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Metabolic dysfunction-associated steatotic liver disease: 
heterogeneous pathomechanisms and effectiveness of 
metabolism-based treatment
Norbert Stefan, Hannele Yki-Järvinen, Brent A Neuschwander-Tetri

The global epidemic of metabolic dysfunction-associated steatotic liver disease (MASLD) is increasing worldwide. 
People with MASLD can progress to cirrhosis and hepatocellular carcinoma and are at increased risk of developing 
type 2 diabetes, cardiovascular disease, chronic kidney disease, and extrahepatic cancers. Most people with MASLD 
die from cardiac-related causes. This outcome is attributed to the shared pathogenesis of MASLD and 
cardiometabolic diseases, involving unhealthy dietary habits, dysfunctional adipose tissue, insulin resistance, and 
subclinical inflammation. In addition, the steatotic and inflamed liver affects the vasculature and heart via 
increased glucose production and release of procoagulant factors, dyslipidaemia, and dysregulated release of 
hepatokines and microRNAs. However, there is substantial heterogeneity in the contributors to the pathophysiology 
of MASLD, which might influence its rate of progression, its relationship with cardiometabolic diseases, and the 
response to therapy. The most effective non-pharmacological treatment approaches for people with MASLD 
include weight loss. Paradoxically, some effective pharmacological approaches to improve liver health in people 
with MASLD are associated with no change in bodyweight or even with weight gain, and similar response 
heterogeneity has been observed for changes in cardiometabolic risk factors. In this Review, we address the 
heterogeneity of MASLD with respect to its pathogenesis, outcomes, and metabolism-based treatment responses. 
Although there is currently insufficient evidence for the implementation of precision medicine for risk prediction, 
prevention, and treatment of MASLD, we discuss whether knowledge about this heterogeneity might help 
achieving this goal in the future.

Introduction
The overall global prevalence of metabolic dysfunction-
associated steatotic liver disease (MASLD) has steadily 
increased during past decades and is now estimated at 
38%.1,2 A progressive subset of MASLD, metabolic 
dysfunction-associated steatohepatitis (MASH), poses 
an immense and growing clinical and economic burden 
worldwide3,4 because of its risk of progression to 
advanced fibrosis, cirrhosis, and hepatocellular 
carcinoma.5,6 Furthermore, people with MASLD, and 
especially those with MASH and hepatic fibrosis, are at 
increased risk of developing type 2 diabetes, cardio-
vascular disease, chronic kidney disease, and specific 
types of extrahepatic cancers.7–9

Hepatic steatosis is strongly associated with cardio-
metabolic risk factors, particularly abdominal obesity, 
dyslipidaemia, hyperglycaemia, insulin resi stance, and 
subclinical inflammation.7–15 In addition, the highest 
global pooled prevalence of MASLD is observed in 
people with obesity (75%, 95% CI 71–79%)16 and 
type 2 diabetes (69%, 95% CI 63–74%).17 These 
associations led to a proposal in 2020 to focus on 
metabolic risks in the diagnosis of hepatic steatosis 
and the term metabolic (dysfunction) associated fatty 
liver disease (MAFLD) was proposed.18 In 2023, in 
a collaborative process including clinicians, public 
health experts, regulatory agencies, industry repre-
sentatives, and patient advocacy groups, the terms 
non-alcoholic fatty liver disease (NAFLD) and non-
alcoholic steatohepatitis (NASH) were changed to 
MASLD and MASH respectively.19 Subsequent analyses 

have shown that the MASLD and MASH nomenclature 
can be applied to populations previously characterised as 
having NAFLD and NASH,20–22 and this Review uses the 
MASLD nomenclature to describe previous studies.

Heterogeneity in the pathophysiology and outcomes of 
major non-communicable diseases, such as obesity, 
type 2 diabetes, and cardiovascular disease, has become 
a focus of research during the past decade.23–30 Particularly 
for obesity23–27 and type 2 diabetes,28,29 approaches have 
been proposed to implement precision medicine for 
their prevention, diagnosis, and treatment. Similarly, 
there is also growing interest in under standing the 
heterogeneity of the pathophysiology of MASLD.7,31–34 
Furthermore, data dimensionality reduction strategies 
and pathophysiology-based phenotyping have been 
studied recently for their effectiveness in predicting 
outcomes in patients with MASLD.35

In this narrative Review, we address the heterogeneity 
of MASLD concerning its pathogenesis, risk prediction, 
and metabolism-based treatment response. We 
specifically focus on understanding the shared 
mechanisms contributing to the pathogenesis of hepatic 
steatosis, steatohepatitis, type 2 diabetes, and cardio-
vascular disease. Furthermore, we discuss whether 
hepatic steatosis might be involved in the pathogenesis 
of type 2 diabetes and cardiovascular disease since these 
are linked epidemiologically, and whether the benefits of 
metabolism-based treatments of hepatic steatosis can be 
separated mechanistically from their benefits on 
type 2 diabetes and cardiovascular disease in people with 
MASLD.

https://doi.org/10.1016/S2213-8587(24)00318-8
https://doi.org/10.1016/S2213-8587(24)00318-8
http://crossmark.crossref.org/dialog/?doi=10.1016/S2213-8587(24)00318-8&domain=pdf
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Risks of liver disease progression and cause-
specific mortality in patients with MASLD
Risk of liver disease progression
People with hepatic steatosis are at an increased risk of 
developing cirrhosis and hepatocellular carcinoma. 
About 20% of people with MASH can progress to 
decompensated cirrhosis5,6,36 and the severity of hepatic 
fibrosis is an important predictor of adverse liver-related 
outcomes. In this respect, fibrosis stages F3 (severe 
fibrosis) and F4 (cirrhosis) were associated with increased 
risks of liver-related complications and death.37 Further-
more, in patients with hepatic fibrosis, the presence of 
diabetes strongly increases this risk. In a large prospective 
observational study (n=2016) conducted in patients 
diagnosed with fibrosis by magnetic resonance 
elastography, patients with type 2 diabetes had 
a substantially higher risk of incident hepatic decom-
pensation (hazard ratio [HR] 3·29, 95% CI 2·21–4·90) 
and incident hepatocellular carcinoma (HR 7·72, 95% CI 
2·61–22·87), compared with patients without diabetes. 
Importantly and unexpectedly, this risk remained 
strongly elevated (HR for hepatic decompensation 1·90, 
95% CI 1·21–2·96, and HR for hepatocellular carcinoma 
5·50, 1·63–15·67) after adjustment for liver stiffness on 
magnetic resonance elastography.38 These findings 
support the concept that the underlying metabolic 
abnormalities that lead to insulin resistance and overt 
type 2 diabetes also contribute to the progression of 
MASLD.

Cause-specific mortality
Among people with MASLD, fewer than 10% develop 
liver-related complications and the major causes of death 
are cardiovascular disease and cancer.1,6,39 In small cohort 
studies, cardiovascular disease was identified as the 
leading cause of mortality in adults with MASLD.40 
Recently, Younossi and colleagues conducted a systematic 
review and meta-analysis of population-based studies 
published between 1990 and 2019 and established the 
total and cause-specific mortality in people with MASLD. 
In five studies with diagnosis of MASLD by ultrasound, 
the fatty liver index, or liver biopsy, the pooled all-cause 
mortality rate was 17·05 (95% CI 10·31–28·05) 

per 1000 person-years. While the cause-specific mortality 
rate was 1·75 (95% CI 0·58–2·91) for liver-specific 
mortality and 4·21 (95% CI 1·94–6·48) for extrahepatic 
cancer-specific mortality, it was 5·54 (95% CI 2·72–8·35), 
and thereby highest, for cardiac-specific mortality 
(figure 1).1 These findings indicate that insulin resistance, 
impaired lipid metabolism, and subclinical inflammation, 
all of which are established cardiovascular disease risk 
factors, might also be the main drivers of MASLD-related 
clinical outcomes.

Heterogeneity in the pathogenesis of MASLD
Shared pathomechanisms
The pathogenesis of MASLD has been extensively 
studied and well reviewed elsewhere.10–15,41–44 In most 
cases, an excessive intake of glucose and fructose 
contributes to fatty acid production via hepatic de novo 
lipogenesis. Together with higher intake of saturated 
fatty acids, this process results in subclinical 
inflammation in adipose tissue and the liver, and insulin 
resistance in adipose tissue, liver, and skeletal muscle. 
The mechanisms involved include increased signalling 
via fatty acids, diacylglycerols, and ceramides. The 
resulting insulin resistance-associated hyperinsulinaemia 
and hyper glycaemia amplify hepatic de novo lipogenesis. 
Furthermore, increased saturated fatty acids and hyper-
glycaemia promote hepatic mitochondrial dysfunction, 
increased oxidative stress, and uncoupling of oxidative 
phosphorylation. The resulting cell stress and 
macrophage activation directly and indirectly activates 
a fibrogenic response in hepatic stellate cells that can 
promote the progression to cirrhosis. In addition to 
insulin resistance, hyperinsulinaemia, and proin-
flammatory lipid signalling, dysregulated release of 
adipokines and cytokines from inflamed adipose tissue 
and exposure to inflammatory mediators from Western 
diet-induced changes in the gut microbiome further fuel 
this pathogenic process in the liver. 10–15,41–44

Besides these global metabolic mechanisms, intrahep-
atic pathways are involved in the pathophysiology of 
MASLD. This knowledge is predominantly derived from 
genome-wide association and exome sequencing studies 
in people with hepatic steatosis, and with supportive 
mechanistic studies in animals and in vitro. The 
identified genetic variants and the associated altered 
pathways are often involved in the regulation of the 
mobilisation of triglycerides from lipid droplets 
(PNPLA3), assembly and secretion of VLDLs (TM6SF2), 
hepatic phosphatidylinositol acylchain remodelling 
(MBOAT7), de novo lipogenesis (GCKR), or as yet 
unknown mechanisms (HSD17B13).45,46 Of note, adiposity 
was found to amplify the effects of genetic risk alleles for 
hepatic steatosis, steatohepatitis, and the progression to 
cirrhosis, but, importantly, not to other adiposity-
associated traits.47 Furthermore, even normal weight 
carriers of the PNPLA3 rs738409 (Ile148Met) GG 
MASLD-risk polymorphism were found to have 

Figure 1: The pooled cause-specific mortality rate in people with MASLD
Mortality rate among MASLD patients per 1000 person-years. Data are from 
a systematic review and meta-analysis conducted by Younossi and colleagues1 
of population-based studies published between 1990 and 2019. 
MASLD=metabolic dysfunction-associated steatotic liver disease.
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increased liver fat content.48 Thus, recognising the 
complex heterogeneity of the pathophysiology of MASLD 
could be important for the risk prediction and possibly 
also the treatment of the disease.49 Many approaches to 
categorising patients with MASLD have been proposed 
based on clinical features, laboratory findings, and 
genetic variants, and we next highlight three of the best-
established major contributors to the pathogenesis of 
MASLD. One challenge to the desire to segregate patients 
into separate categories is that the dietary, anthro-
pomorphic, clinical, and genetic drivers are not mutually 
exclusive, therefore, individual patients have varying 
degrees of the various drivers. Nonetheless, if patients 
can be characterised by their dominant underlying 
mechanisms, this could facilitate therapies directed 
towards those mechanisms.

