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Current therapeutic landscape and future 
treatment perspectives of MASH

Suchira Gallage1,2 ✉, Olivier Govaere3, Quentin M. Anstee4,5, Gerald I. Shulman6,7,8, 
Frank Tacke9 ✉ & Mathias Heikenwalder1,2,10,11 ✉

Metabolic dysfunction-associated steatohepatitis (MASH), the progressive form of 
metabolic dysfunction-associated steatotic liver disease (MASLD), is a heterogeneous 
and systemic disease that confers risk not only for cirrhosis and hepatocellular 
carcinoma (HCC) but also for extrahepatic complications including cardiovascular 
disease and chronic kidney disease. Over the past decade, numerous late-stage 
clinical trials have advanced the therapeutic landscape of MASH, culminating in a 
pivotal inflection point with accelerated approval of the thyroid hormone receptor-β 
(THRβ) agonist resmetirom and the glucagon-like peptide-1 receptor (GLP-1R) agonist 
semaglutide, establishing pharmacological options for patients with non-cirrhotic 
MASH and fibrosis. Concurrently, growing evidence indicates that MASH comprises 
distinct, partially overlapping disease subsets, ranging from liver-centric phenotypes 
with accelerated fibrogenesis and liver-related outcomes to cardiometabolic 
phenotypes characterized by insulin resistance and increased cardiovascular risk. 
This suggests that optimal treatment efficacy will require stratified and potentially 
combinatorial approaches. In addition to lifestyle interventions, a cornerstone  
of MASLD management, pharmacotherapies targeting metabolic dysfunction 
(including PPAR agonists, FGF21 analogues or incretin-based and glucagon-based 
therapies), fibrogenesis, inflammation and/or the gut–liver axis are emerging. In this 
Review, we summarize the therapeutic landscape for MASH and discuss how recent 
advances in disease phenotyping and biomarkers may enable a transition towards 
personalized therapy.

MASLD is currently the most prevalent chronic liver disease glob-
ally, affecting approximately 38% of the adult population1. MASLD is 
closely linked to the surge in obesity and metabolic syndrome world-
wide and represents a major global health challenge with increasing 
prevalence, explaining why around 5% of the general population have 
(mostly undiagnosed) relevant hepatic fibrosis2. Of particular concern 
is the rising incidence of MASLD in children and adolescents, estimated 
to affect about 5–10% of the general paediatric population, and up 
to 34% among children with obesity, with higher rates among spe-
cific ethnic groups such as Hispanic individuals3. This early onset of 
MASLD carries an increased risk of progression to fibrosis and severe 
liver disease, emphasizing the urgent need for early diagnosis and  
intervention strategies.

MASLD is defined by excessive triglyceride accumulation within 
hepatocytes in individuals with at least one cardiometabolic risk fac-
tor, in the absence of excessive alcohol consumption (an arbitrary 

threshold of 20 g daily for women and 30 g daily for men is generally 
adopted) or any other specific aetiology4. The disease encompasses a 
continuum from ‘simple’ steatosis (metabolic dysfunction-associated 
steatotic liver (MASL)) to steatohepatitis (MASH), which is marked 
by hepatocellular ballooning and lobular inflammation. Persistence 
of MASH elicits aberrant wound-healing responses and progressive 
fibrosis that can lead to cirrhosis, liver failure and HCC5. MASLD is a 
systemic disease associated with type 2 diabetes mellitus (T2DM), 
cardiovascular disease and chronic kidney disease6,7.

Hepatic lipid accumulation, or steatosis, and thus the diagnosis of 
MASL, can be detected using ultrasound-based imaging techniques, 
with the most accurate measurements of hepatic fat content being 
achieved using magnetic resonance spectroscopy or magnetic 
resonance imaging proton density fat fraction. However, diagnos-
ing MASH is more challenging (Box 1). Currently, liver biopsy is the 
standard for identifying, grading and staging steatohepatitis, despite 

https://doi.org/10.1038/s41586-026-10672-8

Received: 11 January 2026

Accepted: 18 May 2026

Published online: 2 September 2026

 Check for updates

1University of Tübingen, Faculty of Medicine, Institute for Interdisciplinary Research on Cancer Metabolism and Chronic Inflammation, M3 Research Center for Malignome, Metabolome and 
Microbiome, Tübingen, Germany. 2German Cancer Research Center (DKFZ), Division of Chronic Inflammation and Cancer, Heidelberg, Germany. 3Department of Imaging and Pathology, 
Translational Cell and Tissue Research, KU Leuven and University Hospitals Leuven, Leuven, Belgium. 4Translational and Clinical Research Institute, Faculty of Medical Sciences, Newcastle 
University, Newcastle upon Tyne, UK. 5Newcastle NIHR Biomedical Research Centre, Newcastle upon Tyne Hospitals NHS Foundation Trust, Newcastle upon Tyne, UK. 6Department of Internal 
Medicine, Yale School of Medicine, New Haven, CT, USA. 7Department of Cellular and Molecular Physiology, Yale School of Medicine, New Haven, CT, USA. 8Howard Hughes Medical Institute, 
Chevy Chase, MD, USA. 9Department of Hepatology and Gastroenterology, Charité, Universitätsmedizin Berlin, Berlin, Germany. 10Cluster of Excellence iFIT (EXC 2180) ‘Image-Guided and 
Functionally Instructed Tumor Therapies’, Eberhard-Karls University of Tübingen, Tübingen, Germany. 11Cluster of Excellence CMFI (EXC 2124) ‘Controlling Microbes to Fight Infections’, University 
of Tübingen, Tübingen, Germany. ✉e-mail: Suchira.Gallage@med.uni-tuebingen.de; frank.tacke@charite.de; Mathias.Heikenwaelder@med.uni-tuebingen.de

https://doi.org/10.1038/s41586-026-10672-8
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-026-10672-8&domain=pdf
mailto:Suchira.Gallage@med.uni-tuebingen.de
mailto:frank.tacke@charite.de
mailto:Mathias.Heikenwaelder@med.uni-tuebingen.de


Nature  |  Vol 657  |  3 September 2026  |  77

being invasive, prone to sampling error and subject to inter-observer 
and intra-observer variation even when interpreted by a specialist 
pathologist8,9. Two widely accepted histological semi-quantitative 
scoring systems are used to grade and stage MASLD: the NASH-Clinical 
Research Network and the FLIP steatosis, activity and fibrosis scoring 
systems10,11. Advances in digital pathology, including deep learning and 
artificial intelligence-based methods, are enhancing the accuracy and 
objectivity of MASH evaluation when performed in conjunction with 
traditional assessment by expert pathologists8,12,13. Moreover, sub-
stantial advances have been made in the development of non-invasive 
biomarkers, especially recent large patient cohorts with MASLD that 
identified several non-invasive tests, such as the fibrosis-4 index (FIB4), 
enhanced liver fibrosis panel (ELF), NIS2+ (an optimized NIS4 test, com-
bining miR-34a-5p and YKL-40) to improve accuracy and robustness) 
and transient elastography as important risk stratification markers for 
identifying at-risk individuals, disease progression and liver cancer 
development14–18.

Management of MASLD encompasses lifestyle interventions, treat-
ment of metabolic comorbidities and, for a selected group of patients, 
pharmacotherapy or bariatric surgery14. Structured weight loss pro-
grammes remain the first-line treatment option, combining dietary 
change, increased physical activity and abstinence from alcohol14. 
Treatment of cardiometabolic comorbidities is also essential, using 
drugs such as statins and antihypertensives to mitigate the risk of car-
diovascular disease events14,19. The past decade has seen strong support 

for antidiabetic medications as MASLD therapies, initially focusing 
on peroxisome proliferator-activated receptor-γ (PPARγ) agonists 
such as pioglitazone and, more recently, anti-obesity–antidiabetic 
incretin mimetic therapies, including GLP-1R agonists (GLP-1RAs)20–23. 
In this respect, 2024–2025 was notable for the accelerated approval 
by the FDA of two agents to treat adults with pre-cirrhotic MASH with 
moderate-to-advanced fibrosis (that is, ‘at-risk’ MASH). First, resme-
tirom, a THRβ agonist, and second, the GLP-1RA semaglutide. Both 
have demonstrated significantly greater histological MASH resolu-
tion and fibrosis regression than placebo20,24. Bariatric surgery may 
also be considered eligible for patients with severe obesity25. This 
can also improve histological features of MASH and cardiometabolic 
outcomes, but it is positioned as part of overall obesity care rather 
than a specific MASLD treatment26. For patients with MASLD-related 
cirrhosis, no liver-directed drug therapy is recommended; bariatric 
surgery is an option in highly selected patients with compensated 
cirrhosis27, and transplantation is reserved for end-stage disease or 
HCC, while carefully addressing cardiometabolic risk before and  
after transplant14.

Cellular and molecular mechanisms underlying MASLD pathogen-
esis have been recently reviewed28, which reflects a complex interplay 
between genetic susceptibility, systemic metabolic dysfunction and 
environmental influences including diet and the gut microbiome. 
Please refer to that review for an in-depth overview of the molecular 
and cellular mechanisms underlying MASH pathogenesis28.

Box 1

MASH diagnostics
Despite its high prevalence, the diagnosis, risk stratification and 
monitoring of MASLD remain challenging, and health-care systems 
are often ill-equipped to support timely identification of patients 
for treatment164. These limitations are partly driven by reliance 
on histological assessment, which constrains scalability for 
population-level screening8,9,165. Although steatosis can be detected 
and quantified using various radiological imaging techniques166, 
recent efforts have focused on developing tractable non-invasive 
biomarkers that can differentiate MASL from MASH, identifying 
individuals with more advanced disease (MASH with NASH-Clinical 
Research Network fibrosis stage ≥ F2, termed at-risk MASH) and 
staging hepatic fibrosis167.

Two complementary diagnostic strategies have emerged. The 
first, ‘biological’, involves detecting and quantifying circulating 
analytes that reflect pathophysiological processes, an approach 
increasingly empowered by advances in multiomics. The second, 
‘physical’, uses ultrasound-based or magnetic resonance-based 
elastography to measure the velocity of induced shear waves as a 
surrogate for liver stiffness and fibrosis167.

