without worsening of fibrosis) in 
25.9% (80 mg) and 29.9% (100 mg) versus 9.7% (placebo). 
There was fibrosis improvement by at least one stage with-
out worsening of MASH in 24.2% (80 mg) and 25.9% (100 
mg) versus 14.2% (placebo). 

Resmetirom improves hepatocyte mitochondrial func-
tion, promotes mitochondrial biogenesis and mitophagy, 
increases hepatic fatty acid beta-oxidation, decreases lipo-
toxic burden, regulates bile acid synthesis, facilitates hepatic 
uptake of LDL, and thereby lowers triglyceride and choles-
terol level. The most common adverse events are nausea  
and diarrhea.24,25

Treatment initiation does not require liver biopsy. Per 
AASLD guidelines, noninvasive tests such as VCTE would 
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suffice to identify adults with MASH and F2-3 fibrosis. The 
recommended dosage is 100 mg daily for person over 100 kg 
or 80 mg for those less than 100 kg.26 Main exclusion crite-
ria include compensated or decompensated cirrhosis, active 
liver diseases, sub-optimally managed thyroid disease, 
or ongoing alcohol consumption (>20 g/day for women or  
>30 g/day for men).27

Semaglutide

Semaglutide, a glucagon-like peptide-1 (GLP-1) receptor ago-
nist, received accelerated FDA approval in August 2025 for 
treating MASH with moderate to advanced fibrosis (F2-F3) 
based on interim results from the phase 3 ESSENCE trial.1,28 
At 72 weeks, subcutaneous semaglutide 2.4 mg weekly 
achieved both primary histologic endpoints, which was res-
olution of MASH without worsening of fibrosis (62.9% vs 
34.3% placebo) and fibrosis stage reduction without wors-
ening of MASH (36.8% vs 22.4% placebo).28 Semaglutide 
also achieved combined resolution of MASH and reduction 
in liver fibrosis in 32.7% vs 16.1% with placebo with mean 
body weight reduction of 10.5% vs 2% with placebo.28 The 
most common adverse events were diarrhea, nausea, con-
stipation, and vomiting. Per the AASLD guidelines from 
November 2025, semaglutide is not approved as an indica-
tion for patients with MASH cirrhosis. Those with compen-
sated cirrhosis on semaglutide for another FDA-approved 
indication should be monitored carefully.29

Other Emerging Pharmaceutical Therapy

Multiple therapeutic classes are under active investiga-
tion for MASH, with incretin-based agents showing the 
most promising results to date. GLP-1 receptor agonists 
and dual/triple incretin agonists, including tirzepatide, sur-
vodutide, and retatrutide, have demonstrated substantial 
rates of MASH resolution and reductions in liver fat, with 
tirzepatide achieving up to 62% resolution without fibrosis 
worsening in phase 2b trials.1,30,31 PPAR agonists (i.e., lani-
fibranor) and FGF21 analogues have also shown meaning-
ful improvements in steatohepatitis and fibrosis in mid- to 
late-phase trials.1,27,32-42 Additional approaches, including 
SGLT2 inhibitors, genetic therapies targeting variants such 
as PNPLA3 and HSD17B13, and metabolic pathway modula-
tors (i.e., DGAT2 and fatty acid synthase inhibitors), demon-
strate varying degrees of efficacy, though some programs 
have been discontinued due to limited benefit.43-46 Emerging 
agents targeting inflammation and fibrosis pathways, such 
as phosphodiesterase inhibitors, adenosine receptor ago-
nists, and glucocorticoid receptor modulators, are in earlier 
stages of development.44,47-59 While several therapies show 
encouraging results, no single agent has demonstrated uni-
versal efficacy, and combination strategies are increasingly 
being explored to address the multifactorial pathogenesis of 
MASLD.

MANAGEMENT OF COMORBID CONDITIONS

Cardiovascular Risk Factors

Statins should be used when indicated for cardiovascular 
risk reduction. The side effect of elevated transaminases 
is not associated with clinically significant liver disease 
and typically resolves spontaneously without medication 
interruption.60

Diabetes Management

GLP-1 receptor agonists are preferred for T2DM manage-
ment in patients with MASLD given their dual benefits for 
glycemic control and liver histology.61,62 Pioglitazone is an 
alternative, but it causes dose-dependent weight gain that 
can be mitigated when combined with SGLT2 inhibitors or 
GLP-1 receptor agonists.61 Combination therapy with pio- 
glitazone and GLP-1 receptor agonists has shown to reduce 
hepatic steatosis.27

Bariatric Surgery

Bariatric surgery is indicated for treatment of obesity and 
T2DM when inadequately controlled by lifestyle modifica-
tion, particularly in patients with BMI >35 and MASLD.63 
Sleeve gastrectomy is preferred over Roux-en-Y gastric 
bypass after liver transplantation due to fewer malabsorp-
tion issues. 