MASLD with a dominant hepatic genetic component
Studies have shown that people with MASLD based on 
a strong hepatic genetic component, have an increased 
risk of hepatic steatosis, inflammation, fibrosis, and 
hepatocellular carcinoma. In this respect, recently in 
a study of people homozygous for the PNPLA3 Ile148Met 

(PNPLA3 rs738409 G) MASLD-risk allele were found to 
have hepatic mitochondrial dysfunction leading to 
reduced de novo lipogenesis and channeling of carbons to 
ketogenesis.50 However, people with MASLD based on 
a strong hepatic genetic component often do not have an 
increased risk of cardiovascular disease, an observation 
that suggests that MASLD per se is not a contributor to 
cardiovascular disease despite the strong epidemiological 
association (figure 2). In a Mendelian randomisation 
study, MASLD due to the PNPLA3 rs738409 G MASLD-
risk allele, was not causally linked to ischaemic heart 
disease.51 In addition, in a large exome-wide association 
study of plasma lipids, the PNPLA3 rs738409 G MASLD-
risk allele and the TM6SF2 rs58542926 T MASLD-risk 
allele were strongly associated with steatosis and 
progression to MASH, cirrhosis, and hepatocellular 
carcinoma. Both alleles were also associated with the 
incidence of type 2 diabetes but with low blood 
triglycerides, low LDL cholesterol concentration, and 
protection from coronary artery disease.52 Mechanisms 
that could explain this protective effect from cardio-
vascular disease and insulin resistance, but the increased 
risk of type 2 diabetes associated with these MASLD-risk 

Figure 2: Major pathways inducing MASLD and their association with insulin resistance, adiposity, dyslipidaemia, type 2 diabetes, cardiovascular disease, 
MASH, and fibrosis
In patients with MASLD with a strong hepatic genetic component, hepatic lipid content is high but insulin resistance, adiposity, and the risk of type 2 diabetes are 
not. The risk of cardiovascular disease is associated with the severity of obesity. The risk of MASH and fibrosis is moderate to strongly increased in patients with 
MASLD with a strong hepatic genetic component. In patients with MASLD with a strong metabolic component related to hepatic de novo lipogenesis (ie, high intake 
of glucose, diabetes-associated hyperinsulinaemia, and hyperglycaemia), often increased insulin resistance and adiposity, severe dyslipidaemia, hyperglycaemia, and 
an increased risk of cardiovascular disease are observed. In patients with MASLD with a strong metabolic component related to adipose tissue dysfunction 
(ie, lipodystrophy, high amount of visceral fat and low amount of gluteofemoral fat, adipose tissue with insulin resistance, increased lipolysis, inflammation, and 
dysregulated adipokines) a high prevalence of insulin resistance, type 2 diabetes, and cardiovascular disease, but a low amount of adiposity and moderate 
dyslipidaemia are observed. Both MASLD phenotypes with a strong metabolic component have a moderately increased risk of MASH and fibrosis. MASH=metabolic 
dysfunction-associated steatohepatitis. MASLD=metabolic dysfunction-associated steatotic liver disease. ↑=moderate increase. ↓=moderate decrease. ↑↑=strong 
increase. ↑↑↑=very strong increase of prevalence or risk of disease.  –= no change of prevalence or risk of disease. *Variability in PNPLA3 and TM6SF2 are associated 
with decreased risk of cardiovascular disease.
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alleles, have previously been discussed.45,53 For example, 
PNPLA3 was identified as a triglyceride lipase mobilising 
polyunsaturated fatty acid to facilitate hepatic secretion 
of large-sized very low density lipoprotein. The PNPLA3 
rs738409 G MASLD-risk allele was less active than the 
wildtype enzyme, indicating that hepatic steatosis might 
result from decreased hepatic triglyceride secretion.54 
Furthermore, people with the PNPLA3 rs738409 G 
MASLD-risk allele were found to have a less metabolically 
harmful saturated, ceramide-enriched liver lipidome, 
compared with people with hepatic steatosis and insulin 
resitant.55 Of note, an unweighted genetic risk score 
based on the number of risk alleles in PNPLA3, TM6SF2, 
MBOAT7, HSD17B13, and MARC1 associated with 
increased prevalence of hepatic steatosis, lobular 
inflammation, and fibrosis, and lower hepatic de novo 
lipogenesis but not with whole-body and adipose tissue 
insulin resistance.56

MASLD with a dominant metabolic component related 
to hepatic de novo lipogenesis
Increased hepatic de novo lipogenesis might be the main 
operative pathway among patients with MASLD that 
is associated with a strong metabolic component 
characterised by insulin resistance, hyperglycaemia, and 
hyperinsulinaemia (figure 2). In 2005, Donnelly 
and colleagues found in a small study (n=9) that in 
people with MASLD, 26% of the hepatic triglycerides 
derived from de novo lipogenesis.57 In another study, 
Lambert and colleagues showed that people with high 
liver fat content had more than 3-fold higher rates of de 
novo fatty acid synthesis than people with low liver fat 
content.58 The authors also discussed data showing that 
significant stimulation of this pathway in the fed state 
has been observed in other studies, especially when 
simple carbohydrates are consumed.58 

In 2020, Smith and colleagues41 showed that the 
contribution of hepatic de novo lipogenesis to 
intrahepatic triglyceride palmitate was 11% in people 
with normal weight, 19% in those with obesity, and 
38% in people with obesity and MASLD. A subsequent 
larger stable isotope metabolic study showed that de novo 
lipogenesis contributed to 40·7% of palmitate production, 
and this did not decrease with more advanced fibrosis.59 
Importantly, hepatic de novo lipogenesis negatively 
correlated with hepatic and whole-body insulin sensitivity 
and positively correlated with 24-h plasma glucose and 
insulin concentrations. Most recently, in an analysis of 
data from 37 358 UK Biobank participants, genetic 
variants associated with enhanced de novo lipogenesis 
and higher liver triglyceride content were linked to 
a higher risk of myocardial infarction and coronary artery 
disease. While genetic variants associated with impaired 
hepatic triglyceride export and higher liver triglyceride 
content were linked to a lower risk of coronary artery 
disease and myocardial infarction, all liver triglyceride 
content-raising variants were associated with increased 

risk of non-alcohol-related cirrhosis, hepatocellular 
carcinoma, and intrahepatic bile duct and gallbladder 
cancers.60

MASLD with a dominant metabolic component related 
to adipose tissue dysfunction
Although de novo lipogenesis is a contributor to an 
excess accumulation of lipids in the liver in some 
patients, a more common contributor might be the 
excessive delivery of fatty acids to the liver caused by 
dysregulated lipolysis in adipose tissue.13,61 Insulin is 
a primary suppressor of adipocyte lipolysis, and adipose 
tissue insulin resistance contributes to the dysregulated 
lipolysis. Dietary oversupply of fat and carbohydrates 
causes a stress response in adipose tissue that impairs 
insulin signalling and reduces beneficial adipokine 
production such as adiponectin.

In some people with lean MASLD, adipose tissue 
dysfunction might be the predominant pathogenic 
mechanism (figure 2).61–66 In this respect, people of 
normal weight who are metabolically unhealthy and have 
insulin resistance have a lipodystrophy-like phenotype, 
which is mainly characterised by a low amount of 
gluteofemoral and leg fat mass.62 In addition, severe 
hepatic steatosis is often found in patients with 
genetically determined or familial and acquired lipo-
dystrophy.67 Importantly, acquired lipodystrophy, which 
is predominantly thought to be autoimmune in origin, 
might become more relevant as a future disease, 
considering increasing use of anti-retroviral therapy for 
HIV and the large increase in cancer immunotherapies 
that can induce severe MASLD.68

In fact, in clinical practice lean MASLD is often 
underdiagnosed. Based on a 2022 expert review by the 
American Gastroenterological Association, an estimated 
7–20% of people with MASLD have a normal weight 
body habitus.69 Patients with lean MASLD are often older 
and more frequently men. Although the findings are not 
consistent among several studies, patients with lean 
MASLD have a similar or higher prevalence of multiple 
cardiometabolic risk factors, risk scores, and 
cardiovascular events than patients with overweight and 
obesity and MASLD.69 In a 2024 meta-analysis comprising 
14 studies with 94 181 patients with MASLD, those with 
lean MASLD had a higher risk of all-cause mortality than 
those with non-lean MASLD (random-effects HR 1∙61, 
95% CI 1∙37–1∙89). Of note, this risk was independent of 
age, sex, cardiometabolic risk factors, and estimates 
of fibrosis stage or cirrhosis.70 Liver-specific outcomes 
might be less common as suggested by a study of 
1339 patients with biopsy-proven MASLD from 
four countries (Italy, the UK, Spain, and Australia) in 
which 4∙7% of people with normal weight versus 7∙7% of 
patients with overweight or obesity developed liver-
related events (p=0∙37). Importantly, most of these 
patients with normal weight maintained a BMI 
in the normal weight range during follow-up.71 
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A population-based Swedish registry study with nearly 
20 years of follow-up showed that at baseline, patients 
with lean MASLD had lower stages of fibrosis, but 
paradoxically a higher risk for developing more advanced 
liver disease compared with patients with non-lean 
MASLD.72 Thus, people with lean MASLD are at risk of 
progressive liver disease, and possibly cardiometabolic 
disease, independent of change of bodyweight.

Clusters in MASLD based on clinical and laboratory data
Considering heterogeneity in the pathogenesis of 
MASLD, there is accumulating evidence to support its 
use for future stratification of MASLD-associated risk of 
diseases. However, to implement such characterisation 
in a clinical setting, effective and reproducible procedure 
stratification of patients with MASLD should be 
established. Because of the complexity of the many 
factors influencing outcomes, data dimensionality 
reduction strategies have been used to cluster people 
with MASLD as has been done in the fields of obesity 
and type 2 diabetes research.23,25 In a study that 
investigated the serum metabolome from 1154 people 
with biopsy-proven MASLD, three metabolic subtypes 
labelled A (47%), B (27%), and C (26%) were identified 
using a hierarchical clustering algorithm.73 While the 
percent of patients with MASH and fibrosis was 
comparable among subtypes, and insulin resistance and 
HbA1c also did not differ among the subtypes, serum 
VLDL-triglyceride levels and secretion rates were lower 
in subtype A compared with subtypes B and C. Serum 
triglyceride, cholesterol, VLDL, small dense LDL, and 
remnant lipoprotein cholesterol were lower among 
subtype A compared with subtypes B and C. The 10-year 
risk of cardiovascular disease, estimated with the 
Framingham risk score, and the frequency of the 
PNPLA3 rs738409 G MASLD-risk allele were lower in 
subtype A.73

In an analysis of data from the US Third National 
Health and Nutrition Examination Survey where fatty 
liver was diagnosed by abdominal ultrasound and linked 
to mortality data up until December 2019, a two-stage 
cluster analysis was performed.74 Using 21 baseline 
clinical and laboratory variables, such as BMI, waist 
circumference, waist-to-hip ratio, haemoglobin, HbA1c, 
uric acid, HDL cholesterol, and homeostasis model 
assessment of insulin resistance, three distinct clusters 
were identified. Compared with patients in cluster 1 
(younger with mean age 40 years, normal weight with 
mean BMI 24 kg per m², more females [76%] with a low 
cardiometabolic risk profile), patients in cluster 2 (older 
people with mean age 50 years, people with obesity, 
insulin-resistance, and high prevalence of diabetes) and 
cluster 3 (older people with mean age 49 years, people 
with obesity, lower prevalence of insulin resistance, low 
prevalence of diabetes, hypertension, and atherogenic 
dyslipidaemia) had higher all-cause and cardiovascular 
mortality after the adjustment for age, sex, BMI, and race 

or ethnicity. No differences in all-cause mortality were 
observed between patients in clusters 2 and 3. Whether 
the people with normal weight, who were insulin-
sensitive and normolipidaemic with MASLD in cluster 1 
mostly had a strong hepatic genetic component of 
MASLD and whether incident fibrosis or cirrhosis also 
differed between the clusters, could not be established. 
Furthermore, it would have been interesting to know 
whether the high insulin resistance in cluster 2 might 
predominantly be driven by adipose tissue dysfunction 
and the atherogenic dyslipidaemia and hypertension in 
cluster 3 by increased de novo lipogenesis.74

In another study, using the parameters of age, HbA1c, 
total cholesterol or HDL cholesterol ratio to total 
cholesterol, triglycerides, and lipoprotein (a) levels, 
five clusters of MAFLD were identified in a Chinese 
cohort and validated in the UK Biobank database.75 
Patients in different clusters showed different risks of 
type 2 diabetes, coronary heart disease, and all-cause 
mortality. Patients in cluster 3, which was referred 
to as severe insulin resistance-related MAFLD, had 
considerably worse survival outcomes and higher 
cardiometabolic risks than those in other clusters. The 
other clusters were referred to as mild obesity and 
dyslipidaemia-related MAFLD (cluster 1), age-related 
MAFLD (cluster 2), high lipoprotein (a)-related MAFLD 
(cluster 4), and severe mixed hyperlipidaemia-related 
MAFLD (cluster 5).75 Altogether, the results of these 
studies of clustering based on clinical parameters 
highlight that the allocation of the patients with hepatic 
steatosis to specific clusters strongly depends on the 
parameters that are used to generate the clusters and that 
in the future precise liver phenotypes need to be used for 
clustering MASLD.