Most widely adopted non-invasive biomarkers target ‘advanced 
fibrosis’, defined histologically as bridging fibrosis or cirrhosis 
(histological fibrosis stages F3 and F4), a critical milestone in 
MASLD progression that signals increased liver-related mortality168. 
These include ‘simple’ indirect biomarker panels derived from 
routine clinical variables, such as the FIB4 score169, as well as 
direct biomarkers reflecting fibrogenesis or extracellular matrix 
remodelling, such as the collagen neo-epitope PRO-C3 (refs. 170,171).  
Composite biomarkers such as ELF172 and ADAPT173 have also 
been developed, along with elastography techniques including 
vibration-controlled transient elastography (FibroScan), acoustic 
radiation force impulse elastography (2D or point shear wave 
elastography) and MRI-elastography167. These tools provide both 
diagnostic and prognostic value15,17.

Detailed discussion of the performance and relative merits of  
specific biomarkers are outside the scope of this article. However, a 
series of authoritative studies have been conducted by international 
consortia171,174–178 and primary head-to-head comparisons of 
biomarker performance in MASLD18,179. Generally, non-invasive 
biomarkers exhibit high negative predictive value but more modest 
positive predictive value. Consequently, guidelines generally 
recommend sequential application tests such as FIB4 followed 
by vibration-controlled transient elastography or ELF to optimize 
performance14,180. These sequential combinations increase 
diagnostic accuracy and prognostication, particularly in patients 
who fall within the ‘grey zones’ when a single non-invasive test 
is applied181,182. In addition, high-throughput analytic platforms, 
coupled with advances in data science, now enable integrated 
profiling across genomic, epigenetic, transcriptomic, proteomic, 
metabolomic and metagenomic layers, facilitating the discovery  
of novel biomarkers that surpasses current diagnostic tests14,180.

In parallel, transcriptomic profiling of liver tissue has revealed 
dynamic changes in gene expression across disease stages, with 
circulating markers such as AKR1B10, TSP-2 and GDF15 emerging 
as candidate biomarkers of MASH activity and fibrosis183–185. 
Proteomic approaches, particularly when integrated with hepatic 
transcriptomic data, have identified multi-protein signatures 
associated with fibrosing steatohepatitis186, some of which 
demonstrate responsiveness to therapeutic intervention135 and 
validation across independent cohorts187–189. In one study, single-cell 
deconvolution traced the hepatic origins of these proteins, 
supporting a model incorporating anthropometrics, T2DM status 
and four proteins (ADAMTSL2, AKR1B10, CFHR4 and TREM2), which 
accurately identified at-risk MASH cases186. Metabolomic profiling 
has uncovered biomarkers that reflect disease activity and fibrosis 
progression190,191, whereas circulating microRNAs, including miR34a, 
are being incorporated into emerging diagnostic panels192–194.
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Stratification of patients with MASLD
Genome-wide association and exome studies have identified several 
genetic determinants, most notably variants in PNPLA3, TM6SF2, 
MBOAT7, GCKR, LEPR and HSD17B13, which have been reported to 
interfere metabolic processes, leading to inflammation, fibrosis pro-
gression and/or HCC29–32. Recently, data-driven clustering as well as 
polygenic risk score stratification have showed that MASLD can be 
separated into at least two biologically and clinically distinct types33,34. 
One cardiometabolic type has pronounced systemic metabolic dysfunc-
tion and higher risks of diabetes and cardiovascular events, whereas 
a more liver-specific type shows stronger liver-restricted injury and 
rapid progression of chronic liver disease, but with limited risk of car-
diovascular disease33,34. An integrated multiomic study also identified 
the distinct molecular subtypes of MASLD35. Moreover, the genetic 
variant PNPLA3 p.I148M has been reported to interact with oestrogen 
receptor-α, driving MASLD susceptibility in women36. To better predict 
patients at risk of MASLD or progression to end-stage liver disease and 
HCC, polygenic risk scores are currently under development and begin 
to capture the cumulative effect of multiple common variants beyond 
single single-nucleotide polymorphism models30,37–39. For instance, a 
polygenic risk score combining five risk variants (PNPLA3 (rs738409)40,41, 
TM6SF2 (rs58542926)14,42, GCKR (rs1260326), MBOAT7 (rs641738)43,44) 
and a protective variant in HSD17B13 (rs72613567)29), can identify up to 
a 12-fold increased risk of advanced fibrosis and a 9-fold increased risk 
of HCC, independent of age, sex, body mass index (BMI) and T2DM37.

Recent work on genome-to-phenome-wide associations has shown 
that higher MASLD polygenic risk associates not only with steatosis but 
also with systemic cardiometabolic and extrahepatic complications, 
underscoring the need for holistic risk modification including weight 
loss, glycaemic control and cardiovascular prevention45. Furthermore, 
partitioned polygenic scores that separate liver-predominant from 
cardiometabolic MASLD subtypes may ultimately guide whether 
patients benefit more from metabolic therapies (for example, GLP-1R/
glucose-dependent insulinotropic polypeptide receptor (GIPR) ago-
nists and sodium–glucose cotransporter 2 (SGLT2) inhibitors) or more 
liver-focused interventions aimed at inflammation and fibrosis34. In 
addition, incorporation of MASLD polygenic risk into non-invasive 
fibrosis algorithms, such as FIB4 or non-alcoholic fatty liver disease 
(NAFLD) fibrosis score, has been shown to refine identification of indi-
viduals at high risk of cirrhosis and liver-related events, suggesting that 
genetics-informed stratification could help to prioritize patients for 
closer surveillance, HCC screening and early referral to hepatology 
care46. Longitudinal biopsy cohorts have demonstrated that compact 
multi-single-nucleotide polymorphism polygenic risk scores not only 
predict histological progression but also influence how BMI changes 
and T2DM affect fibrosis47. These findings further underscore the 
complexity of the pathogenesis of MASLD, implying that treatment 
should be tailored at multiple levels, from systemic cardiometabolic 
risk modification to liver-directed therapies.

Treatments of MASH
The in-depth molecular and cellular understanding of MASLD offers 
numerous therapeutic opportunities to treat and prevent MASH pro-
gression to advanced fibrosis, cirrhosis and/or HCC48 (Figs. 1 and 2). 
Consequently, pharmacological agents exhibiting diverse mecha-
nisms of action have entered into phase II/III clinical trials (Table 1). 
MASH-specific pharmacotherapy would not be broadly applied to all 
individuals with MASLD (more than 30% of the population), but specifi-
cally target the subgroup with progressive liver disease49. The current 
drug development paradigm distinguishes between the treatment of 
non-cirrhotic MASH (termed ‘at-risk MASH’, defined as the histologi-
cal presence of MASH with stage F2–F3 fibrosis) and cirrhotic disease  
(F4 fibrosis)50,51. The overarching aim of treatment in both circumstances 

is to avert major adverse liver outcomes such as hepatic decompen-
sation and liver-related death. However, the regulatory defined 
‘reasonably likely’ surrogate end points (RLSEs) used in trials differ. 
Although there is increasing evidence to support a shift from histology 
to non-invasive biomarkers, the RLSE in non-cirrhotic disease is cur-
rently defined by histological evidence of improvement (that is, MASH 
resolution without worsening of fibrosis and/or fibrosis improvement 
without worsening of steatohepatitis) and the more stringent ‘generally 
accepted’ surrogate end point is prevention of progression to cirrho-
sis52,53. In cirrhotic disease, the histological RLSE is reversal of cirrhosis 
(that is, from F4 to F3 or less), with evidence of reduced major adverse 
liver outcomes being required for full regulatory approval. The histo-
logical RLSEs are the basis for the US Food and Drug Administration 
(FDA) to grant sub-part H accelerated approval and for the European 
Medicines Agency (EMA) to grant conditional approval53. Thereafter, 
both agencies require ongoing studies to establish improved long-term 
outcomes for a drug to receive full approval.

To date, two drugs for the treatment of non-cirrhotic MASH have 
demonstrated histological efficacy at phase III and attained (provi-
sional) regulatory approval from the FDA and EMA. The THRβ-selective 
agonist resmetirom was the first agent licensed under sub-part H in 
the USA in 2024, and was subsequently conditionally approved in 
Europe54–56. The only other agent currently approved is the GLP-1RA 
semaglutide57. Both are recommended by professional society guide-
lines, if locally approved and dependent on the label, for treatment of 
adults with non-cirrhotic MASH and moderate-to-advanced fibrosis 
(stage ≥ 2)14,58. No drugs have received approval for cirrhotic MASH as 
yet, although most agents that are being developed for non-cirrhotic 
MASH are also being studied in cirrhotic disease.

Despite these advances, recent multidisciplinary clinical guidelines 
by the three leading European scientific societies—EASL (hepatology), 
EASD (diabetology) and EASO (obesity)—reaffirm that lifestyle modi-
fication remains a cornerstone of MASLD management14. Weight loss, 
improved diet, regular exercise and alcohol abstinence are the founda-
tion for any treatment for MASLD. In cases of severe obesity, bariatric 
surgery is recommended based on improvement of histological and 
long-term outcome, mostly in patients who are non-cirrhotic25,59. As 
MASLD is characterized by coexisting cardiometabolic risk factors, 
comorbidities such as T2DM, obesity, dyslipidaemia and hypertension 
must be optimally managed. Where the primary purpose of initiating 
drug therapy is to treat MASH, pharmacotherapies should be selected 
based on their hepatic efficacy. However, any additional pharmacologi-
cal benefits for weight management and/or cardiovascular outcomes 
are also a consideration that may guide drug selection for individual 
patients.

Lifestyle interventions in MASLD
Although the FDA and EMA have approved the first pharmacological 
therapies for MASH, lifestyle interventions remain central in clinical 
guidelines, particularly in the prevention and early management of 
MASLD14 (Figs. 1 and 2). These include a healthy diet, dietary regimens 
such as caloric restriction, intermittent fasting or time-restricted eating 
(TRE), and/or physical exercise. In addition, not all patients respond 
to pharmacological therapies or treatment may be discontinued due 
to side effects such as nausea, vomiting or diarrhoea. Therefore, these 
individuals may particularly benefit from dietary interventions or phys-
ical activity, and some may simply prefer lifestyle modifications. As a 
result, multiple preclinical studies and clinical trials have investigated 
dietary interventions alone or in combination with exercise regimens 
in patients with MASLD.