LIVER TRANSPLANTATION

Per the United States Organ Procurement and Transplanta-
tion Network (OPTN) and Scientific Registry of Transplant 
Recipients (SRTR) (2022), MASLD was second most common 
indication for liver transplantation in non-HCC patients 
and is the most common in HCC pts.64,65 Similar trends are 
observed in Europe, Latin America, and the Middle East.66-73 
Liver transplantation is indicated for patients with MASLD 
who develop decompensated cirrhosis or HCC.20 

Patients with MASLD awaiting transplantation are typ-
ically older, have higher BMI, and have greater prevalence 
of metabolic comorbidities including diabetes, hyperten-
sion, dyslipidemia, coronary artery disease, and chronic 
kidney disease.74 Per AASLD guidelines, BMI >40 is a rela-
tive contraindication for liver transplantation.75 The EASL 
guidelines recommend BMI <35 for optimal outcomes.20 
Pre-transplant optimization includes comprehensive car-
diovascular risk assessment, diabetes optimization, weight 
reduction with consideration of bariatric surgery if BMI 
>35, nutritional assessment to minimize sarcopenia risk, 
and regular HCC surveillance.20 Management of post-trans-
plant MASLD continues to be a multidisciplinary, multifac-
eted approach including lifestyle modification, metabolic 
comorbidity management, regular surveillance for fibrosis  
progression, and immunosuppression.20

MASLD liver transplant recipients demonstrate favor-
able outcomes comparable to non-MASLD patients. Per the 
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California Liver Network Study, MASLD patient post-trans-
plant survival at five years was at least 83%.74 Other studies 
found that five-year survival for patients with MASLD in 
addition to other liver diseases were comparable to patients 
without MASLD.76,77 However, recurrent MASLD occurs 
in almost all recipients by five years post-transplantation. 
Recurrent MASLD and MASH was found to occur in fre-
quencies of 35–49% and 11–24%, respectively.78 Fibrosis 
occurred in 4–25%.78 This is likely driven multifactorially, 
including metabolic comorbidities, immunosuppressive 
medication and steroids, donor-related factors, and chronic 
inflammation. Adverse outcomes such as disease-related 
cirrhosis (0–2%), graft failure (3–9%), re-transplant (0–1%), 
HCC (0%), and mortality (0%) were fortunately infrequent 
five years post-transplant.78 

CLINICAL SCENARIOS

Case 1: When to consider liver transplant?

A 60-year-old female with T2DM, obesity (BMI 38), and 
MASH cirrhosis presents with new-onset ascites requiring 
large-volume paracentesis and a MELD-Na score of 18. 

Liver transplantation should be considered when patients 
with MASLD develop decompensated cirrhosis (i.e., asci-
tes, hepatic encephalopathy, variceal bleeding) or HCC.20 
When the MELD-Na score is greater than 10, referral to 
hepatology should be made. When the MELD-Na score is 
greater than 14, consideration for liver transplantation is 
recommended.79 The median survival from first hepatic 
decompensation to death or transplantation in MASLD is 
approximately two years with ascites being the most com-
mon initial liver-related event (69.5%).80 Pre-transplant 
evaluation should include comprehensive cardiovascular 
risk assessment given the high prevalence of coronary artery 
disease in MASLD patients, diabetes optimization prefer-
ably with GLP-1 receptor agonists, and weight reduction 
strategies. Per above, BMI >40 is a relative contraindication 
as stated in the AASLD guidelines, and EASL recommends 
BMI <35 for optimal outcomes.20 Despite higher comorbidity 
burden, MASLD patients demonstrate favorable post-trans-
plant outcomes comparable to non-MASLD recipients with 
five-year survival of 83–88%.

Case 2: How to assess for response to resmetirom  

or semaglutide?

A 60-year-old male with T2DM, BMI 35, MASH and F2 
fibrosis has been on resmetirom 100 mg daily for 12 months. 
His liver stiffness by VCTE has decreased from 13 kPa to 9 
kPa. He asks whether he should continue therapy or con-
sider switching to semaglutide. 