Clusters in MASLD that incorporate genetic variants
Luukkonen and colleagues performed extensive 
metabolic and genetic analyses of a large cohort of 
Finnish patients to identify a group with a dominant 
component of metabolic drivers (MetComp) and another 
group with a dominant component of genetic drivers 
(GenComp), and as might be expected since these 
drivers are not mutually exclusive, a group with features 
of both.56 The patients in the GenComp cluster were 
charac terised by the excessive metabolic substrate (fatty 
acids, carbohydrates and amino acids) availability with 
increased peripheral lipolysis or increased de novo 
lipogenesis whereas those in the GenComp cluster did 
not have these dysmetabolic characteristics, but had 
evidence of redox imbalance characterised by a high 
β-hydroxybutyrate to acetoacetate ratio suggesting 
impaired mitochondrial function. Others have identified 
this reductive stress as a cause of cell stress and increased 
lipogenesis.76 A more recent study of phenotypic 
characteristics and a diverse array of genetic variants 
clustered patients into seven metabolic categories with 
additive influences of genetic variants.77 Most recently, a 
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data-driven cluster analysis, using a simple algorithm 
based on six widely available traits: age, BMI, HbA1c, 
alanine aminotransferase, LDL cholesterol, and 
triglycerides, identified two types of MASLD 
characterised by distinct clinical trajectories. The liver-
specific cluster, which was enriched by the PNPLA3 
rs738409 G MASLD-risk allele, showed a rapid 
progression of chronic liver disease, but a relatively low 
risk of cardiovascular disease. The cardiometabolic 
cluster, which was predominantly characterised by 
elevated glycaemia and high levels of triglycerides, had a 
similar incidence of chronic liver disease, but a higher 
risk of cardiovascular disease and type 2 diabetes. 
Analyses of liver transcriptomics and plasma 
metabolomics showed that these two types of MASLD 
clusters had distinct liver transcriptomic profiles and 
plasma metabolomic signatures, respectively.78 Another 
most recently published study used a genetic approach 
and identified two partitioned polygenic risk scores 
based on the presence of lipoprotein retention in the 
liver. The two polygenic risk scores indicate the presence 
of at least two different types of MASLD phenotypes. 
The one, a so-called liver-specific or discordant (ie, high 
liver fat content but relatively low circulating 
triglycerides) MASLD phenotype, is characterised by 
liver lipid retention. This phenotype strongly associated 
with more aggressive liver disease, but a lower risk of 
cardiovascular disease. Of note, a higher mRNA 
expression of the genes generating this score in liver 
versus visceral adipose further supports that the major 
pathophysiology of the liver-specific or discordant 
MASLD phenotype is corresponding to the liver. The 
other, a so-called systemic or concordant MASLD 
phenotype, also associated with a similarly increased 
risk of more aggressive liver disease, but a higher risk of 
cardiometabolic disease (ie, cardiovascular disease and 
type 2 diabetes).79 These novel findings further highlight 
the heterogeneity of MASLD with respect to its 
pathogenesis and risk of diseases.

MASLD heterogeneity and non-pharmalogical 
treatments
The importance of understanding the diverse 
contributors to the pathogenesis of MASLD is based on 
the assumption that this knowledge will influence 
individualised treatment approaches. For the treatment 
of MASH, the US Food and Drug Administration (FDA) 
published a whitepaper in 2011 detailing the roadmap of 
drug approval, stating that for conditional approval, at 
least one of the following histologic endpoints should be 
reached: resolution of MASH (defined as an inflam-
mation score of 0 or 1 and a ballooning score of 0) 
without worsening of fibrosis or improvement in fibrosis 
by one stage or more, without worsening of MASH.80 
While the FDA accepts either the resolution of MASH or 
improvement in fibrosis as the primary endpoint, the 
European Medicine Agency requires both endpoints.81

Here we mainly focus on metabolism-based treatment 
approaches of MASH, as we assume that they also strongly 
affect cardiometabolic risk parameters due to their shared 
underlying metabolic abnormalities. Liver-directed 
therapeutic targets such as inflammation and fibrosis, 
have been well discussed in other reviews.82–84 With the 
exception of thyroid hormone receptor-β (THR-β) agonists 
and fatty acid synthase inhibitors, liver-directed therapies 
such as anti-inflammatory and anti-cell death agents 
(eg, ASK-1, PDE-4, CCR2/5, and JNK inhibitors, anti-TNFα 
approaches, and caspase inhibitors) have been 
disappointing despite encouraging data in preclinical 
mouse models.

MASLD and pharmacological treatments
Potential treatments associated with weight loss
During the past decade, pharmacological treatment with 
sodium–glucose co-transporter-2 (SGLT2) inhibitors and 
glucagon-like peptide-1 (GLP-1) receptor agonists has 
revolutionised the therapy of type 2 diabetes.85–87 A reduction 
in major adverse cardiovascular events and mortality has 
been observed with SGLT2 inhibitors and GLP-1 receptor 
agonists. Furthermore, protection from progressive 
chronic kidney disease and symptoms from and 
hospitalisation due to heart failure have been observed 
with these therapies in patients with or without 
type 2 diabetes.85–87 In addition, the GLP-1 receptor agonists 
semaglutide and the glucose-dependent insulinotropic 
polypeptide (GIP) receptor and GLP-1 receptor co-agonist 
tirzepatide have been approved for the treatment of 
obesity.87 In patients with preexisting cardiovascular 
disease and overweight or obesity but without diabetes, 
semaglutide decreased the incidence of death from 
cardiovascular causes, non-fatal myocardial infarction, or 
non-fatal stroke.88 Drugs that are approved for the 
treatment of cardiometabolic diseases or are being tested 
for the treatment of MASH and for which data from 
clinical trials in patients with MASLD are available, are 
shown in the table.

SGLT2 inhibitors
Uptake of glucose and fructose by the liver can contribute 
to de novo lipogenesis and the development of MASLD. 
Thus, reducing the burden of circulating glucose 
by promoting its renal excretion could be beneficial. 
In a randomised, open-label, active-controlled trial 
conducted in Japan,89 patients with biopsy-proven MASLD 
and type 2 diabetes were randomly assigned to receive 
tofogliflozin once daily at a dose of 20 mg or glimepiride at 
an initial dose of 0∙5 mg for 48 weeks. There was 
a tendency (all p=0∙06–0∙17) for a greater improvement in 
steatosis, hepatocellular ballooning, lobular inflammation, 
and fibrosis in the tofogliflozin group compared with the 
glimepiride group. Reductions in aspartate transaminase, 
γ-glutamyl transferase, the fibrosis 4 index, and bodyweight 
were greater in the tofogliflozin group compared with the 
glimepiride group, while the reductions in glucose levels 
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and HbA1c did not differ between the groups.89 Based on 
a 2022 systematic review,100 seven trials of SGLT2 inhibitors 
to specifically treat MASLD in patients with obesity and 
type 2 diabetes (n=569, not including the trial referenced 
here by Takeshita and colleagues)89 were identified. In this 
analysis, treatment with SGLT2 inhibitors was associated 
with an improvement in liver fat content, aminotransferase 
levels, bodyweight, and HbA1c levels. A large population 
study in South Korea has also shown reduced liver-related 
adverse outcomes in people treated with SGLT2 inhibitors 
compared with sulfonylureas.101 These data indicate that 
SGLT2 inhibitors might be effective in treating MASLD, 
most probably via their glucose and bodyweight-lowering 
effects. However, there is also accumulating data 
showing that SGLT2 inhibitors might directly decrease 
inflammation, induce ketogenesis, increase glucagon 
production, and increase adiponectin levels.102,103

GLP-1 receptor agonists
Two clinical trials investigated the efficacy of the GLP-1 
receptor agonists liraglutide and semaglutide (both 

compounds are approved for the treatment of 
type 2 diabetes and obesity) to treat MASH with fibrosis 
and examined liver histology outcomes. In a small 
phase 2 trial,90 treatment with subcutaneous 1·8 mg 
liraglutide once daily for 48 weeks led to MASH 
resolution in nine (39%) of 23 patients in the liraglutide 
group compared with two (9%) of 22 in the placebo group 
(relative risk 43, 95% CI 1·0–17·7). No improvement of 
fibrosis, but a lower rate of worsening of fibrosis, was 
observed in the liraglutide group. Decreases of 
bodyweight and HbA1c were larger in the liraglutide 
group, while the change of insulin resistance (estimated 
with homoeostasis model assessment-estimated insulin 
resistance) was not different among the groups. 
In a larger phase 2 trial with semaglutide in 320 patients 
with MASH and liver fibrosis of stage F1–F3 (mild, 
moderate, and severe fibrosis),91 treatment with 
subcutaneous 0·1 mg, 0·2 mg, or 0·4 mg semaglutide 
per day for 72 weeks resulted in a significantly higher 
proportion of patients with MASH resolution without 
worsening of fibrosis than placebo (in 40%, 

Drug Indication Phase Resolution 
of NASH or 
MASH

Clinical effect

Steatosis 
score

Inflammation 
score

Fibrosis 
score

Hepatic 
enzymes

Bodyweight HbA1c insulin 
resistance

Treatments associated with decrease in bodyweight

SGLT2 inhibitors Tofogliflozin vs glimepirid89 Biopsy-proven NAFLD 2 Yes (↓) (↓) (↓) ↓ ↓ ↓ NA

GLP-1 receptor 
agonist

Liraglutide vs placebo90 Biopsy-proven NASH 2 Yes – – (↓) (↓) ALT; 
↓ GGT

↓ ↓ –

GLP-1 receptor 
agonist

Semaglutide vs placebo91 Biopsy-proven NASH and 
liver fibrosis (F1–F3)

2 Yes ↓ ↓ – or (↓) ↓ ↓ ↓ NA

GLP-1 receptor 
agonist

Semaglutide vs placebo92 Biopsy-proven MASH and 
liver fibrosis (F2, F3)

3 Yes NA NA ↓ ↓ ↓ ↓ NA

GLP-1 receptor 
agonist

Semaglutide vs placebo93 Biopsy-proven NASH and 
liver cirrhosis

2 No ↓ – – ↓ ↓ ↓ NA

GIP and GLP-1 
receptor co-agonist

Tirzepatide vs placebo94 Biopsy-proven MASH and 
liver fibrosis (F2, F3)