Twenty years ago, Petersen et al. had demonstrated that reducing 
caloric intake to 1,200 kcal daily for 2–3 months resulted in approxi-
mately 10% loss in body weight and reversal of MASLD, hyperlipidaemia 
and fasting hyperglycaemia in individuals with obesity with T2DM60. 
This result was replicated in a larger cohort of individuals with T2DM 

https://www.ncbi.nlm.nih.gov/snp/?term=rs738409
https://www.ncbi.nlm.nih.gov/snp/?term=rs58542926
https://www.ncbi.nlm.nih.gov/snp/?term=rs1260326
https://www.ncbi.nlm.nih.gov/snp/?term=rs641738
https://www.ncbi.nlm.nih.gov/snp/?term=rs72613567


Nature  |  Vol 657  |  3 September 2026  |  79

and MASLD by Taylor et al.61. Similarly, a landmark prospective study 
has established a clear dose–response relationship between weight 
loss and histological improvement in patients with MASH62. In this 
52-week trial of 293 patients, the degree of weight loss was the strong-
est predictor of clinical success. Although modest weight loss (5–7%) 
was sufficient to reduce hepatic steatosis, a higher threshold of 7% or 
more weight loss required for significant MASH resolution and 10% or 
more for fibrosis regression62.

In addition to caloric restriction, intermittent fasting protocols such 
as the intermittent fasting 5:2 regimen, in which individuals abstain or 
restrict calorie intake (approximately 500 kcal for women and about 
600 kcal for men) on 2 non-consecutive days per week, has become one 
of the most popular dietary practices in the USA and globally63,64. Its 
appeal may stem from the fact that, unlike chronic caloric restriction, 
individuals can eat freely on non-fasting days.

Of note, a recent preclinical study has demonstrated that the 5:2 
intermittent fasting regimen not only prevented MASH development 
but also ameliorated established MASH, fibrosis and progression to 
HCC when applied therapeutically in two chronic diet-induced mouse 
models (western diet and choline-deficient high-fat diet that is methio-
nine sufficient)65. Key factors for fasting benefits included: the timing of 
fasting initiation (active > inactive phase), length of each fasting cycle 
(24 h > 12 h × 2), number of fasting cycles (2 > 1) and diet composition 
(more aggressive diets required more fasting cycles)65. A multiomic 
approach (transcriptomics, proteomics and metabolomics), combined 
with mechanistic in vivo experiments, has revealed that the hepatic 

fasting response was driven by the concerted action of PPARα and PCK1 
(ref. 65). Knockdown of either abrogated the benefits of intermittent 
fasting, whereas overexpression of Pck1 alone or with Ppara reduced 
hepatic triglyceride accumulation, identifying potential intermittent 
fasting mimetics as therapeutic targets65.

The intermittent fasting 5:2 regimen has also shown promis-
ing results in patients with MASLD. A European randomized con-
trolled trial compared a 12-week intermittent fasting 5:2 regimen to 
a low-carbohydrate–high-fat diet and standard of care in patients 
with MASLD66. The intermittent fasting 5:2 regimen (approximately 
500–600 kcal on fasting days) significantly reduced body weight, BMI, 
HOMA-IR, HbA1c levels, liver fat volume and liver stiffness66. Although 
the low-carbohydrate–high-fat regimen improved body weight and 
liver fat volume, it did not reduce liver stiffness66. Another randomized 
controlled study from China has compared the intermittent fasting 5:2 
regimen with caloric restriction over 12 weeks67. The intermittent fast-
ing 5:2 regimen led to greater reductions in hepatic steatosis, fibrosis, 
controlled attenuation parameter and liver stiffness measurements67. 
Both regimens lowered body weight and BMI, indicating that the supe-
rior benefits of intermittent fasting are independent of weight loss67. 
These findings support further trials of the intermittent fasting 5:2 
regimen in biopsy-proven patients with MASH.

TRE is another dietary regimen that has gained tremendous popular-
ity both in the general population and in the scientific community as a 
viable lifestyle intervention for obesity and cardiometabolic disorders. 
For instance, a 10-h TRE regimen in which an individual consumes all of 

MASL MASH Cirrhosis

•  Mitochondrial dysfunction
•  ER stress
•  Oxidative stress (ROS)
•  Cell death
•  In�ammation
•  Fibrosis

•  Liver scarring
•  Substantial cell death
•  Regenerative proliferation

Lifestyle interventions Metabolic dysfunction GLP-1R single, dual or triple agonist
SGLT2 inhibitors
FGF21 analogues

THRβ agonists
PPAR agonists
Mitochondrial protonophores
Inhibitors of DNL

•  Lipotoxicity
•  Increased DNL

Lifestyle interventions

Integrin inhibitors
TGFβ inhibitors
CAR T cell therapies 
Macrophage cell therapies

Lifestyle interventions Pharmacological interventions

Fig. 1 | Systemic and liver-directed therapeutic targeting across the  
MASL–MASH spectrum. MASLD develops in the context of systemic metabolic 
dysfunction involving adipose tissue, skeletal muscle, the pancreas, brain and 
gut, and progresses from MASL to MASH and cirrhosis. Obesity and insulin 
resistance increase adipose tissue lipolysis and hyperinsulinaemia, driving 
hepatic de novo lipogenesis (DNL) and lipotoxicity. This metabolic overload 
induces mitochondrial dysfunction, endoplasmic reticulum (ER) stress and 
oxidative stress, leading to hepatocellular injury, inflammation, activation  
of hepatic stellate cells and progressive fibrosis. Lifestyle interventions  
can act upstream by improving insulin sensitivity and reducing systemic 
metabolic stress, thereby attenuating disease initiation and progression,  

but they can also influence MASH and fibrosis directly when carried out long 
term. Pharmacological therapies target complementary disease components: 
systemic metabolic agents (incretin-based therapies, SGLT2 inhibitors and 
FGF21 analogues) reduce cardiometabolic drivers of liver injury, whereas liver- 
directed agents (THRβ agonists, PPAR agonists, mitochondrial modulators and 
DNL inhibitors) act within hepatocytes. Antifibrotic and immune-modulating 
strategies aim to limit fibrosis and cirrhosis in advanced disease, supporting 
layered and combinatorial treatment approaches. FGF21, fibroblast growth 
factor 21; ROS, reactive oxygen species; TGFβ, transforming growth factor-β; 
THRβ, thyroid hormone receptor-β.
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Fig. 2 | Molecular targets of pharmacological and lifestyle interventions for 
MASH. Both pharmacological and lifestyle interventions share some similar 
targets, but they also have distinct mechanisms of action. These interventions 
aim to improve MASH and/or fibrosis by either targeting the liver directly or 
indirectly through weight loss. Several nuclear receptor agonists, such as 
resmetirom or lanifibranor, target the liver directly to reprogramme hepatocyte 
metabolism. By doing so, these agents promote fatty acid oxidation to reduce 
the lipotoxicity caused by excess lipids. Mitochondrial uncouplers promote 
fatty acid oxidation to improve hepatocyte metabolism. Furthermore, 
incretin-based therapies aim to improve MASH by inducing weight loss 

indirectly through appetite reduction and increased satiety. GLP-1R single  
or dual agents target hormones such as GLP-1 and/or glucagon. Lifestyle 
interventions, such as intermittent fasting, not only induce weight loss by 
promoting lipolysis but also target the liver directly to enhance fatty acid 
oxidation and reduce DNL. In addition, intermittent fasting can dampen  
the immune system, protect the gut barrier and reduce fibrogenesis.  
ACC, acetyl-CoA carboxylase; ECM, extracellular matrix; FAO, fatty acid 
oxidation; FASN, fatty acid synthase; GR, glucocorticoid receptor; LSEC,  
liver sinusoidal endothelial cell; VLDL, very-low-density lipoprotein.
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Table 1 | Summary of pharmacological agents being tested in phase II and phase III clinical trials in non-cirrhotic MASH

Target Drug name MOA or route of 
administration

Highest phase of trial 
reported to date (ref.)

Placebo-adjusted 
histological response ratea

Notes

Metabolic drug targets: incretin agonists and SGLT2 inhibitors

GLP-1RA Semaglutide GLP-1RA (subcutaneous) Phase III ESSENCE 
(NCT04822181)20 n = 1,197

MASH resolution 29%, 
week 72 P < 0.0001; fibrosis 
improvement 14%, week 72 
P < 0.0001

Development in the Novo 
Nordisk portfolio. A phase III trial 
ongoing for clinical outcomes. 
Received FDA sub-part H and 
EMA conditional approval

GLP-1R/GIPR agonist Tirzepatide 
(LY3298176)

Dual GLP-1R/GIP 
receptor agonist with 
GIP > GLP-1 affinity 
(subcutaneous)

Phase II SYNERGY-NASH 
(NCT04166773)22 n = 190

MASH resolution 53%, 
week 52 P < 0.0001; fibrosis 
improvement 21%, week 52 
P = not reported

Development in the Eli Lilly 
portfolio. Phase III trial ongoing

GLP-1R/glucagon 
receptor (GCGR) 
agonist

Survodutide 
(BI-456906)

Dual GLP-1R/GCGR 
agonist with 8:1 potency 
(subcutaneous)

Phase III 1404-0043 
(NCT04771273)21 n = 293

MASH resolution 34%, week 
48 P = not reported; fibrosis 
improvement 15%, week 48 
P = not reported

Development in the Boehringer 
Ingelheim portfolio. Phase III 
trial ongoing

GLP-1R/GCGR 
agonist

Pemvidutide 
(ALT-801)

Dual GLP-1R/GCGR 
agonist with 1:1 potency 
(subcutaneous)

Phase III IMPACT 
(NCT05989711)133 n = 212

MASH resolution 32%, 
week 24 P < 0.0001; fibrosis 
improvement 8%, week 24 
P = NS

Development in the Altimmune 
portfolio

GLP-1R/GCGR 
agonist

Efinopegdutide 
(MK-6024)

Dual GLP-1R/GCGR 
agonist with 2:1 potency 
(subcutaneous)