Overall, validated stopping rules for MASH pharmaco-
therapy have not been established. For resmetirom, treat-
ment response is suggested by reductions from baseline in 
ALT (>17 U/L or ≥20%), liver stiffness by VCTE (≥30%), 

MRE (≥20%), or ELF score (≥0.5) at 72 weeks. Patients are 
recommended to continue therapy if these endpoints are 
met. Resmetirom should be discontinued if hepatotoxicity 
develops (AST or ALT >5x ULN on two occasions, total bil-
irubin >2.5 mg/dL with elevated transaminases, or INR >1.5 
with elevated liver enzymes).26 

For semaglutide, similar response criteria apply (reduc-
tions in ALT (>17 U/L or ≥20%), CAP (≥30%), VCTE LSM 
(≥30%), MRE (≥20%), or ELF (≥0.5)). Non-response may be 
suspected if ALT or noninvasive tests worsen.29 For patients 
with T2DM or obesity requiring cardiometabolic benefits, 
semaglutide may be preferred given its established cardio-
vascular and renal protective effects. Semaglutide should be 
avoided if there is a history of medullary thyroid carcinoma, 
pancreatitis, or severe gastroparesis. 

This patient is responding appropriately to resmetirom 
given the decrease in liver stiffness over 30% and does not 
prompt an urgent switch. Semaglutide can be considered 
if he is no longer meeting those endpoints and may help 
T2DM management.

Case 3: When to screen for HCC when  

patient has fibrosis?

A 60-year-old man with T2DM and MASLD with F3 fibro-
sis and FIB-4 >2.3 inquiries about need for HCC surveillance. 
Guidelines typically target patients with F3 (advanced) fibro-
sis, cirrhosis (F4), or chronic hepatitis B for HCC screening. 
It is generally not routinely recommended for patients with 
F2 (moderate) fibrosis.37,81 AASLD specifically recommends 
against routine use of HCC surveillance in patients with 
MASLD who have advanced fibrosis (F3) but without cirrho-
sis (Level 3, Weak Recommendation). They note that while 
nearly one-fourth of MASLD-related HCC occurs in the 
absence of cirrhosis, these patients have a very low annual 
HCC incidence of 0.008 per 100 person-years, making sur-
veillance not cost-effective.37 However, surveillance may be 
considered on a case-by-case basis in select patients with 
clinical suspicion for under-staging of fibrosis by noninva-
sive markers or biopsy, evidence of fibrosis progression, or 
additional high-risk features such as diabetes.37

For this patient with F3 fibrosis and T2DM, and elevated 
FIB-4, close monitoring with repeat noninvasive testing 
every one to two years is warranted to detect progression 
to cirrhosis. We also recommend formal HCC surveillance 
with VCTE and AFP every six months given additional risk 
factors.

GAPS IN THE FIELD AND FUTURE DIRECTIONS

There remain critical gaps in MASLD management. Despite 
a few approved therapies and multiple emerging trials, opti-
mal treatment selection for individual patients remains 
unclear. Head-to-head clinical trials comparing current 
medications are lacking.82 No reliable predictors identify 
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patients likely to respond to resmetirom or semaglutide, 
and guidelines are needed to determine best practices for 
stopping ineffective medications. Combination therapy (i.e. 
resmetirom and semaglutide together for example) have also 
not been studied. There are also geographic and ethnic dif-
ferences in MASLD prevalence, progression, and treatment 
response, which require further investigation. For exam-
ple, large scale clinical trials on GLPs have limited repre-
sentation from minority groups, which the authors of this 
review are actively studying. Furthermore, no liver-directed 
pharmacotherapies are yet available for MASLD-related cir-
rhosis, which is a major unmet need.20 More research and 
real-world prospective cohort studies are needed to improve 
risk stratification, better identify patients at risk for pro-
gressive MASH, and consider potential applications in the 
advent of artificial intelligence.

CONCLUSION

In summary, MASLD is a leading cause of chronic liver 
disease worldwide, driven by the global epidemics of obe-
sity and T2DM. It has substantial morbidity and mortality 
from both hepatic and extrahepatic complications. Resme-
tirom and semaglutide are major therapeutic advances as 
the first FDA-approved medications for noncirrhotic MASH 
with F2-F3 fibrosis. Effective MASLD management requires 
a multidisciplinary approach incorporating lifestyle mod-
ifications, optimization of other metabolic comorbidities, 
judicious use of pharmacotherapy, and consideration of liver 
transplantation among individuals with decompensated cir-
rhosis or HCC. This review highlights the areas that require 
additional work to address the growing clinical burden of 
MASLD, including cost-effective diagnostic and treatment 
strategies and collaborative care coordination to provide 
holistic patient care.
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