2 Yes ↓ ↓ ↓ ↓ ↓ ↓ NA

Glucagon and GLP-
1 receptor 
co-agonist

Survodutide vs placebo95 Biopsy-proven MASH and 
liver fibrosis (F2, F3)

2 Yes ↓ ↓ (↓) ↓ ↓ ↓ NA

Treatments associated with no change in bodyweight

Fibroblast growth 
factor 21 

Pegozafermin vs placebo96 Biopsy-proven NASH + 
liver fibrosis (F2, F3)

2 Yes ↓ ↓ ↓ ↓ – – NA

THR-β receptor 
agonist 

Resmetirom vs placebo97 Biopsy-proven NASH and 
liver fibrosis (F1B, F2, F3)

3 Yes ↓ ↓ ↓ ↓ – – –

Treatments associated with increase in bodyweight

PPAR agonist Pioglitazone (PPARγ vs 
control96

Biopsy-proven NASH 4 Yes ↓ ↓ ↓ ↓ ↑ ↓ ↓

PPAR agonist Lanifibranor (PPARα, 
PPARδ, and PPARγ, pan-
PPAR) agonist vs placebo97

Biopsy-proven NASH 
(76% moderate or 
advanced fibrosis

2 Yes ↓ ↓ ↓ ↓ ↑ ↓ ↓

↓ or ↑=statistical difference versus comparator. (↓) or (↑)=statistical trend versus comparator (p<0·2) or no consistent effects among treatment groups. –=not altered. ALT=alanine aminotransferase. F1=mild 
fibrosis. F1B=moderate perisinusoidal fibrosis. F2=moderate fibrosis. F3=severe fibrosis. GGT=γ-glutamyl transferase. GIP=glucose-dependent insulinotropic polypeptide. GLP=glucagon-like peptide. 
MASH=metabolic dysfunction steatohepatitis. MASLD=metabolic dysfunction-associated steatotic liver disease. NA=not assessed. NASH=non-alcoholic steatohepatitis. NAFLD=non-alcoholic fatty liver disease. 
PPAR=peroxisome proliferator-activated receptor. SGLT2=sodium–glucose co-transporter 2. THR-β=thyroid hormone receptor-β.

Table: Selected agents with suspected beneficial metabolic effects that were studied in active controlled clinical trials in patients with biopsy-proven MASLD or MASH
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36%, and 59% of patients treated with doses of 0·1 mg, 
0·2 mg, or 0·4 mg per day, respectively, compared with 
17% in the placebo group). Improvement of liver fibrosis 
stage with no worsening of MASH was not found in this 
study.

Three clinical trials investigated the efficacy of 
semaglutide. A phase 2 trial of 2·4 mg semaglutide once-
weekly for 48 weeks in 71 patients with MASH cirrhosis 
showed liver fat reduction but did not result in larger 
improvement in liver fibrosis of one stage or more without 
worsening of MASH compared with placebo.93 There was 
also no significant difference between groups in the 
proportion of patients who had MASH resolution. 
Decreases of body weight (–8·83% in the semaglutide 
group vs –0·09% in the placebo group) and HbA1c were 
larger with semaglutide compared with placebo. Most 
recently in an interim analysis of 800 of 1200 patients with 
MASH and fibrosis F2 or F3 of an ongoing phase 3 trial, 
once-weekly treatment with semaglutide 2·4 mg for 
72 weeks resulted in a statistically higher proportion of 
patients with MASH resolution without worsening of 
liver fibrosis than placebo (ie, in 63% of patients treated 
with semaglutide compared with 34% in the placebo 
group). Treatment with semaglutide also resulted in 
a statistically higher proportion of patients having an 
improvement of liver fibrosis without worsening of 
MASH (ie, in 37% of patients treated with semaglutide 
compared with 23% in the placebo group.92  

Clinical, demographic, and genetic factors that affect 
treatment response with respect to liver histology or liver-
related events with the GLP-1 receptor agonist have not 
been reported. Of note, variants in GLP1R and its 
associated signalling molecule ARRB1 (β-arrestin1) have 
been identified as having a significant effect on glycaemic 
control in a genome-wide analysis of pooled samples from 
multiple large clinical trials.104 Whether these variants alter 
target engagement and would influence MASH treatment 
response has not been described.

GLP-1 and GIP receptor co-agonists
GIP and glucagon receptor agonists have additive 
beneficial metabolic effects to GLP-1 receptor agonists and 
multiple drugs are available or under investigation that 
leverage the synergistic benefits.105 Tirzepatide, a GIP 
receptor and GLP-1 receptor co-agonist, has been approved 
for the treatment of type 2 diabetes and obesity.105 
Tirzepatide was not only found superior to GLP-1 receptor 
agonists to decrease bodyweight, both in people with and 
without type 2 diabetes, but also HbA1c levels in patients 
with diabetes.87,105 Beneficial metabolic effects of 
tirzepatide, independent of weight loss, include increased 
insulin secretion and glucagon secretion-induced lipid 
oxidation. Most importantly, GIP receptor agonism in 
adipose tissue is thought to enhance lipid storage in white 
adipose tissue, thereby reducing ectopic lipid deposition 
in other organs, such as skeletal muscle and the liver,105 a 
process that depends on insulinaemia.106 In a phase 2 trial 

involving 190 participants with MASH and stage F2 or F3 
(moderate or severe) fibrosis, once-weekly subcutaneous 
tirzepatide (5 mg, 10 mg, or 15 mg) for 52 weeks led to 
statistically significant MASH resolution without 
worsening of fibrosis in 44% of 5 mg, 56% of 10 mg, 
and 62% of 15 mg tirzepatide groups compared with 10% 
in the placebo group.94 Similarly, improvement of at least 
one fibrosis stage without worsening of MASH was found 
in 55% of 5 mg, 51% of 10 mg, and 51% of the 15 mg 
tirzepatide groups compared with 30% in the placebo 
group. However, the change in fibrosis has not been 
adjusted for multiple comparisons.

GLP-1 and glucagon receptor co-agonists
Survodutide, a GLP-1 and glucagon receptor co-agonist, 
has not yet been approved for any treatment. In 
a phase 2 trial involving 293 participants with biopsy-
confirmed MASH and fibrosis stage F1–F3, participants 
received once-weekly subcutaneous injections of 
survodutide at a dose of 2∙4 mg, 4∙8 mg, or 6∙0 mg 
or placebo, for 48 weeks.95 Statistically significant improve-
ment in MASH with no worsening of fibrosis was 
observed in 47% of 2∙4 mg, 62% of 4∙8 mg, and 
43% of 6∙0 mg groups compared with 14% in the placebo 
group. Improvement of fibrosis was found in 34% of the 
6∙0 mg group compared to 22% in the placebo group. 
Another GLP-1 and glucagon receptor co-agonist, 
pemvidutide which has a greater effect on the GLP-1 
receptor than survodutide, is also being studied in patients 
with MASH.107

GLP-1, GIP, and glucagon triple agonists
Retatrutide and efocipegtrutide—GLP-1, GIP, and 
glucagon triple agonists—are being evaluated as 
treatments for obesity with retatrutide in early studies for 
MASH. Liver biopsy results are not available yet but in 
a phase 2a study of 98 patients, retratrutide treatment for 
just 24 weeks resulted in a mean relative change in liver 
fat from baseline of –42∙9% (1 mg), –57∙0% (4 mg), 
–81∙4% (8 mg), –82∙4% (12 mg), and +0∙3% for placebo 
(all p<0∙001 vs placebo). Liver fat normalization (<5% liver 
fat by proton density fat fraction) was observed in 27% in 
1 mg, 52% in 4 mg, 79% in 8 mg, and 86% in 12 mg 
treatment groups compared with 0% in the placebo 
group.108 If future biopsy-based studies show similar 
MASH resolution, these results might suggest that this 
treatment type might overcome major genetic drivers in 
most patients, although much is to be learned about the 
14% of patients who did not normalise liver fat.

Potential treatments associated with no change 
in bodyweight
FGF-21 analogues
Fibroblast growth factor 21 (FGF-21) is a hepatokine that 
has pleiotropic beneficial effects on metabolism.109,110 
Numerous analogues that target the FGF receptors 
(ie, FGFR1, FGFR2, and FGFR3) and the β-klotho 
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co-receptor have been shown to increase 
energy expenditure, improve insulin sensitivity and 
dyslipidaemia, and increase adiponectin levels. Treat ment 
of patients with obesity and type 2 diabetes with different 
FGF-21 analogues resulted in a decrease of bodyweight, 
hyperlipidaemia, liver fat content, and an increase of 
adiponectin levels, while changes of glycaemia were not 
observed.109,110 Pegbelfermin, a pegylated FGF-21 drug, 
showed some beneficial effects on secondary endpoints in 
patients who are pre-cirrhotic111 and those with well-
compensated cirrhotic MASLD,112 but did not meet 
primary histological improvement endpoints and its 
development was stopped. However, in a phase 2b trial of 
the FGF-21 analogue pegozafermin, FGF-21 linked to a 
smaller polyethylene glycol molecule and a different 
linking structure than pegbelfermin, led to MASH 
resolution in patients treated with 15 mg weekly 
(37% MASH resolution), 30 mg weekly (23%), or 44 mg 
every two weeks (25%) compared with 2% in the placebo 
group.96 Fibrosis improved in 25% and 44% of patients in 
the 30 mg and 44 mg groups compared with 7% in the 
pooled placebo group. No changes in bodyweight or HbA1c 
levels occurred in the pegozafermin groups or the placebo 
group.

A study of efruxifermin, a human IgG1 Fc-FGF-21 
fusion protein, showed similar results with improved 
MASH activity and fibrosis in some but not all patients.113 
In a meta-analysis that included five phase 2 placebo-
controlled trials involving adults with biopsy-confirmed 
MASH and stages F1–F4 fibrosis, treatment with the 
FGF-21 analogues efruxifermin, pegbelfermin, and 
pegozafermin resulted in a significantly higher percentage 
of patients with MASH resolution with no worsening of 
fibrosis, or greater than one stage of fibrosis improvement 

without worsening of MASH than placebo.114 Multiple 
other FGF-21 analogues are in earlier stages of 
development for MASH.115

Resmetirom
Activation of the thyroid hormone receptor-β (THR-β) in 
the liver improves circulating lipid levels by modulating 
hepatic lipid metabolism and this signalling pathway has 
been identified as a promising target to treat MASLD and 
hypercholesterolaemia.116 A phase 3 clinical trial of 
the THR-β agonist resmetirom in 966 patients led to 
MASH resolution without worsening of fibrosis in 
25∙9% and 29∙9% of patients treated with 80 mg or 
100 mg respectively compared with 9∙7% of the 
participants in the placebo group. Fibrosis improvement 
by at least one stage without worsening of the NAFLD 
Activity Score was seen in 24∙2% and 25∙9% in the 80 mg 
and 100 mg group groups compared with 14∙2% in the 
placebo group. No differences were observed in 
bodyweight, HbA1c levels, or insulin resistance between 
the resmetirom and placebo groups.97 Importantly, on 
March 14, 2024, the FDA approved resmetirom for the 
treatment of adults with non-cirrhotic NASH with 
moderate to advanced liver fibrosis, to be used together 
with diet and exercise.117 Thus, resmetirom became the 
first drug to receive conditional approval in the USA for 
treating fibrotic MASH. Laboratory, clinical, and genetic 
factors associated with non-response have not yet been 
described.