Phase II (NCT04944992)131 
n = 145

Early-phase studies with no 
placebo-controlled histology 
data available yet

Development in the Merck 
portfolio.  
Phase II trial ongoing

GLP-1R/GCGR 
agonist

Cotadutide 
(MEDI0382)

Dual GLP-1R/GCGR 
agonist with 5:1 potency 
(subcutaneous)

Phase II PROXYMO 
(NCT04019561)130 n = 74

Early-phase studies with no 
placebo-controlled histology 
data available yet

Development for MASH halted

GLP-1R/GIPR/GCGR 
agonist

Retatrutide 
(LY3437943)

Triple GLP-1/GIP/GCG 
receptor agonist with 
GIP » GLP-1 > GCG potency 
(subcutaneous)

Phase IIa (NCT04881760)134 
n = 98

Early-phase studies with no 
placebo-controlled histology 
data available yet

Development in the Eli Lilly 
portfolio. Phase III trial ongoing

SGLT2 inhibitor Dapagliflozin Reversible inhibition of 
SGLT2 in the renal proximal 
convoluted tubule (oral)

Phase II (NCT03723252)119 
n = 154

MASH resolution 15%, 
week 48 P = 0.01; fibrosis 
improvement 25%, week 24 
P < 0.001

–

Metabolic drug targets: modifiers of lipid metabolism

FXR agonist Obeticholic acid 
(INT-747)

FXR agonist (oral) Phase III REGENERATE 
(NCT02548351)93 n = 1,968

MASH resolution 4%, week 72 
P = 0.13; fibrosis improvement 
11%, week 72 P = 0.0002

Development for MASH halted

FXR agonist Cilofexor  
(GS-9674)

FXR agonist (oral) Phase II ATLAS 
(NCT03449446)153 n = 392

MASH resolution 0%, week 48 
P = 1.00; fibrosis improvement 
1%, week 48 P = 0.96

Development for MASH halted

ACC inhibitor Firsocostat  
(GS-0976)

ACC inhibitor (oral) Phase II ATLAS 
(NCT03449446)153 n = 392

MASH resolution 3%, week 48 
P = 0.65; fibrosis improvement 
1%, week 48 P = 0.94

Development for MASH halted

ACC inhibitor Clesacostat  
(PF-05221304)

ACC inhibitor (oral) Phase II MIRNA 
(NCT04321031) in 
combination with ervogastat 
(no histology-based 
monotherapy data 
available)116,117 n = 255

MASH resolution 48%, week 
48 P = not reported; fibrosis 
improvement 5%, week 48 
P = not reported

Development for MASH halted

DGAT2 inhibitor Ervogastat  
(PF-06865571)

DGAT2 inhibitor (oral) Phase II MIRNA 
(NCT04321031) as 
monotherapy116,117 n = 255

MASH resolution 34%, week 
48 P = not reported; fibrosis 
improvement < 0%, week 48 
P = not reported

Development as a possible 
MASH combination therapy 
transferred to the Madrigal 
portfolio

DGAT2 inhibitor ION224 Ligand-conjugated 
antisense inhibitor of DGAT2 
(subcutaneous)

Phase IIb (NCT04932512)115 
n = 160

MASH resolution 20%, 
week 52 P = NS; fibrosis 
improvement 20%, week 52 
P = 0.046

Development in  
the Ionis portfolio

FASN inhibitor Denifanstat 
(TVB-2640)

Selective FASN inhibitor 
(oral)

Phase II FASCINATE-1 
(NCT03938246)154 n = 168

MASH resolution 15%, week 52 
P = 0.018; fibrosis improvement 
16%, week 52 P = 0.04

Development for MASH halted

FGF19 receptor 
agonist

Aldafermin 
(NGM282)

Engineered FGF19 analogue 
targeting the FGFR4–KLB 
and FGFR1c–KLB receptors 
(subcutaneous)

Phase II ALPINE 2/3 
(NCT03912532)155 n = 171

MASH resolution 16%, week 
24 P = not reported; fibrosis 
improvement 10%, week 24 
P = 0.12

Development for MASH halted

FGF21 receptor 
agonist

Efruxifermin 
(AKR001/
AMG876)

Fc–FGF21 fusion protein 
(subcutaneous)

Phase IIb HARMONY 
(NCT04767529)108,109 n = 128

MASH resolution 46%, 
week 24 P < 0.001; fibrosis 
improvement 14%, week 24 
P = 0.123

Development transferred to the 
Novo Nordisk portfolio. Phase II 
trial ongoing

Continued

https://clinicaltrials.gov/ct2/show/NCT04822181
https://clinicaltrials.gov/ct2/show/NCT04166773
https://clinicaltrials.gov/ct2/show/NCT04771273
https://clinicaltrials.gov/ct2/show/NCT05989711
https://clinicaltrials.gov/ct2/show/NCT04944992
https://clinicaltrials.gov/ct2/show/NCT04019561
https://clinicaltrials.gov/ct2/show/NCT04881760
https://clinicaltrials.gov/ct2/show/NCT03723252
https://clinicaltrials.gov/ct2/show/NCT02548351
https://clinicaltrials.gov/ct2/show/NCT03449446
https://clinicaltrials.gov/ct2/show/NCT03449446
https://clinicaltrials.gov/ct2/show/NCT04321031
https://clinicaltrials.gov/ct2/show/NCT04321031
https://clinicaltrials.gov/ct2/show/NCT04932512
https://clinicaltrials.gov/ct2/show/NCT03938246
https://clinicaltrials.gov/ct2/show/NCT03912532
https://clinicaltrials.gov/ct2/show/NCT04767529
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Target Drug name MOA or route of 
administration

Highest phase of trial 
reported to date (ref.)

Placebo-adjusted 
histological response ratea

Notes

FGF21 receptor 
agonist

Pegozafermin 
(BIO89-100)

Glycopegylated 
FGF21 fusion protein 
(subcutaneous)

Phase IIb ENLIVEN 
(NCT04929483)112 n = 222

MASH resolution 21%, week 
24; fibrosis improvement 19%, 
week 24 P = 0.009

Development transferred to the 
Roche portfolio. Phase III trial 
ongoing

FGF21 receptor 
agonist

Efimosfermin 
alfa (BOS-580)

FGF21 analogue 
(subcutaneous)

Phase IIb (NCT04880031)111 
n = 84 (65 with evaluable 
biopsies)

MASH resolution 39%, 
week 24 P = 0.002; fibrosis 
improvement 24%, week 24 
P = 0.038

Development transferred to the 
GSK portfolio. Proceeding to 
phase III

Structurally 
engineered free fatty 
acid receptor (FFAR) 
agonist

Icosabutate Structurally engineered 
FFAR1 and FFAR4 agonist 
(oral)

Phase IIb ICONA 
(NCT04052516)156 n = 187

MASH resolution 9%, week 52 
P = 0.13; fibrosis improvement 
10%, week 52 P = 0.0066

Development for MASH in 
the North Sea Therapeutics 
portfolio paused

HSD17B13 GSK4532990 
(ARO-HSD)

Small-interfering RNA 
targeting HSD17B13 
(subcutaneous)

Phase II HORIZON 
(NCT05583344)

Early-phase studies with no 
placebo-controlled histology 
data available yet

Development in the GSK 
portfolio. Phase II trial ongoing

HSD17B13 Rapirosiran 
(ALN-HSD)

Small-interfering RNA 
targeting HSD17B13 
(subcutaneous)

Phase II NASHGEN-2 
(NCT05519475)

Early-phase studies with no 
placebo-controlled histology 
data available yet

Development in the Regeneron 
portfolio. Phase II trial ongoing

PNPLA3 AZD2693 Liver-targeted ASO 
(GalNAc-ASO) targeting 
PNPLA3 (subcutaneous)

Phase II FORTUNA 
(NCT05809934)

Early-phase studies with no 
placebo-controlled histology 
data available yet

Development in the AstraZeneca 
portfolio. Phase II trial ongoing

Metabolic drug targets: other

THRβ agonist Resmetirom 
(MGL-3196)

β-Selective THR agonist 
(oral)

Phase III MASTRO-NASH 
(NCT03900429)24 n = 966

MASH resolution 20%, 
week 52 P < 0.0001; fibrosis 
improvement 12%, week 52 
P < 0.0001

Development in the Madrigal  
portfolio. Phase III trial ongoing  
for clinical outcomes157 
Received FDA sub-part H and 
EMA conditional approval

THRβ agonist VK2809 β-Selective THR agonist 
(oral)

Phase IIb VOYAGE 
(NCT04173065)158 n = 178

MASH resolution 46%, 
week 52 P < 0.001; fibrosis 
improvement 23%, week 52 
P < 0.05

Development for MASH in the 
Viking Therapeutics portfolio 
paused

THRβ agonist TERN-501 β-Selective THR agonist 
(Oral)

Phase IIa DUET 
(NCT05415722)159

No placebo-controlled 
histology data available

Development for MASH halted

PPARγ agonist d-R-pioglitazone 
(PXL065)

Deuterium-stabilized 
R-pioglitazone (oral)

Phase II DESTINY-1 
(NCT04321343)160 n = 117

MASH resolution 0%, week 52 
P = NS; fibrosis improvement 
13%, week 52 P = NS

Development for MASH halted

PPARα–PPARγ 
agonist

Saroglitazar Dual PPARα–PPARγ agonist 
(oral)

Phase IIa161 n = 16 MASH resolution 43%, week 
24 P = not reported; fibrosis 
improvement 57%, week 24 
P = not reported

Development in the Zydus 
portfolio. Unclear whether phase 
II/III MASH trials are ongoing. 
Received DCGI approval in India

PPARα–PPARδ–
PPARγ agonist

Lanifibranor 
(IVA-337)

Pan-PPAR agonist (oral) Phase II NATIVE 
(NCT03008070)90 n = 247

MASH resolution 26%, 
week 24 P < 0.001; fibrosis 
improvement 18%, week 24 
P = 0.011

Development in the Inventiva 
portfolio. Phase III trial ongoing

Anti-inflammatory or anti-apoptotic targets

Chemokine receptor 
inhibitor

Cenicriviroc CCR2–CCR5 inhibitor (oral) Phase III AURORA 
(NCT03028740)139 n = 1,778