Treatments associated with an increase of 
bodyweight
Peroxisome proliferator-activated receptors (PPARs) 
are a group of nuclear receptors that are important 

Panel: Lifestyle interventions

There is scarce clinical trial data on tailoring dietary and exercise 
recommendations based on clinical phenotype or the presence 
of genetic variants. Based on major society recommendations, 
in all adults with metabolic dysfunction-associated steatotic 
liver disease (MASLD) and overweight or obesity, dietary and 
behavioural therapy-induced weight loss should aim at 
a sustained reduction of 5% or more to reduce liver lipid 
content, 7–10% to improve liver inflammation, and 10% or 
more to improve fibrosis,120,123 but in people with lean MASLD, 
the recommended targeted weight loss is 3–5%.69

Bariatric surgery is usually reserved for people with substantial 
obesity with comorbidities and is already tailored to a subset of 
patients with MASLD based on phenotypic features.127 For 
example, in a French study that included 180 patients, 5 years 
after bariatric surgery with liver biopsies available in 
64 patients, resolution of MASH without worsening fibrosis 
was observed in 54 (84%) of patients (95% CI 73·1–92·2%).128 
In addition, fibrosis decreased in 45 (70·2%) of patients (95% CI 
56·6–81·6%). In an Italian study, 288 patients with obesity and 

biopsy-proven MASH were assigned to lifestyle modification 
plus best medical care (n=96), Roux-en-Y gastric bypass (n=96), 
or sleeve gastrectomy (n=96).127 Resolution of MASH without 
worsening of fibrosis at 1-year follow-up was observed in 
54 (56%) of patients in the Roux-en-Y gastric bypass group and 
in 55 (57%) of patients in the sleeve gastrectomy group, but in 
only 15 (16%) of patients in the lifestyle modification group.

An important and intensively discussed aspect in the field of 
MASLD treatment is the question of whether the treatment of 
MASLD also improves clinical outcomes. In the SPLENDOR 
study,130 in patients without cirrhosis at baseline, bariatric 
surgery (Roux-en-Y gastric bypass or sleeve gastrectomy) 
showed a marked reduction in the rate of major adverse liver 
outcomes (adjusted hazard ratio 0·12, 95% CI 5·5–11·4%), 
versus nonsurgical care, but some patients still progressed to 
liver-related adverse events. In addition, bariatric surgery 
largely reduced major adverse cardiovascular events (adjusted 
hazard ratio 0·30, 95% CI 0·12–0·72), compared with the 
nonsurgical group.
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modulators of glucose and lipid metabolism, but are also 
involved in the regulation of inflammatory and fibrotic 
processes. Three different PPAR isotypes exist 
(α, β/δ, and γ). Single, dual, and pan-PPAR agonists 
have been studied for the treatment of MASH and 
hepatic fibrosis. Mechanisms of action of these PPAR 
agonists and results of the respective clinical trials have 
been well summarised before.118 Clinical, laboratory, and 
genetic factors that correlate with response or non-
response to the various PPAR agonists have not been 
described.

Pioglitazone
The PPARγ agonist pioglitazone is approved for the 
treatment of type 2 diabetes and is also protective of 
myocardial infarction and ischaemic stroke and 
improves MASLD. A meta-analysis showed an odds ratio 
(OR) of 3∙65 (95% CI 2∙32–5∙74) for MASH resolution 
and an OR of 10∙17 (95% CI 2∙8–36∙5) for improvement 
in advanced fibrosis (stages F3–F4) compared with 
control groups.98 Weight gain, particularly subcutaneous 
fat rather than visceral fat, is often observed during 
pioglitazone treatment,119 however, pioglitazone has not 
been approved to treat MASLD. The USA practice 
guidance statement on treating MASH states that 
pioglitazone can be used to treat patients with biopsy-
proven MASH, with or without type 2 diabetes.120 The 
European guidelines on the management of MASLD 
states that pioglitazone is safe to use in adults with non-
cirrhotic MASH but given the absence of robust evidence 
of histological efficacy on steatohepatitis and liver 

fibrosis in large phase 3 trials, pioglitazone cannot be 
recommended as a MASH-targeted therapy.121

Other PPAR ligands
Fibrates are considered pure PPARα ligands and do not 
promote MASH resolution. The PPARα and PPARδ drug 
elafibranor has dominant PPARα effects and progressed 
to a phase 3 trial for MASH, but its development for the 
treatment of MASH was stopped in 2023 due to failure to 
meet key endpoints on interim analysis. The PPARα and 
PPARγ drug saroglitazar improved liver fat content and 
alanine aminotransferase but was associated with weight 
gain in a phase 2a trial.122 Saroglitazar is now being 
evaluated in a phase 2b trial and has been approved in 
India for treatment of MASH. A phase 2b study of the 
PPARα, PPARδ, and PPARγ (pan-PPAR) agonist 
lanifibranor for MASH showed disease improvement in 
55% of patients treated with the highest dose compared 
with 33% in the placebo group.99 Fibrosis improvement 
without worsening of MASH was found in 48% at the 
highest dose compared with 29% in the placebo group. 
Treatment improved liver fat content, reduced liver 
enzymes, HbA1c levels, insulin resistance, and increased 
adiponectin, but also led to a 2∙8% weight gain.

Management of patients with MASLD 
considering the heterogeneity in its 
pathogenesis and cardiometabolic risk
The care of patients with MASLD is best done based 
on the medical guidelines and guidance statements 
(eg, European,121 USA,120,123 Latin American,124 and 

Figure 3: Main metabolic causes, consequences, and treatment approaches for people with MASLD
FGF-21=fibroblast growth factor 21. GIP=glucose-dependent insulinotropic polypeptide. GLP=glucagon-like peptide. MASLD=metabolic dysfunction-associated 
steatotic liver disease. PPAR=peroxisome proliferator-activated receptor. SGLT2=sodium–glucose co-transporter-2.
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Asia-Pacific clinical practice guidelines or guidances)125,126 
for diagnosis and treatment of MASLD. Lifestyle 
modifications that focus on a healthier diet, increased 
physical activity, and weight reduction are recommended 
for all patients and pharmacotherapy or bariatric surgery 
can be recommended to individual patients based on 
their disease severity and comorbidities (panel).131 
Unfortunately, we do not yet have established methods to 
easily detect the different major pathomechanisms that 
contribute to MASLD and categorise patients into 
respective groups or clusters. In the future, using new 
data reduction approaches along with established 
measures of liver health and cardiometabolic risk 
(eg, elastography, non-invasive tests of steatohepatitis 
and fibrosis, precise measurements of insulin sensitivity, 
and body fat distribution) we could reach this goal. 
Nevertheless, from a clinical point of view, such basic 
stratification can already be done.

To date, medical guidelines do not recommend genetic 
testing for the risk of MASLD because we lack data on 
how the response to therapy, including lifestyle 
modification, is influenced by known genetic variants. 
Because the genetic background of the disease is unlikely 
to considerably influence the response to therapy 
regarding the liver phenotype, the lower risk of 
cardiovascular disease in patients with a strong hepatic 
genetic component of MASLD might not be relevant. 
Instead, the higher risk of MASH, cirrhosis, and 
hepatocellular carcinoma in patients with some of the 
genetic risk variants for MASLD, warrants the use of the 
most effective pharmacological treatment to decrease 
hepatic inflammation and fibrosis in these patients.

For people having MASLD with a strong metabolic 
component related to hepatic de novo lipogenesis, 
particularly related to overnutrition and malnutrition 
(figure 2), the greatest focus of intervention might be 
a modification of diet, particularly decreased glucose and 
fructose intake and increase in exercise. If sufficient 
weight loss cannot be achieved, bariatric surgery or 
mono-incretin or multi-incretin hormone receptor 
agonists might be preferably recommended. Such 
treatment might also considerably decrease the elevated 
cardiometabolic risk in these people (figure 3). Because 
these patients often have severe insulin resistance, 
dyslipidaemia and an increased risk of cardiovascular 
disease, and heart failure, type 2 diabetes-specific 
treatment of the cardiometabolic risk parameters should 
be implemented early on. 

For patients with MASLD with a strong metabolic 
component related to adipose tissue dysfunction 
(particularly those with lean MASLD), diet modification, 
increased exercise, and weight loss might not be the 
most effective treatment options. In this respect, if 
approved in the future, PPAR agonists, multi-incretin 
hormone receptor agonists, and FGF-21 agonists could 
be the preferred pharmacological treatment options 
(figure 3).

For people having MASLD with severe type 2 diabetes-
associated hyperglycaemia and hyperinsulinaemia, all 
aforementioned treatment strategies and SGLT2 
inhibitors, should be used, particularly those that decrease 
glucose levels and improve insulin resistance. Here 
a diabetes and endocrinology-focused approach 
identifying extreme phenotypes, such as hypo-
insulinaemic type 2 diabetes, and hormone-induced 
obesity (eg, monogenetic obesity or hypercortisolism) 
should be used (figure 3).

In summary, besides the general recommendations of 
the medical guidelines to treat MASLD in the future, sub-
phenotypes of MASLD might benefit from targeted 
therapy.31 So far, in most cases of MASLD that is 
accompanied with obesity, the focus of treatment might 
be to achieve substantial weight loss, brought about by 
lifestyle intervention and bariatric surgery or mono-
incretin or dual-incretin hormone receptor agonists. 
For people with MASLD that is accompanied by 
a lipodystrophy-like phenotype (lean MASLD), the focus 
of treatment should be improvement of adipose tissue 
storage capacity and increase of ectopic lipid oxidation. 
Here, preferably PPAR agonists and dual-incretin or 
triple-incretin hormone receptor agonists can be used 

Figure 4: Main metabolic treatment approaches for people with obesity and 
normal weight and MASLD
GIP=glucose-dependent insulinotropic polypeptide. GLP=glucagon-like peptide. 
MASLD=metabolic dysfunction-associated steatotic liver disease. 
PPAR=peroxisome proliferator-activated receptor. 

Focus on decreasing adiposity

Diet and exercise,
bariatric surgery

GLP-1 receptor agonists;
GLP-1, GIP, and glucagon

receptor co-agonists

Focus on adipose storage
capacity

PPARγ agonists; PPARα,
PPARδ, and PPARγ agonists;

GLP-1, GIP, and glucagon
receptor co-agonists

MASLD and obesity

MASLD and lipodystrophy-like phenotype
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(figure 4). Lastly, widely recommended combination 
therapy82–84,132 (eg, resmetirom, pegozafermin, and other 
compounds), might be most effective in reducing the risk 
of hepatic and cardiometabolic events in patients with 
MASLD.

Conclusion
The ongoing global epidemic of MASLD and its close 
pathogenic and predictive relationship with the non-
communicable diseases of cardiovascular disease, cancer, 
obesity, and type 2 diabetes, allow the inclusion of 
MASLD as a new non-communicable disease. Therefore, 
knowledge gained from research into the established 
non-communicable diseases (eg, related to patho-
physiology, screening, social, health, economic, and 
industrial policies, and access to pharmacotherapies), 
should also be implemented in the field of MASLD 
research and therapy.133 Among such knowledge is the 
idea of the implementation of precision medicine in 
MASLD, as is ongoing for other non-communicable 
diseases. Currently there is not enough evidence for the 
implementation of precision medicine for risk prediction, 
prevention, and treatment of MASLD. Because 
considerable heterogeneity in the pathogenesis of 
MASLD exists, it is probable that precision medicine can 
be implemented for future risk prediction and treatment, 
particularly related to the cardiometabolic causes and 
consequences of MASLD. Clinical, laboratory, and genetic 
analysis of responders and non-responders to emerging 
MASLD therapeutics will hopefully provide further 
guidance in the future.
Contributors
NS, HY-J, and BANT reviewed the published work and wrote the 
manuscript.