MASH resolution < 0%, 
week 52 P = 0.21; fibrosis 
improvement < 0%, week 52 
P = 0.21

Development for MASH halted

Caspase inhibitor Emricasan 
(IDN-6556 and 
PF-03491390)

Pan-caspase inhibitor (oral) Phase II (NCT02686762)162 
n = 318

MASH resolution < 0%, 
week 72 P = 0.335; fibrosis 
improvement < 0%, week 72 
P = 0.972

Development for MASH halted

Antifibrotic targets

LOXL2 inhibitor Simtuzumab 
(GS-6624)

Humanized monoclonal 
antibody binding LOXL2 
(subcutaneous)

Phase IIb (NCT01672866)163 
n = 219

MASH resolution 4%, week 
96 P = not reported; fibrosis 
improvement < 0%, week 96 
P = 0.72

Development for MASH halted

ASK1 inhibitor Selonsertib  
(GS-4997)

Small-molecule ASK1 
inhibitor (oral)

Phase III STELLAR 3 
(NCT03053050)141 n = 802

MASH resolution < 0%, 
week 48 P = 0.25; fibrosis 
improvement < 0%, week 48 
P = 0.56

Development for MASH halted

Data are from the latest phase trial reported to date. DCGI, Drugs Controller General of India; MOA, mechanism of action; NS, not significant. 
aPlacebo-adjusted intention-to-treat response rate for the highest reported dose in non-cirrhotic MASH. Studies differ in inclusion and exclusion criteria, spectrum of disease grade or  
stage enrolled (although participants predominantly exhibited MASH defined as MAS ≥ 4 with F2–F3 fibrosis at baseline), study duration and placebo response rates, so direct head-to-head 
comparisons are not possible.

Table 1 (continued) | Summary of pharmacological agents being tested in phase II and phase III clinical trials in non-cirrhotic 
MASH
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their calories within the 10-h time window has been shown to reduce 
obesity, dyslipidaemia and hypertension in patients with metabolic 
syndrome68. Several studies utilizing the 16:8 TRE regimen either alone 
or together with low-sugar diets in patients with MASLD have showed 
benefits in lowering BMI, hepatic triglyceride levels, serum liver damage 
marker levels, fibrosis scores and/or metabolic parameters69,70. Of note, 
two studies comparing TRE directly to caloric restriction or combining 
the two in patients with MASLD did not show any additional benefits 
of TRE compared with caloric restriction in weight loss, visceral fat, 
intrahepatic triglyceride levels and/or liver stiffness71,72.

Other interventions such as alternate-day fasting and energy or 
caloric restriction, alone or combined with exercise, have been stud-
ied in patients with MASLD. For instance, an 8-week very-low-calorie 
diet (VLCD; approximately 800 kcal daily) has been tested in patients 
with MASLD for its feasibility and long-term effect on cardiometabolic 
factors over a 9-month period73. Of note, this VLCD achieved sustained 
weight loss of 5% or more in 68% and 10% or more in 34% of patients73. 
Those completing the VLCD showed significant improvements in serum 
liver damage marker levels, liver stiffness, blood pressure, fasting 
glucose, HbA1c levels and insulin levels73. Another study evaluating 
exercise regimens has found that a 12-week combination of aerobic 
(cycling) and resistance-based training reduced liver lipids and visceral 
adiposity, although without significant effects on hepatic inflammation 
or fibrosis in patients with biopsy-proven MASH74.

In contrast to single interventions, a study examined the effects 
of combined energy restriction (an approximately 500 kcal daily 
deficit) and aerobic exercise (high-intensity interval training) three 
times weekly over 10 months in patients with medically diagnosed 
MASH75. This combination significantly reduced body weight and 
mass, improved cardiometabolic fitness (VO2 peak) and increased 
peripheral insulin sensitivity75. The NAFLD activity score, encompassing 
hepatic steatosis, ballooning and lobular inflammation, was signifi-
cantly reduced in the intervention group but not in controls, providing 
rare histological evidence that lifestyle interventions can significantly 
improve established MASH75. Supporting this, a randomized controlled 
study has compared combined alternate-day fasting (approximately 
600 kcal per fasting day) and aerobic exercise (five sessions per week, 
60 min) to alternate-day fasting or exercise alone in patients with 
MASLD76. Again, the combined approach had the greatest benefits in 
lowering hepatic triglyceride levels, liver damage marker levels and 
body weight, and improving insulin sensitivity76.

Overall, these studies underscore that lifestyle interventions, particu-
larly those combining caloric restriction, intermittent fasting or TRE 
with exercise, are not merely preventive but can function as a biologi-
cally active therapy when adhered to. Therefore, the future of MASH 
management is likely to be layered and combinatorial, and may involve 
lifestyle interventions as the foundation on which pharmacological 
therapies are added. Rather than competing with pharmacological 
approaches, lifestyle interventions may potentiate drug efficacy, enable 
lower dosing, and improve long-term safety and sustainability. Iden-
tifying the optimal timing, intensity and sequencing of lifestyle and 
pharmacological interventions represents a key unmet need. Whether 
lifestyle interventions that focus on weight loss are also effective in 
lean individuals with MASH remains unclear and should be addressed 
in future studies. In line with this, strategies to improve patient educa-
tion, compliance and long-term adherence to these interventions will 
be crucial to maximize their therapeutic potential.

Metabolic and bariatric surgery for MASH
Metabolic and bariatric surgery (MBS), particularly Roux-en-Y gastric 
bypass and sleeve gastrectomy, has emerged as a highly effective inter-
vention for MASH in patients with obesity. The BRAVES multicentre 
prospective randomized controlled trial on 288 adults with obesity 
and MASH has demonstrated that bariatric surgery achieved histo-
logical resolution of MASH without worsening of fibrosis in 56–57% 

of patients at 1 year, compared with only 16% with lifestyle modifica-
tion and standard medical care that included liraglutide as a GLP-RA 
(P < 0.0001)25. Fibrosis improvement was also more frequent in the 
MBS groups (37–39%) than with lifestyle alone (23%, P = 0.034), but 
the trial included a large proportion of individuals with early fibrosis 
stages (48% F1 and 40% F2). Long-term observational data from the 
SPLENDOR matched cohort study of 1,158 patients with biopsy-proven 
MASH (n = 650 MBS and n = 508 non-surgical controls) followed for a 
median of 7 years have revealed that bariatric surgery significantly 
reduced major adverse liver outcomes (2.3% versus 9.6%, P = 0.01) and 
cardiovascular events (8.5% versus 15.7%, P = 0.007) compared with 
non-surgical management59. Similarly, long-term data from the Uni-
versity Hospital of Lille cohort that included 2,641 patients with a liver 
biopsy at the time of MBS (n = 232 (8.7%) with MASH and n = 266 (10.8%) 
with significant fibrosis stages F2–F4, median follow-up of 10.1 years) 
indicate that histological improvements observed at 1 year after MBS 
translate into superior survival outcomes and reduced liver-related 
mortality77. The therapeutic effects of bariatric surgery probably extend 
beyond simple caloric restriction, as emerging evidence has suggested 
that MBS induces favourable transcriptional changes in the liver (that is, 
metabolic reprogramming), enhanced bile acid signalling and favour-
able alterations in the gut–liver axis that may contribute to disease 
resolution26. Hence, the current guidelines recommend considering 
MBS in adults with non-cirrhotic MASLD and an approved indication 
for bariatric surgery, particularly when lifestyle interventions and 
pharmacotherapy have been insufficient14.

Surgical procedures require a careful risk–benefit assessment in 
individuals with liver cirrhosis, particularly if portal hypertension is 
present, because the mortality risk of bariatric surgery in compensated 
cirrhosis is slightly higher than in patients without cirrhosis (0.9% ver-
sus 0.3%) and significantly higher in decompensated cirrhosis (16.3%)78. 
However, carefully selected patients with compensated cirrhosis may 
benefit from MBS, as the SPECCIAL observational retrospective study 
with a 10-year mean follow-up has demonstrated that metabolic surgery 
in patients with compensated MASH-related cirrhosis reduced the 
15-year cumulative incidence of major adverse liver outcomes from 
46.4% to 20.9% (adjusted HR 0.28, P = 0.003) and decompensated cir-
rhosis from 30.7% to 15.6% (adjusted HR 0.20, P = 0.01) compared with 
non-surgical management27. In patients with liver cirrhosis, laparo-
scopic vertical sleeve gastrectomy is often favoured for its lower risk of 
malnutrition and preservation of endoscopic access to the biliary tree78. 
MBS can also be offered to patients with MASH–cirrhosis at the waiting 
list for liver transplantation at experienced centres to achieve weight 
reduction before transplantation, with acceptable safety data from 
retrospective analyses79. Alternatively, simultaneous liver transplant 
and sleeve gastrectomy in patients with obesity and MASLD, as studied 
in a US registry cohort, has been found to provide durable weight loss 
for over 9 years, significantly reduces diabetes and hypertension preva-
lence, and decreases allograft steatosis and possibly fibrosis compared 
with liver transplant alone, with no increase in mortality or graft loss80.

Nevertheless, it is important to note that not all individuals with 
MASH and advanced fibrosis will respond to bariatric surgery. In a 
prospective observational study of 196 patients with advanced MASH 
followed for 6 ± 3 years after bariatric surgery, advanced fibrosis (stages 
3–4) persisted in 47% of individuals despite substantial weight loss and 
improvements in MASH activity, with older age and sleeve gastrectomy 
being independent predictors of persistent fibrosis81.