Declaration of interests
NS received fees for consultancy and giving scientific talks from 
Allergan, AstraZeneca, Boehringer Ingelheim, Gilead, Genkyotex, GSK, 
Intercept Pharma, Lilly, Merck Sharpe & Dohme, Novartis, Novo 
Nordisk, Pfizer, and Sanofi; and received research support from 
AstraZeneca, Boehringer Ingelheim, Sanofi, DSM Nutritional Products, 
and Roche Diagnostics. HY-J received advisory or consultancy fees from 
Merck, Lilly, Novo Nordisk, and Hamni Pharmaceuticals. BANT received 
advisory or consultancy fees from AbbVie, Akero, Aligos, Arrowhead, 
GSK, Hepion, HistoIndex, Madrigal, Merck, Mirum, Sagimet, Senseion; 
has stock options with HepGene and HeptaBio; and received 
institutional research grants from Madrigal.

Acknowledgments
This work was aided in part by funding from the German Federal 
Ministry of Education and Research (BMBF) to the German Center of 
Diabetes Research (DZD) and the European Innovative Medicines 
Initiative SOPHIA. We thank Samuel Klein (Washington University 
School of Medicine, MO, USA) and Rohit Loomba (University of 
California at San Diego, CA, USA) for their helpful discussions to 
prepare this article.

References
1 Younossi ZM, Golabi P, Paik JM, Henry A, Van Dongen C, Henry L. 

The global epidemiology of nonalcoholic fatty liver disease (NAFLD) 
and nonalcoholic steatohepatitis (NASH): a systematic review. 
Hepatology 2023; 77: 1335–347.

2 Riazi K, Azhari H, Charette JH, et al. The prevalence and incidence 
of NAFLD worldwide: a systematic review and meta-analysis. 
Lancet Gastroenterol Hepatol 2022; 7: 851–61.

3 Younossi ZM, Paik JM, Henry L, et al. The growing economic and 
clinical burden of nonalcoholic steatohepatitis (NASH) in 
the United States. J Clin Exp Hepatol 2023; 13: 454–67.

4 Younossi ZM, Wong G, Anstee QM, Henry L. The global burden of 
liver disease. Clin Gastroenterol Hepatol 2023; 21: 1978–91.

5 Sheka AC, Adeyi O, Thompson J, Hameed B, Crawford PA, 
Ikramuddin S. Nonalcoholic steatohepatitis: a review. JAMA 2020; 
323: 1175–83.

6 Powell EE, Wong VW, Rinella M. Non-alcoholic fatty liver disease. 
Lancet 2021; 397: 2212–24.

7 Stefan N, Cusi K. A global view of the interplay between 
nonalcoholic fatty liver disease and diabetes. 
Lancet Diabetes Endocrinol 2022; 10: 284–96.

8 Targher G, Corey KE, Byrne CD, Roden M. The complex link 
between NAFLD and type 2 diabetes mellitus—mechanisms and 
treatments. Nat Rev Gastroenterol Hepatol 2021; 18: 599–612.

9 Targher G, Byrne CD, Tilg H. MASLD: a systemic metabolic 
disorder with cardiovascular and malignant complications. Gut 
2024; 73: 691–702.

10 Korenblat KM, Fabbrini E, Mohammed BS, Klein S. Liver, muscle, 
and adipose tissue insulin action is directly related to intrahepatic 
triglyceride content in obese subjects. Gastroenterology 2008; 
134: 1369–75.

11 Shulman GI. Ectopic fat in insulin resistance, dyslipidemia, and 
cardiometabolic disease. N Engl J Med 2014; 371: 2237–38.

12 Friedman SL, Neuschwander-Tetri BA, Rinella M, Sanyal AJ. 
Mechanisms of NAFLD development and therapeutic strategies. 
Nat Med 2018; 24: 908–22.

13 Gastaldelli A, Cusi K. From NASH to diabetes and from diabetes to 
NASH: mechanisms and treatment options. 
JHEP Rep Innov Hepatol 2019; 1: 312–28.

14 Roden M, Shulman GI. The integrative biology of type 2 diabetes. 
Nature 2019; 576: 51–60.

15 Loomba R, Friedman SL, Shulman GI. Mechanisms and disease 
consequences of nonalcoholic fatty liver disease. Cell 2021; 
184: 2537–64.

16 Quek J, Chan KE, Wong ZY, et al. Global prevalence of non-
alcoholic fatty liver disease and non-alcoholic steatohepatitis in the 
overweight and obese population: a systematic review and meta-
analysis. Lancet Gastroenterol Hepatol 2023; 8: 20–30.

17 Younossi ZM, Golabi P, Price JK, et al. The global epidemiology of 
nonalcoholic fatty liver disease and nonalcoholic steatohepatitis 
among patients with type 2 diabetes. Clin Gastroenterol Hepatol 
2024; 22: 1999–2010.e8.

Search strategy and selection criteria

The PubMed database was searched for full-text original 
research studies and review articles written in English from 
Jan 1, 1990 to Dec 11, 2024, and abstracts presented at 
scientific conferences were screened until Nov 25, 2024 to 
identify reports about the pathophysiology, the 
consequences, and the treatment of non-alcoholic fatty liver 
disease and metabolic dysfunction-associated steatotic liver 
disease. The search terms used were “non-alcoholic fatty liver 
disease”, “metabolic dysfunction-associated steatotic liver 
disease”, “nonalcoholic steatohepatitis”, “metabolic 
dysfunction-associated steatohepatitis”, “liver disease”, and 
“liver fibrosis” together with “hepatocellular carcinoma”, 
“mortality”, “cardiovascular mortality”, “liver-related 
mortality”, “type 2 diabetes”, “insulin resistance”, 
“cardiovascular disease”, “prediction”, “prevention”, “lifestyle 
intervention”, “pharmacogenomics”, and “treatment”. The 
reference lists of the identified papers were also used to 
identify further papers of interest. The final reference list was 
selected based on relevance to the subject of this Review.



www.thelancet.com/diabetes-endocrinology   Published online December 13, 2024   https://doi.org/10.1016/S2213-8587(24)00318-8 13

Review

18 Eslam M, Sanyal AJ, George J, et al. MAFLD: a consensus-driven 
proposed nomenclature for metabolic associated fatty liver disease. 
Gastroenterology 2020; 158: 1999–2014.e1.

19 Rinella ME, Lazarus JV, Ratziu V, et al. A multisociety Delphi 
consensus statement on new fatty liver disease nomenclature. 
Hepatology 2023; 78: 1966–86.

20 Song SJ, Lai JC, Wong GL, Wong VW, Yip TC. Can we use old 
NAFLD data under the new MASLD definition? J Hepatol 2024; 
80: e54–56.

21 Hagström H, Vessby J, Ekstedt M, Shang Y. 99% of patients with 
NAFLD meet MASLD criteria and natural history is therefore 
identical. J Hepatol 2024; 80: e76–77.

22 Ratziu V, Boursier J, de Ledinghen V, Anty R, Costentin C, 
Bureau C. Confirmatory biomarker diagnostic studies are not 
needed when transitioning from NAFLD to MASLD. J Hepatol 
2024; 80: e51–52.

23 Smith GI, Mittendorfer B, Klein S. Metabolically healthy obesity: 
facts and fantasies. J Clin Invest 2019; 129: 3978–89.

24 Portincasa P, Frühbeck G. Phenotyping the obesities: reality or 
utopia? Rev Endocr Metab Disord 2023; 24: 767–73.

25 Stefan N, Schulze MB. Metabolic health and cardiometabolic risk 
clusters: implications for prediction, prevention, and treatment. 
Lancet Diabetes Endocrinol 2023; 11: 426–40.

26 Petersen MC, Smith GI, Palacios HH, et al. Cardiometabolic 
characteristics of people with metabolically healthy and unhealthy 
obesity. Cell Metab 2024; 36: 745–61.e5.

27 Schulze MB, Stefan N. Metabolically healthy obesity: from 
epidemiology and mechanisms to clinical implications. 
Nat Rev Endocrinol 2024; 20: 633–46.

28 Leslie RD, Ma RCW, Franks PW, Nadeau KJ, Pearson ER, 
Redondo MJ. Understanding diabetes heterogeneity: key steps 
towards precision medicine in diabetes. Lancet Diabetes Endocrinol 
2023; 11: 848–60.

29 Tobias DK, Merino J, Ahmad A, et al. Second international 
consensus report on gaps and opportunities for the clinical 
translation of precision diabetes medicine. Nat Med 2023; 
29: 2438–57.

30 Ndumele CE, Neeland IJ, Tuttle KR, et al. A synopsis 
of the evidence for the science and clinical management of 
cardiovascular-kidney-metabolic (CKM) syndrome: a scientific 
statement from the American Heart Association. Circulation 2023; 
148: 1636–64.

31 Francque SM. Towards precision medicine in non-alcoholic fatty 
liver disease. Rev Endocr Metab Disord 2023; 24: 885–99.

32 Valenzuela-Vallejo L, Sanoudou D, Mantzoros CS. Precision 
medicine in fatty liver disease/non-alcoholic fatty liver disease. 
J Pers Med 2023; 13: 830.

33 Habib S. Metabolic dysfunction-associated steatotic liver disease 
heterogeneity: need of subtyping. World J Gastrointest Pathophysiol 
2024; 15: 92791.

34 Lonardo A, Ballestri S, Mantovani A, Targher G, Bril F. Endpoints 
in NASH clinical trials: are we blind in one eye? Metabolites 2024; 
14: 40.

35 Kantartzis K, Stefan N. Clustering NAFLD: phenotypes of 
nonalcoholic fatty liver disease and their differing trajectories. 
Hepatol Commun 2023; 7: e0112.

36 Younossi ZM, Henry L, Isaacs S, Cusi K. Identification of high-risk 
patients with nonalcoholic fatty liver disease in endocrinology 
clinics. Endocr Pract 2023; 29: 912–18.

37 Sanyal AJ, Van Natta ML, Clark J, et al. Prospective study of 
outcomes in adults with nonalcoholic fatty liver 
disease. N Engl J Med 2021; 385: 1559–69.

38 Huang DQ, Noureddin N, Ajmera V, et al. Type 2 diabetes, hepatic 
decompensation, and hepatocellular carcinoma in patients with 
non-alcoholic fatty liver disease: an individual participant-level data 
meta-analysis. Lancet Gastroenterol Hepatol 2023; 8: 829–36.

39 Simon TG, Roelstraete B, Khalili H, Hagström H, 
Ludvigsson JF. Mortality in biopsy-confirmed nonalcoholic fatty 
liver disease: results from a nationwide cohort. Gut 2021; 
70: 1375–82.

40 Angulo P, Kleiner DE, Dam-Larsen S, et al. Liver fibrosis, but no 
other histologic features, is associated with long-term outcomes of 
patients with nonalcoholic fatty liver disease. Gastroenterology 2015; 
149: 389–97.e10.

41 Smith GI, Shankaran M, Yoshino M, et al. Insulin resistance drives 
hepatic de novo lipogenesis in nonalcoholic fatty liver disease. 
J Clin Invest 2020; 130: 1453–60.

42 Ter Horst KW, Vatner DF, Zhang D, et al. Hepatic insulin resistance 
is not pathway selective in humans with nonalcoholic fatty liver 
disease. Diabetes Care 2021; 44: 489–98.

43 Bo T, Gao L, Yao Z, et al. Hepatic selective insulin resistance at the 
intersection of insulin signaling and metabolic dysfunction-
associated steatotic liver disease. Cell Metab 2024; 36: 947–68.

44 Yki-Järvinen H, Luukkonen PK, Hodson L, Moore JB. Dietary 
carbohydrates and fats in nonalcoholic fatty liver disease. 
Nat Rev Gastroenterol Hepatol 2021; 18: 770–86.

45 Romeo S, Sanyal A, Valenti L. Leveraging human genetics to identify 
potential new treatments for fatty liver disease. Cell Metab 2020; 
31: 35–45.

46 Ajmera V, Loomba R. Advances in the genetics of nonalcoholic fatty 
liver disease. Curr Opin Gastroenterol 2023; 39: 150–55.

47 Stender S, Kozlitina J, Nordestgaard BG, Tybjærg-Hansen A, 
Hobbs HH, Cohen JC. Adiposity amplifies the genetic risk of fatty 
liver disease conferred by multiple loci. Nat Genet 2017; 49: 842–47.

48 Njei B, Al-Ajlouni YA, Ugwendum D, Abdu M, Forjindam A, 
Mohamed MF. Genetic and epigenetic determinants of non-alcoholic 
fatty liver disease (NAFLD) in lean individuals: a systematic review. 
Transl Gastroenterol Hepatol 2023; 9: 11.

49 Boeckmans J, Gatzios A, Schattenberg JM, Rodrigues RM, Rogiers V, 
Vanhaecke T. Pharmacogenetics in early drug development for non-
alcoholic steatohepatitis: missed chances and future opportunities. 
Arch Toxicol 2023; 97: 1825–27.

50 Luukkonen PK, Porthan K, Ahlholm N, et al. The PNPLA3 I148M 
variant increases ketogenesis and decreases hepatic de novo 
lipogenesis and mitochondrial function in humans. Cell Metab 2023; 
35: 1887–96.e5.

51 Lauridsen BK, Stender S, Kristensen TS, et al. Liver fat content, non-
alcoholic fatty liver disease, and ischaemic heart disease: Mendelian 
randomization and meta-analysis of 279 013 individuals. 
Eur Heart J 2018; 39: 385–93.

52 Liu DJ, Peloso GM, Yu H, et al. Exome-wide association study of 
plasma lipids in >300,000 individuals. Nat Genet 2017; 49: 1758–66.

53 Stefan N, Häring HU, Cusi K. Non-alcoholic fatty liver disease: 
causes, diagnosis, cardiometabolic consequences, and treatment 
strategies. Lancet Diabetes Endocrinol 2019; 7: 313–24.

54 Johnson SM, Bao H, McMahon CE, et al. PNPLA3 is a triglyceride 
lipase that mobilizes polyunsaturated fatty acids to facilitate hepatic 
secretion of large-sized very low-density lipoprotein. Nat Commun 
2024; 15: 4847.

55 Luukkonen PK, Zhou Y, Sädevirta S, et al. Hepatic ceramides 
dissociate steatosis and insulin resistance in patients with non-
alcoholic fatty liver disease. J Hepatol 2016; 64: 1167–75.

56 Luukkonen PK, Qadri S, Ahlholm N, et al. Distinct contributions of 
metabolic dysfunction and genetic risk factors in the pathogenesis of 
non-alcoholic fatty liver disease. J Hepatol 2022; 76: 526–35.

57 Donnelly KL, Smith CI, Schwarzenberg SJ, Jessurun J, Boldt MD, 
Parks EJ. Sources of fatty acids stored in liver and secreted via 
lipoproteins in patients with nonalcoholic fatty liver disease. 
J Clin Invest 2005; 115: 1343–51.

58 Lambert JE, Ramos-Roman MA, Browning JD, Parks EJ. Increased 
de novo lipogenesis is a distinct characteristic of individuals with 
nonalcoholic fatty liver disease. Gastroenterology 2014; 146: 726–35.

59 Lawitz EJ, Li KW, Nyangau E, et al. Elevated de novo lipogenesis, 
slow liver triglyceride turnover, and clinical correlations in 
nonalcoholic steatohepatitis patients. J Lipid Res 2022; 63: 100250.

60 Ahmed A, Cule M, Bell JD, Sattar N, Yaghootkar H. Differing genetic 
variants associated with liver fat and their contrasting relationships 
with cardiovascular diseases and cancer. J Hepatol 2024; published 
online July 1. https://doi.org/10.1016/j.jhep.2024.06.030 (preprint).

61 Kahn CR, Wang G, Lee KY. Altered adipose tissue and adipocyte 
function in the pathogenesis of metabolic syndrome. J Clin Invest 
2019; 129: 3990–4000.

62 Stefan N, Schick F, Häring HU. Causes, characteristics, and 
consequences of metabolically unhealthy normal weight in humans. 
Cell Metab 2017; 26: 292–300.

63 Tchkonia T, Thomou T, Zhu Y, et al. Mechanisms and metabolic 
implications of regional differences among fat depots. Cell Metab 
2013; 17: 644–56.



14 www.thelancet.com/diabetes-endocrinology   Published online December 13, 2024   https://doi.org/10.1016/S2213-8587(24)00318-8

Review

64 Karpe F, Pinnick KE. Biology of upper-body and lower-body adipose 
tissue–link to whole-body phenotypes. Nat Rev Endocrinol 2015; 
11: 90–100.

65 Ghaben AL, Scherer PE. Adipogenesis and metabolic health. 
Nat Rev Mol Cell Biol 2019; 20: 242–58.

66 Stefan N. Causes, consequences, and treatment of metabolically 
unhealthy fat distribution. Lancet Diabetes Endocrinol 2020; 8: 616–27.

67 Lim K, Haider A, Adams C, Sleigh A, Savage DB. Lipodistrophy: 
a paradigm for understanding the consequences of “overloading” 
adipose tissue. Physiol Rev 2021; 101: 907–93.

68 Eigentler T, Lomberg D, Machann J, Stefan N. Lipodystrophic 
nonalcoholic fatty liver disease induced by immune checkpoint 
blockade. Ann Intern Med 2020; 172: 836–37.

69 Long MT, Noureddin M, Lim JK. AGA clinical practice update: 
diagnosis and management of nonalcoholic fatty liver disease in lean 
individuals: expert review. Gastroenterology 2022; 163: 764–74.e1.

70 Wongtrakul W, Charatcharoenwitthaya N, Charatcharoenwitthaya P. 
Lean non-alcoholic fatty liver disease and the risk of all-cause 
mortality: an updated meta-analysis. Ann Hepatol 2024; 29: 101288.

71 Younes R, Govaere O, Petta S, et al. Caucasian lean subjects with 
non-alcoholic fatty liver disease share long-term prognosis of 
non-lean: time for reappraisal of BMI-driven approach? Gut 2022; 
71: 382–90.

72 Hagström H, Nasr P, Ekstedt M, et al. Risk for development of severe 
liver disease in lean patients with nonalcoholic fatty liver disease: 
a long-term follow-up study. Hepatol Commun 2017; 2: 48–57.

73 Martínez-Arranz I, Bruzzone C, Noureddin M, et al. Metabolic 
subtypes of patients with NAFLD exhibit distinctive cardiovascular 
risk profiles. Hepatology 2022; 76: 1121–34.

74 Yi J, Wang L, Guo J, Ren X. Novel metabolic phenotypes for 
extrahepatic complication of nonalcoholic fatty liver disease. 
Hepatol Commun 2023; 7: e0016.

75 Ye J, Zhuang X, Li X, et al. Novel metabolic classification for 
extrahepatic complication of metabolic associated fatty liver disease: 
a data-driven cluster analysis with international validation. 
Metabolism 2022; 136: 155294.

76 Singh C, Jin B, Shrestha N, et al. ChREBP is activated by reductive 
stress and mediates GCKR-associated metabolic traits. Cell Metab 
2024; 36: 144–58.e7.

77 Chen Y, Du X, Kuppa A, et al. Genome-wide association meta-
analysis identifies 17 loci associated with nonalcoholic fatty liver 
disease. Nat Genet 2023; 55: 1640–50.

78 Raverdy V, Tavaglione F, Chatelain E, et al. Data-driven cluster 
analysis identifies distinct types of metabolic dysfunction-associated 
steatotic liver disease. Nat Med 2024; published online Dec 9. https://
doi.org/10.1038/s41591-024-03283-1.  

79 Jamialahmadi O, De Vincentis A, Tavaglione F, et al. Partitioned 
polygenic risk scores identify distinct types of metabolic dysfunction-
associated steatotic liver disease. Nat Med 2024; published online 
Dec 9. https://doi.org/10.1038/s41591-024-03284-0.

80 Sanyal AJ, Brunt EM, Kleiner DE, et al. Endpoints and clinical trial 
design for nonalcoholic steatohepatitis. Hepatology 2011; 54: 344–53.

81 European Medicines Agency. Reflection papers on regulatory 
requirements for the development of medicinal products for chronic 
non-infectious liver diseases (PBC, PSC, NASH) – scientific 
guideline. Dec 19, 2023. https://www.ema.europa.eu/en/reflection-
papers-regulatory-requirements-development-medicinal-products-
chronic-non-infectious-liver-diseases-pbc-psc-nash-scientific-
guideline (accessed Oct 3, 2024).

82 Ratziu V, Francque S, Sanyal A. Breakthroughs in therapies for 
NASH and remaining challenges. J Hepatol 2022; 76: 1263–78.

83 Dufour JF, Anstee QM, Bugianesi E, et al. Current therapies and new 
developments in NASH. Gut 2022; 71: 2123–34.

84 Tincopa MA, Anstee QM, Loomba R. New and emerging treatments 
for metabolic dysfunction-associated steatohepatitis. Cell Metab 2024; 
36: 1430.

85 Usman MS, Bhatt DL, Hameed I, et al. Effect of SGLT2 inhibitors on 
heart failure outcomes and cardiovascular death across the 
cardiometabolic disease spectrum: a systematic review and meta-
analysis. Lancet Diabetes Endocrinol 2024; 12: 447–61.

86 Sattar N, Lee MMY, Kristensen SL, et al. Cardiovascular, mortality, 
and kidney outcomes with GLP-1 receptor agonists in patients with 
type 2 diabetes: a systematic review and meta-analysis of 
randomised trials. Lancet Diabetes Endocrinol 2021; 9: 653–62.

87 Drucker DJ. The benefits of GLP-1 drugs beyond obesity. Science 
2024; 385: 258–60.

88 Lincoff AM, Brown-Frandsen K, Colhoun HM, et al. Semaglutide 
and cardiovascular outcomes in obesity without diabetes. 
N Engl J Med 2023; 389: 2221–32.

89 Takeshita Y, Honda M, Harada K, et al. Comparison of tofogliflozin 
and glimepiride effects on nonalcoholic fatty liver disease in 
participants with type 2 diabetes: a randomized, 48-week, open-label, 
active-controlled trial. Diabetes Care 2022; 45: 2064–75.

90 Armstrong MJ, Gaunt P, Aithal GP, et al. Liraglutide safety and 
efficacy in patients with non-alcoholic steatohepatitis (LEAN): 
a multicentre, double-blind, randomised, placebo-controlled 
phase 2 study. Lancet 2016; 387: 679–90.

91 Newsome PN, Buchholtz K, Cusi K, et al. A placebo-controlled trial 
of subcutaneous semaglutide in nonalcoholic steatohepatitis. 
N Engl J Med 2021; 384: 1113–24.

92 Newsome P, Sanyal A, Kliers I, et al. Phase 3 ESSENCE trial: 
semaglutide in metabolic dysfunction-associated steatohepatitis 
(MASH). American Association for the Study of Liver Diseases, 
The Liver Meeting; Nov 7–11, 2024 (abstr 5018).

93 Loomba R, Abdelmalek MF, Armstrong MJ, et al. Semaglutide 
2∙4 mg once weekly in patients with non-alcoholic steatohepatitis-
related cirrhosis: a randomised, placebo-controlled phase 2 trial. 
Lancet Gastroenterol Hepatol 2023; 8: 511–22.