Reverting pathogenic liver metabolism
Many current drug candidates in development aim at reverting patho-
genic hepatic metabolic processes, reducing lipid accumulation, meta-
bolic injury and subsequent steatohepatitis and fibrogenesis82. On the 
basis of positive interim phase III trial data, the THRβ-selective agonist 
resmetirom was the first treatment approved for non-cirrhotic MASH in 
the USA and Europe54–56. Other agents in late-stage trials (Tables 1 and 2)  
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Table 2 | Systemic benefits and known side effects of pharmacological agents being tested in phase II and phase III clinical 
trials in non-cirrhotic MASH

Target Drug name MOA or route of 
administration

Systemic benefits Side effects Notes

Metabolic drug targets: incretin agonists and SGLT2 inhibitors

GLP-1RA Semaglutide GLP-1RA (subcutaneous) Reduces risk of 
cardiovascular death, 
non-fatal MI or non-fatal 
stroke; reduces body weight; 
improves lipid profile, 
hypertension and glycaemic 
control; signals for benefits 
on alcohol use disorders

Gastrointestinal (nausea, vomiting, 
diarrhoea, constipation, abdominal, 
pain or discomfort, and bloating); 
worsening of diabetic retinopathy; 
increased risk for medullary thyroid 
carcinoma; gastroparesis; gallstones; 
possibly pancreatitis; increased risk 
of non-arteritic anterior ischaemic 
optic neuropathy; may be associated 
with varying degrees of sarcopenia

Phase III trial 
ongoing for  
clinical 
outcomes. 
Received FDA 
sub-part H and 
EMA conditional 
approval

GLP-1R/GIPR agonist Tirzepatide 
(LY3298176)

Dual GLP-1/GIP 
receptor agonist 
(subcutaneous)

Reduces risk of 
cardiovascular death and 
HF worsening; reduces 
body weight; improves lipid 
profile, hypertension and 
glycaemic control; improves 
obstructive sleep apnoea

Similar profile as GLP-1RA Phase III trial 
ongoing

GLP-1R/GCGR agonists Survodutide  
(BI-456906)

Dual GLP-1R/GCGR 
agonist with 8:1 potency 
(subcutaneous)

Reduces body weight; 
improves lipid profile, 
hypertension and glycaemic 
control; long-term 
cardiovascular benefit 
expected, but not formally 
demonstrated

Similar profile as GLP-1RA; increase 
in heart rate

Phase III trial 
ongoing

Pemvidutide  
(ALT-801)

Dual GLP-1R/GCGR 
agonist with 1:1 potency 
(subcutaneous)

Phase II trial 
reported

Efinopegdutide 
(MK-6024)

Dual GLP-1R/GCGR 
agonist with 2:1 potency 
(subcutaneous)

Phase II trial 
ongoing

Cotadutide 
(MEDI0382)

Dual GLP-1R/GCGR 
agonist with 5:1 potency 
(subcutaneous)

Development 
for MASH halted

GLP-1R/GIPR/GCGR 
agonist

Retatrutide 
(LY3437943)

Triple GLP-1–GIP–GCG 
receptor agonist with 
GIP » GLP-1 > GCG potency 
(subcutaneous)

Strongly reduces body 
weight; improves lipid 
profile, hypertension 
and glycaemic control; 
long-term cardiovascular 
benefit expected, but not 
formally demonstrated

Similar profile as GLP-1RA Phase III trial 
ongoing

SGLT2 inhibitor Dapagliflozin and 
empagliflozin

Reversible inhibition 
of SGLT2 in the renal 
proximal convoluted 
tubule (oral)

Reduces risk of 
cardiovascular death, 
non-fatal MI or non-f-atal 
stroke; improves glycaemic 
control; improves kidney 
function in CKD; improves 
HF; reduces body weight

Urogenital infections; risk for 
euglycaemic diabetic ketoacidosis; 
modest increase in LDL cholesterol 
levels; dehydration

Approved in 
non-MASH 
indications

Metabolic drug targets: modifiers of lipid metabolism

FXR agonist Obeticholic acid 
(INT-747)

FXR agonist (oral) Improves triglyceride levels; 
improves glycaemic control

Pruritus; increase in LDL cholesterol 
levels; HDL/LDL imbalances

Development 
for MASH halted

Cilofexor  
(GS-9674)

FXR agonist (oral) Development 
for MASH halted

ACC inhibitor Firsocostat  
(GS-0976)

ACC inhibitor (oral) Unclear Can increase triglyceride levels 
(potentially causes pancreatitis); 
unfavourable apolipoprotein 
changes; nausea, diarrhoea

Development 
for MASH halted

Clesacostat  
(PF-05221304)

ACC inhibitor (oral) Development 
for MASH halted

DGAT2 inhibitors Ervogastat  
(PF-06865571)

DGAT2 inhibitor (oral) Unclear Reduces HDL cholesterol levels; 
inadequate control of diabetes; 
nausea, diarrhoea

Development as 
a possible MASH 
combination 
therapy 
transferred to 
the Madrigal 
portfolio

ION224 Ligand-conjugated 
antisense inhibitor of 
DGAT2 (subcutaneous)

– – Development 
in the Ionis 
portfolio

FASN inhibitor Denifanstat  
(TVB-2640)

Selective FASN inhibitor 
(oral)

Improves LDL cholesterol 
levels

Dry eye; alopecia; increases 
triglyceride and blood glucose  
levels

Development 
for MASH halted

Continued
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are also modulating metabolic pathways to alleviate hepatic inflam-
mation and fibrosis. Although the heterogeneity of MASLD compli-
cates treatment, it supports combination strategies targeting multiple 
pathways.

Thyroid hormones (for example, T3 and T4) regulate many patho-
genic mechanisms in MASLD, influencing hepatic lipid and glucose 
metabolism via THRα and THRβ receptors, which differ in cell and tissue 
distributions. Clinical hypothyroidism is linked to dyslipidaemia and 
MASLD, but standard thyroid hormone replacement therapy carries 
risks, including cardiac arrhythmia, due to THRα activation83. Resme-
tirom (MGL-3196) is an orally active partial agonist that selectively 

targets hepatic THRβ and has approximately 28-fold greater selec-
tivity for THRβ than triiodothyronine, offering metabolic benefits 
without the systemic side effects that was initially developed as a treat-
ment for dyslipidaemia84,85. The phase III MAESTRO-NASH trial has 
demonstrated that resmetirom improved MASH and fibrosis after 
52 weeks24. These results led to FDA subpart-H approval for treating 
moderate-to-advanced fibrosis in non-cirrhotic MASH, with body 
weight-based dosing. The safety profile of the drug is favourable; gas-
trointestinal side effects (for example, diarrhoea and nausea) were 
most common and rather mild, and no THRα-related cardiac events 
were observed. Resmetirom also improved cardiovascular risk factors 

Target Drug name MOA or route of 
administration

Systemic benefits Side effects Notes

FGF21 receptor agonists Efruxifermin 
(AKR001/AMG876)

Fc–FGF21 fusion protein 
(subcutaneous)

Improves blood lipid levels; 
improves glycaemic control; 
(preclinical) signals for 
reduced alcohol intake or 
desire

Gastrointestinal (nausea, vomiting 
and abdominal pain or discomfort); 
risk of anti-drug antibodies; 
injection side erythema; reduction 
in bone mineral density or increase 
bone turnover; blood pressure 
fluctuations. Further trials ongoing to 
assess long-term safety

Phase III trial 
ongoing

Pegozafermin 
(BIO89-100)

Glycopegylated 
FGF21 fusion protein 
(Subcutaneous)

Phase III trial 
ongoing

Efimosfermin alfa 
(BOS-580)

FGF21 analogue 
(Subcutaneous)

Proceeding to 
phase III

Structurally engineered 
FFAR agonist

Icosabutate Structurally engineered 
FFAR1 and FFAR4 agonist 
(oral)

Improves glycaemic control Nausea and diarrhoea; small changes 
on CK and GFR

Development 
for MASH in 
the North Sea 
Therapeutics 
portfolio paused

HSD17B13 GSK4532990 
(ARO-HSD)

Small-interfering RNA 
targeting HSD17B13 
(subcutaneous)

Unclear Concerns about cardiovascular risk; 
injection site reactions

Phase II trial 
ongoing

Rapirosiran 
(ALN-HSD)

Phase II trial 
ongoing

PNPLA3 AZD2693 Liver-targeted ASO 
(GalNAc-ASO) targeting 
PNPLA3 (subcutaneous)

Reduces hsCRP and IL-6 
levels

Concerns about cardiovascular 
risk; increases in polyunsaturated 
fatty acid levels in circulating 
triglycerides; injection site reactions

Phase II trial 
ongoing

Metabolic drug targets: other

THRβ agonists Resmetirom  
(MGL-3196)

β-Selective THR agonist 
(oral)

Improves LDL cholesterol 
and triglyceride levels; 
long-term cardiovascular 
benefits or safety not known

Gastrointestinal (diarrhoea, nausea 
and vomiting); mild pruritus; 
increase in ALT:AST (early) levels; 
increased risk of cholelithiasis and 
acute cholecystitis; increased risk 
in patients with alcohol-associated 
hepatitis; increase in SHBG levels

Phase III trial 
ongoing 
for clinical 
outcomes157. 
Received FDA 
sub-part H and 
EMA conditional 
approval

VK2809 Similar to resmetirom Similar to resmetirom Development 
for MASH in 
the Viking 
Therapeutics 
portfolio paused

TERN-501 Similar to resmetirom Similar to resmetirom Development 
for MASH halted

PPARγ agonist d-R-pioglitazone 
(PXL065)

Deuterium-stabilized 
R-pioglitazone (oral)

Improves glycaemic 
control; cardiovascular 
benefit demonstrated for 
pioglitazone in T2DM

Risks of pioglitazone (possibly 
mitigated in PXL065): weight gain 
and fluid retention; caution in 
individuals with HF (can aggravate HF 
and oedema); risk of bone fractures

Development 
for MASH halted

PPARα–PPARγ agonist Saroglitzar Dual PPARα–PPARγ agonist 
(oral)

Improves glycaemic control; 
improves blood lipid levels

Body weight neutral; diarrhoea, 
cough, abdominal pain and nausea

Unclear 
whether phase 
II/III MASH trials 
are ongoing. 
Received DCGI 
approval in India

PPARα–PPARδ–PPARγ 
agonist

Lanifibranor  
(IVA-337)

Pan-PPAR agonist (oral) Improves glycaemic control; 
improves blood lipid levels; 
cardiovascular benefit 
expected but not formally 
shown

Weight gain, fluid retention, 
peripheral oedema and 
gastrointestinal side effects 
(diarrhoea and nausea)

Phase III trial 
ongoing

CK, creatine kinase; CKD, chronic kidney disease; GFR, glomerular filtration rate; HF, heart failure; hsCRP, high-sensitive C-reactive protein; MI, myocardial infarction.

Table 2 (continued) | Systemic benefits and known side effects of pharmacological agents being tested in phase II and phase III 
clinical trials in non-cirrhotic MASH
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by lowering LDL and non-HDL cholesterol54. However, long-term safety 
data are limited, and efficacy is modest: high-dose regimens resolved 
MASH without worsening fibrosis in 20% of treated patients above 
placebo, underscoring the need to develop more effective therapies24. 
Phase III trials are ongoing to determine efficacy for long-term clinical 
outcomes.

Nuclear receptors, including THRs, peroxisome proliferator-activated 
receptors (PPARs), farnesoid X receptors (FXRs) and liver X recep-
tors (LXRs), have central roles in metabolic regulation and immune 
modulation in MASLD86,87. PPARs act as lipid sensors, regulating fatty 
acid metabolism, glucose handling and lipid storage. There are three 
subtypes: PPARα (hepatic fatty acid oxidation), PPARγ (lipid regulation 
in adipose tissue and anti-inflammatory activity in macrophages) and 
PPARβ/δ (roles in lipid metabolism and inflammation that are less well 
defined). Although PPAR activation in preclinical studies show promise 
in MASH and fibrosis treatment, single-target PPAR therapies often 
lack robust antifibrotic effects88.

This prompted the development of dual PPAR agonists (for exam-
ple, elafibranor (PPARα/δ) and saroglitazar (PPARα/γ)) and pan-PPAR 
agonists (for example, lanifibranor) with potential antifibrotic and 
anti-MASH activity across various organs89. However, elafibranor that 
exhibited moderate efficacy in a phase II study failed to meet efficacy 
end points in the phase III RESOLVE-IT trial and was discontinued for 
this indication. Conversely, lanifibranor has demonstrated promis-
ing results in a 6-month phase II study, improving glucose metabo-
lism, MASH resolution and fibrosis, leading to phase III evaluation for 
advanced MASLD90. Given the chemical diversity of PPAR agonists, 
future studies must assess the safety and efficacy of specific com-
pounds on an individual basis, particularly effects on weight (gain), 
cardiovascular safety and extrahepatic malignancies87.

FXR is a key regulator of bile acid and fatty acid metabolism, and its 
dysregulation has been implicated in MASLD, establishing FXR as a 
therapeutic target. FXR agonists such as obeticholic acid and cilofexor 
have shown potential in reducing MASH and fibrosis91. However, despite 
antifibrotic benefits in the phase III REGENERATE trial, obeticholic acid 
development was halted due to an unfavourable balance between lim-
ited efficacy and safety92,93. Thus, further research is needed to clarify 
the role of FXR in MASLD progression.

Fibroblast growth factors (FGFs) function as endocrine signals regu-
lating cell differentiation, angiogenesis and wound healing. FGF21 is a 
secreted polypeptide that is highly expressed in metabolically active tis-
sues including the liver, pancreas and adipose tissue, and acts through a 
dual receptor complex comprising a β-Klotho co-receptor and a canoni-
cal FGF receptor (FGFR) on the plasma membrane94–96. Once β-Klotho is 
bound, FGF21 activates FGFR c-isoforms (1c, 2c and 3c) to initiate intra-
cellular signalling cascades, including via mitogen-activated protein 
kinase (MAPK), to regulate energy homeostasis and exert pleiotropic 
metabolic effects97–99. In MASLD, FGF21 appears to influence both the 
upstream drivers of disease by regulating energy expenditure, gly-
caemic control and lipid handling (suppressing SREBP1c-mediated 
de novo lipogenesis and increasing fatty acid β-oxidation), as well as 
mitigating downstream hepatocyte stress, cell injury, inflammation and 
fibrogenesis, positioning it as a plausible therapeutic target100–102. This 
potential is further supported by in vivo knockout studies that have 
demonstrated that deletion of Fgf21 increases susceptibility to steato-
hepatitis, development of fibrosis and HCC101,103 and in vitro studies in 
which FGF21 exhibits direct anti-inflammatory or antifibrotic effects on 
macrophages and hepatic stellate cells (HSCs) or myofibroblasts104,105. 
FGF21 agonists such as efruxifermin, pegozafermin, efimosfermin and 
pegbelfermin are under investigation for MASH and liver fibrosis106.

Pegbelfermin has shown limited efficacy in reducing hepatic stea-
tosis and fibrosis markers, missing primary end points in trials and 
leading to its discontinuation for MASH107. By contrast, efruxifermin, 
a long-acting variant administered weekly, has demonstrated signifi-
cant improvements in glycaemic control and MASH resolution108 with 

remarkable antifibrotic efficacy, particularly after 2 years of treat-
ment109, prompting phase III trials. Efruxifermin has also been tested 
in a phase IIb trial in patients with MASH and compensated cirrhosis110. 
Although efruxifermin significantly improved non-invasive markers 
of fibrosis (including transient elastography and ELF score), liver bio-
chemistry and metabolic parameters in the cirrhotic population at 
36 weeks, it even led to significant histological improvements with 
21–29% achieving one-stage or higher fibrosis improvement without 
worsening of MASH compared with 11% with placebo after 96 weeks 
in the 50-mg dose group, supporting its potential as an antifibrotic 
therapy110. In a phase IIb trial of patients with MASH and advanced 
fibrosis, the long-acting, once-monthly dosed efimosfermin alfa sig-
nificantly improved liver fat content, fibrosis biomarkers and histologi-
cal outcomes at 24 weeks, while demonstrating good adherence and 
tolerability111. Similarly, pegozafermin has shown antifibrotic potential 
and is undergoing phase III evaluation112. However, concerns remain for 
this class of drugs regarding long-term safety, including bone density 
and antidrug antibody development.

Given that hepatic de novo lipogenesis is one of the factors contrib-
uting to MASLD, inhibiting key de novo lipogenesis enzymes such as 
stearoyl-CoA desaturase 1 (SCD1), acetyl-CoA carboxylase 1 (ACC1), 
fatty acid synthase (FASN) and DGAT2, represents a promising strat-
egy113. The SCD1 inhibitor aramchol, which regulates β-oxidation and 
triglyceride storage, showed modest improvements in obesity, hepatic 
steatosis and insulin resistance, but phase II trials did not yield sig-
nificant reductions in fibrosis and steatosis114, and phase III progress 
has been delayed due to formulation issues. ACC inhibitors, such as 
firsocostat and clesacostat, reduced liver fat, but side effects, including 
thrombocytopenia and hypertriglyceridaemia, limited their use as a 
monotherapy113. FASN inhibitors such as denifanstat have demonstrated 
antisteatotic and anti-inflammatory effects in preclinical studies and 
are under evaluation in patients with advanced MASH fibrosis. DGAT2 
inhibitors, including ervogastat and ION224, reduce hepatic steatosis 
and improve metabolic parameters115,116. This seminal study has shown 
that targeting lipotoxicity might positively affect outcomes115. Col-
lectively, although many therapeutic agents targeting lipogenesis 
and glucose metabolism have shown promise in reducing liver fat and 
improving metabolic parameters, long-term data, especially on liver 
fibrosis and histology, remain limited. Ongoing trials are essential to 
determining the efficacy and safety of these treatments alone or in 
combination in MASLD48,117.

Antidiabetic drugs also offer benefits beyond glycaemic control. 
Thiazolidinediones, dipeptidyl peptidase-4 (DPP-4) inhibitors and 
SGLT2 inhibitors have all shown antisteatotic effects. SGLT2 inhibitors, 
particularly empagliflozin and dapagliflozin, have shown significant 
improvements in liver injury, obesity and steatosis118. In a multicentre, 
48-week, double-blind, randomized, placebo-controlled trial, dapagli-
flozin significantly improved histological features of MASH, with higher 
rates of MASH resolution as well as fibrosis regression than placebo, 
alongside a favourable safety profile119.

In addition, gene-modifying therapies are emerging as a promis-
ing precision medicine approach in MASLD, particularly targeting 
genetic drivers such as PNPLA3 and HSD17B13 (ref. 120). Most strate-
gies use hepatocyte-directed antisense oligonucleotides (ASOs) or 
small interfering RNAs, typically conjugated to N-acetylgalactosamine 
(GalNAc), enabling selective uptake via the asialoglycoprotein receptor 
and subsequent silencing of target gene expression in hepatocytes120. 
Targeting the PNPLA3I148M variant, the strongest genetic determinant 
of disease severity, has shown particular promise. Early-phase clinical 
studies of liver-directed ASO therapies (for example, AZD2693) have 
demonstrated substantial knockdown of hepatic PNPLA3 expression 
(approximately 89%), accompanied by reductions in liver fat content 
and inflammatory marker levels, supporting target engagement and 
biological efficacy121. These findings are consistent with preclinical 
and translational studies showing that silencing PNPLA3 ameliorates 
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steatosis and fibrosis, positioning PNPLA3-directed therapies as a 
potential paradigm for genotype-guided treatment in MASH. In par-
allel, small interfering RNA-based approaches targeting PNPLA3 or 
mimicking the protective effects of HSD17B13 loss-of-function variants 
are advancing through early clinical development. Together, these 
strategies highlight the potential for genetically stratified interven-
tions, with individuals carrying high-risk PNPLA3 variants representing 
a particularly suitable population for such therapies.

Modifying extrahepatic drivers of MASH
Current MASH treatment guidelines emphasize modifying extrahepatic 
drivers such as nutrition, weight and the gut–liver axis. A particularly 
promising therapeutic class is incretins, which are gut-derived hor-
mones such as GLP-1 and glucose-dependent insulinotropic polypep-
tide (GIP), which regulate metabolism by enhancing insulin secretion 
and glucose clearance122. Released postprandially, they slow gastric 
emptying and reduce food intake. In addition to these canonical meta-
bolic effects, incretin-based therapies exert pleiotropic actions, includ-
ing improvements in insulin sensitivity, lipid metabolism, and systemic 
and tissue inflammation123. Pharmacological incretin mimetics, notably 
GLP-1RAs, promote weight loss, as well as improve insulin sensitivity 
and hepatic steatosis. Widely used for T2DM and obesity, agents such 
as semaglutide, liraglutide, dulaglutide and exenatide have been evalu-
ated for MASLD and MASH as well.