94 Loomba R, Hartman ML, Lawitz EJ, et al. Tirzepatide for metabolic 
dysfunction-associated steatohepatitis with liver fibrosis. 
N Engl J Med 2024; 391: 299–310.

95 Sanyal AJ, Bedossa P, Fraessdorf M, et al. A phase 2 randomized trial 
of survodutide in MASH and fibrosis. N Engl J Med 2024; 391: 311–19.

96 Loomba R, Sanyal AJ, Kowdley K, et al. Randomized, controlled trial 
of the FGF21 analogue pegozafermin in NASH. N Engl J Med 2023; 
389: 998–1008.

97 Harrison SA, Bedossa P, Guy CD, et al. A phase 3, randomized, 
controlled trial of resmetirom in NASH with liver fibrosis. 
N Engl J Med 2024; 390: 497–509.

98 Musso G, Cassader M, Paschetta E, Gambino R. Thiazolidinediones 
and advanced liver fibrosis in nonalcoholic steatohepatitis: a meta-
analysis. JAMA Intern Med 2017; 177: 633–40.

99 Francque SM, Bedossa P, Ratziu V, et al. A randomized, controlled 
trial of the pan-PPAR agonist lanifibranor in NASH. N Engl J Med 
2021; 385: 1547–58.

100 Mantovani A, Byrne CD, Targher G. Efficacy of peroxisome 
proliferator-activated receptor agonists, glucagon-like peptide-1 
receptor agonists, or sodium-glucose cotransporter-2 inhibitors for 
treatment of non-alcoholic fatty liver disease: a systematic review. 
Lancet Gastroenterol Hepatol 2022; 7: 367–78.

101 Jang H, Kim Y, Lee DH, et al. Outcomes of various classes of oral 
antidiabetic drugs on nonalcoholic fatty liver disease. 
JAMA Intern Med 2024; 184: 375–83.

102 Scheen AJ. Beneficial effects of SGLT2 inhibitors on fatty liver in 
type 2 diabetes: a common comorbidity associated with severe 
complications. Diabetes Metab 2019; 45: 213–23.

103 Preda A, Montecucco F, Carbone F, et al. SGLT2 inhibitors: from 
glucose-lowering to cardiovascular benefits. Cardiovasc Res 2024; 
120: 443–60.

104 Dawed AY, Mari A, Brown A, et al. Pharmacogenomics of GLP-1 
receptor agonists: a genome-wide analysis of observational data and 
large randomised controlled trials. Lancet Diabetes Endocrinol 2023; 
11: 33–41.

105 Campbell JE, Müller TD, Finan B, DiMarchi RD, Tschöp MH, 
D’Alessio DA. GIPR/GLP-1R dual agonist therapies for diabetes and 
weight loss-chemistry, physiology, and clinical applications. 
Cell Metab 2023; 35: 1519–29.

106 Regmi A, Aihara E, Christe ME, et al. Tirzepatide modulates the 
regulation of adipocyte nutrient metabolism through long-acting 
activation of the GIP receptor. Cell Metab 2024; 36: 1898–99.

107 Harrison SA, Browne SK, Suschak JJ, et al. Effect of pemvidutide, 
a GLP-1/glucagon dual receptor agonist, on MASLD: a randomized, 
double-blind, placebo-controlled study. J Hepatol 2024; published 
online July 11. https://doi.org/10.1016/j.jhep.2024.07.006 (preprint).

108 Sanyal AJ, Kaplan LM, Frias JP, et al. Triple hormone receptor 
agonist retatrutide for metabolic dysfunction-associated steatotic 
liver disease: a randomized phase 2a trial. Nat Med 2024; 
30: 2037–48.



www.thelancet.com/diabetes-endocrinology   Published online December 13, 2024   https://doi.org/10.1016/S2213-8587(24)00318-8 15

Review

109 Kliewer SA, Mangelsdorf DJ. A dozen years of discovery: insights 
into the physiology and pharmacology of FGF21. Cell Metab 2019; 
29: 246–53.

110 Stefan N, Schick F, Birkenfeld AL, Häring HU, White MF. The role 
of hepatokines in NAFLD. Cell Metab 2023; 35: 236–52.

111 Loomba R, Sanyal AJ, Nakajima A, et al. Pegbelfermin in patients 
with nonalcoholic steatohepatitis and stage 3 fibrosis (FALCON 1): 
a randomized phase 2b study. Clin Gastroenterol Hepatol 2024; 
22: 102–12.e9.

112 Abdelmalek MF, Sanyal AJ, Nakajima A, et al. Pegbelfermin in 
patients with nonalcoholic steatohepatitis and compensated 
cirrhosis (FALCON 2): a randomized phase 2b study. 
Clin Gastroenterol Hepatol 2024; 22: 113–123.e9.

113 Harrison SA, Frias JP, Neff G, et al. Safety and efficacy of once-
weekly efruxifermin versus placebo in non-alcoholic steatohepatitis 
(HARMONY): a multicentre, randomised, double-blind, placebo-
controlled, phase 2b trial. Lancet Gastroenterol Hepatol 2023; 
8: 1080–93.

114 Mantovani A, Tilg H, Targher G. FGF-21 analogues for treatment of 
non-alcoholic steatohepatitis and fibrosis: a meta-analysis with 
fragility index of phase 2 randomised placebo-controlled trials. Gut 
2024; 73: 1400–02.

115 Harrison SA, Rolph T, Knott M, Dubourg J. FGF21 agonists: 
an emerging therapeutic for metabolic dysfunction-associated 
steatohepatitis and beyond. J Hepatol 2024; 81: 562–76.

116 Sinha RA, Bruinstroop E, Singh BK, Yen PM. Nonalcoholic fatty 
liver disease and hypercholesterolemia: roles of thyroid hormones, 
metabolites, and agonists. Thyroid 2019; 29: 1173–91.

117 US Food and Drug Administration. FDA approves first treatment 
for patients with liver scarring due to fatty liver disease. 
March 14, 2024. https://www.fda.gov/news-events/press-
announcements/fda-approves-first-treatment-patients-liver-scarring-
due-fatty-liver-disease (accessed Aug 23, 2024).

118 Francque S, Szabo G, Abdelmalek MF, et al. Nonalcoholic 
steatohepatitis: the role of peroxisome proliferator-activated 
receptors. Nat Rev Gastroenterol Hepatol 2021; 18: 24–39.

119 Belfort-DeAguiar R, Lomonaco R, Cusi K. Approach to the patient 
with nonalcoholic fatty liver disease. J Clin Endocrinol Metab 2023; 
108: 483–95.

120 Chalasani N, Younossi Z, Lavine JE, et al. The diagnosis and 
management of nonalcoholic fatty liver disease: practice guidance 
from the American Association for the Study of Liver Diseases. 
Hepatology 2018; 67: 328–57.

121 European Association for the Study of the Liver, European 
Association for the Study of Diabetes, European Association for the 
Study of Obesity, European Association for the Study of the Liver. 
EASL-EASD-EASO clinical practice guidelines on the management 
of metabolic dysfunction-associated steatotic liver disease 
(MASLD). J Hepatol 2024; 81: 492–542.

122 Gawrieh S, Noureddin M, Loo N, et al. Saroglitazar, a PPAR-α/γ 
agonist, for treatment of NAFLD: a randomized controlled double-
blind phase 2 trial. Hepatology 2021; 74: 1809–24.

123 Younossi ZM, Corey KE, Lim JK. AGA clinical practice update on 
lifestyle modification using diet and exercise to achieve weight loss 
in the management of nonalcoholic fatty liver disease: expert 
review. Gastroenterology 2021; 160: 912–18.

124 Arab JP, Dirchwolf M, Álvares-da-Silva MR, et al. Latin American 
Association for the study of the liver (ALEH) practice guidance for 
the diagnosis and treatment of non-alcoholic fatty liver disease. 
Ann Hepatol 2020; 19: 674–90.

125 Wong VW, Chan WK, Chitturi S, et al. Asia-Pacific Working Party 
on Non-alcoholic Fatty Liver Disease guidelines 2017—part 1: 
definition, risk factors and assessment. J Gastroenterol Hepatol 2018; 
33: 70–85.

126 Chitturi S, Wong VW, Chan WK, et al. The Asia-Pacific Working 
Party on Non-alcoholic Fatty Liver Disease guidelines 2017—part 2: 
management and special groups. J Gastroenterol Hepatol 2018; 
33: 86–98.

127 Perdomo CM, Cohen RV, Sumithran P, Clément K, Frühbeck G. 
Contemporary medical, device, and surgical therapies for obesity in 
adults. Lancet 2023; 401: 1116–30.

128 Lassailly G, Caiazzo R, Ntandja-Wandji LC, et al. Bariatric surgery 
provides long-term resolution of nonalcoholic steatohepatitis and 
regression of fibrosis. Gastroenterology 2020; 159: 1290–1301.e5.

129 Verrastro O, Panunzi S, Castagneto-Gissey L, et al. Bariatric-
metabolic surgery versus lifestyle intervention plus best medical 
care in non-alcoholic steatohepatitis (BRAVES): a multicentre, open-
label, randomised trial. Lancet 2023; 401: 1786–97.

130 Aminian A, Al-Kurd A, Wilson R, et al. Association of bariatric 
surgery with major adverse liver and cardiovascular outcomes in 
patients with biopsy-proven nonalcoholic steatohepatitis. JAMA 
2021; 326: 2031–42.

131 Busetto L, Dicker D, Frühbeck G, et al. A new framework for the 
diagnosis, staging and management of obesity in adults. Nat Med 
2024; 30: 2395–99.

132 Ciardullo S, Muraca E, Vergani M, Invernizzi P, Perseghin G. 
Advancements in pharmacological treatment of NAFLD/MASLD: 
a focus on metabolic and liver-targeted interventions. 
Gastroenterol Rep 2024; 12: goae029.

133 Allen AM, Younossi ZM, Diehl AM, Charlton MR, Lazarus JV. 
Envisioning how to advance the MASH field. 
Nat Rev Gastroenterol Hepatol 2024; 21: 726–38.

Copyright © 2024 The Author(s). Published by Elsevier Ltd. This is an 
Open Access article under the CC BY-NC-ND 4.0 license.


	Metabolic dysfunction-associated steatotic liver disease: heterogeneous pathomechanisms and effectiveness of metabolism-based treatment
	Introduction
	Risks of liver disease progression and causespecific mortality in patients with MASLD
	Risk of liver disease progression
	Cause-specific mortality

	Heterogeneity in the pathogenesis of MASLD
	Shared pathomechanisms
	MASLD with a dominant hepatic genetic component
	MASLD with a dominant metabolic component related to hepatic de novo lipogenesis
	MASLD with a dominant metabolic component related to adipose tissue dysfunction
	Clusters in MASLD based on clinical and laboratory data
	Clusters in MASLD that incorporate genetic variants
	MASLD heterogeneity and non-pharmalogical treatments

	MASLD and pharmacological treatments
	Potential treatments associated with weight loss
	SGLT2 inhibitors
	GLP-1 receptor agonists
	GLP-1 and GIP receptor co-agonists
	GLP-1 and glucagon receptor co-agonists
	GLP-1, GIP, and glucagon triple agonists

	Potential treatments associated with no change in bodyweight
	FGF-21 analogues
	Resmetirom

	Treatments associated with an increase of bodyweight
	Pioglitazone
	Other PPAR ligands

	Management of patients with MASLD considering the heterogeneity in its pathogenesis and cardiometabolic risk
	Conclusion
	Acknowledgments
	References