Early trials have demonstrated promising results. For example, lira-
glutide achieved MASH resolution without worsening fibrosis in a phase 
II trial124. Semaglutide, a once-weekly injectable GLP-1RA, has shown 
similar benefits, with significant weight loss, histological resolution 
of steatohepatitis and improvements in cardiovascular biomarkers; 
although it did not achieve antifibrotic end points or reverse cirrhosis 
in a separate study125,126. In the phase III ESSENCE trial, semaglutide 
met both primary histological end points at the interim time point of  
72 weeks, significantly increasing MASH resolution without worsening 
fibrosis (62.9% versus 34.3% with placebo) and improving fibrosis with-
out worsening steatohepatitis (36.8% versus 22.4% with placebo)20. On 
the basis of these data, semaglutide received FDA sub-part H approval 
for the treatment of non-cirrhotic MASH in August 2025 (ref. 57), and 
EMA conditional approval thereafter. Phase II data in MASH cirrhosis 
did not demonstrate efficacy, although the duration of therapy was only 
48 weeks, so it is unclear whether a longer duration of therapy might 
demonstrate efficacy126. Common side effects of GLP-1RAs include 
nausea, vomiting, diarrhoea, constipation and/or sarcopenia in up to 
60% of patients21. Of note, a sub-analysis of the prospective SELECT 
study has found that 2.4 mg semaglutide significantly reduced major 
adverse cardiovascular events by 21–34% in patients with suspected 
MASLD across all FIB4 risk groups127, indicating a cardiovascular risk 
reduction in this population.

Although a large proportion of beneficial effects of semaglutide is 
mediated by weight loss, the SELECT trial already indicated that some 
benefits on cardiovascular outcomes occurred independent of weight 
loss128, suggesting anti-inflammatory roles of GLP-1RAs123. Although 
GLP-1 receptor expression is almost absent in the liver, experimental 
data from mice have indicated that semaglutide can improve MASH 
by directly targeting GLP-1Rs on liver sinusoidal endothelial cells and 
intrahepatic CD8+ T cells to trigger a protective intrahepatic signalling 
network, a mechanism that functions independently of the weight-loss 
effects of the drug129.

Beyond GLP-1RAs, dual and triple incretin receptor agonists are being 
developed to enhance metabolic effects and potentially improve both 
MASH resolution and fibrosis regression. For instance, tirzepatide, 
a dual GLP-1/GIP receptor agonist approved for T2DM and obesity, 
achieved 44–62% histological resolution of MASH in a phase II trial, 
although its antifibrotic effects were less dose dependent22. Survodu-
tide, a dual GLP-1/glucagon receptor agonist, has demonstrated to 
result in significant weight loss, improved glycaemic control in T2DM 

and achieved histological MASH improvement in 43–62% of patients 
after 1 year21. Cotadutide (a dual GLP-1/glucagon receptor agonist) 
reduced liver fat levels and improved fibrosis scores in patients with 
MASLD and T2DM130. Efinopegdutide, another dual agonist, has shown 
greater hepatic fat reduction than semaglutide131. Pemvidutide, a dual 
GLP-1/glucagon receptor agonist, has also demonstrated reductions in 
liver fat content and MASH resolution already after 24 weeks of ther-
apy, but did not demonstrate fibrosis regression after this treatment 
period132,133. Moreover, triple agonists such as retatrutide, targeting 
GLP-1, GIP and glucagon receptors, are emerging with the potential 
to deliver substantial benefits for MASH134, especially in populations 
who are obese or diabetic.

Despite their promise for weight loss and cardiometabolic improve-
ments, the liver-specific efficacy of incretin-based therapies on 
long-term outcomes remains under investigation129,135. Current Euro-
pean guidelines recommend GLP-1RAs (for example, semaglutide) and 
dual agonists (for example, tirzepatide) only within their respective 
indications, that is, for patients with T2DM or obesity and MASLD, as 
they are not yet approved for MASH in Europe14. On the basis of the FDA 
approval, the US guidelines favour semaglutide as a MASH-specific 
pharmacotherapy in patients with MASH and stage 2–3 fibrosis136.

Anti-inflammatory and antifibrotic therapies
Given the central role of inflammation and fibrosis in MASLD progres-
sion, targeting these pathways directly is a logical strategy to ameliorate 
MASH. Advances in understanding the complex molecular interplay 
between metabolism, inflammation and fibrosis have raised hopes 
for effective anti-inflammatory and antifibrotic therapies, but clinical 
progress remains limited82.

In MASH, pathogenic liver macrophages often originate from infil-
trating monocytes, and inhibiting their recruitment has been explored 
to limit liver inflammation137. The chemokine receptors CCR2 and 
CCR5 are key mediators; the dual CCR2–CCR5 inhibitor cenicriviroc 
has shown promise in preclinical and phase II studies138 but failed 
to improve fibrosis in phase III trials139. Other compounds targeting 
monocyte recruitment, including CCR2, CCL2 and CCL5 inhibitors, 
and VEGF-neutralizing antibodies, are in development but have not yet 
demonstrated clinical efficacy140. Another strategy is modulating mac-
rophage activation, via inhibition of pathogen-associated molecular 
pattern (PAMP) and/or damage-associated molecular pattern (DAMP) 
sensing or downstream signalling such as NLRP3 inflammasome or ASK1 
inhibition. However, the ASK1 inhibitor selonsertib lacked sufficient 
antifibrotic effects in trials141.

Cell-based therapies using autologous or reprogrammed mac-
rophages represent another therapeutic avenue. In mice, differen-
tiated macrophages reduce fibrosis, whereas immature monocytes 
exacerbate it142. A phase II trial using autologous CD14+ monocytes 
differentiated into a restorative phenotype showed safety and modest 
improvement in patients with cirrhosis, although the long-term efficacy 
is uncertain143,144. Challenges that include cell viability, phenotype stabil-
ity and optimal cell type need further investigation. Chimeric antigen 
receptor (CAR) induced pluripotent stem cell-derived macrophages 
may provide a reliable cell source for macrophage therapy, provided 
their repair phenotype remains stable145.

In recent years, targeting platelets emerged as a novel concept in 
MASH therapy in mouse models and retrospective patient cohorts146,147, 
and overproduction of platelet-derived thromboxane B2 has been 
associated with liver fibrosis severity in patients concomitant with 
MASLD148. Chronic use of anti-platelet therapies (for example, aspirin 
and clopidogrel) bares the risk of bleedings and other side effects, 
in particular in older individuals. Thus, alternative strategies have 
been established that enabled the targeted inactivation of platelets 
in the context of MASH, which not only reduced MASH severity but 
also decreased the probability of MASH to liver cancer formation in 
mouse models146. Future experiments are tailored to develop more 
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specific anti-platelet drugs (for example, targeting GPIbα), which do 
not affect platelet aggregation but rather aspects of platelet-triggered 
inflammation or aberrant metabolism.

Despite the longstanding recognition of HSCs in fibrosis, their thera-
peutic targeting remains challenging. Direct inhibition of key profibro-
genic factors such as TGFβ has been unsuccessful due to adverse effects; 
for example, fresolimumab led to immunosuppression and cancer. 
A promising alternative involves targeting αv-containing integrins 
(for example, αvβ1 and αvβ3) to inhibit TGFβ activation, with integrin 
inhibitors such as PLN-74809 currently in clinical trials82.

HSC activation requires metabolic reprogramming, due to high- 
energy demands associated with fibrogenesis149. Metabolic drugs, 
including ACC inhibitors (firsocostat and clesacostat), have dem-
onstrated antifibrotic effects. SGLT2 inhibitors (for example, empa-
glifozin) and glycolytic (hexokinase) enzyme inhibitors also exhibit 
potential to reduce HSC activation, although clinical evidence in MASH 
is limited.

Considering the complexity in targeting HSCs, matrix proteins and 
fibrolytic pathways, cell-based therapies are being explored to boost 
anti-inflammatory and antifibrotic effects, particularly in patients with 
advanced fibrosis or cirrhosis. CAR T cell therapy, already successful in 
haematological cancers, could potentially be adapted for liver fibrosis. 
CAR T cells targeting uPAR, found on senescent cells, reduced fibrosis 
in mouse models150. However, translating this to clinical use is complex 
due to the presence of uPAR on other immune cells, including TREM2+ 
macrophages and the diverse roles of senescence in fibrosis151. Target-
ing FAP-1 on fibrogenic cells, a promising strategy in cardiac fibrosis, 
may also be adaptable for liver disease151.

Conclusions and future directions
Despite recent advances in basic research and clinical development 
for the treatment of MASH, a large proportion of patients with MASH 
fail to respond to currently available therapies, or discontinue treat-
ment because of adverse effects. Increasing evidence indicates that 
MASH does not represent a single disease entity, but rather comprises 
biologically and clinically distinct subtypes shaped by heterogeneous 
metabolic and immunological ‘flavours’33–35, varying cardiometabolic 
risk profiles and complex multi-organ interactions, including the 
brain–liver, muscle–liver and gut–liver axes6,7. This underscores the 
limitations of broadly applied, single-agent treatment strategies and 
highlight the need for improved patient stratification. Therefore, it is 
becoming increasingly clear that treatment success will necessitate the 
development of refined classification frameworks and nomenclature 
that integrate biochemical, immunological and clinical markers (for 
example, cardiometabolic comorbidities and genetic risk modifiers 
such as PNPLA3 polymorphisms) to better stratify patients with MASH. 
Such stratification would enable more patient-tailored therapeutic 
approaches, akin to precision strategies used in oncology152, in which 
patients are selected for liver-directed therapies, systemic metabolic 
interventions or rational combinations of both depending on what 
is likely to confer the greatest long-term benefit. Achieving this goal 
will require sustained efforts across basic, translational and clinical 
research to identify novel therapeutic targets, develop predictive bio-
markers and expand the repertoire of available drugs. In this context, 
recent therapeutic breakthroughs should be viewed not as an end 
point, but as the beginning of a new phase in MASH management, 
characterized by increasingly diversified and personalized treatment 
strategies.
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