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Molecular mechanisms and pathogenesis 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 steatotic liver disease (MASLD), including its 
progressive form metabolic dysfunction-associated steatohepatitis (MASH), 
represents the hepatic manifestation of metabolic syndrome and is increasingly 
recognized as a multi-organ disease. MASLD is now the most prevalent chronic liver 
disease worldwide and a rising indication for liver transplantation. MASLD incidence 
continues to increase, driven by sedentary lifestyles, the obesity epidemic and 
associated pathologies such as type 2 diabetes. MASH is a significant risk factor  
for fibrosis, cirrhosis and hepatocellular carcinoma (HCC)—a leading cause of 
cancer-related death. Over the past decade, substantial progress has been made in 
elucidating the molecular and cellular mechanisms driving MASLD initiation and 
progression. Key pathogenic processes include insulin resistance, genetic drivers, 
dysregulated hepatic lipid metabolism, lipotoxicity, adipose tissue dysfunction, 
immune-mediated inflammation, fibrogenesis and perturbations of the gut–liver 
axis. Increasingly, these mechanistic insights are informing clinical translation. 
Genetic risk variants and polygenic risk scores are beginning to enable improved  
risk stratification for disease progression and HCC. Furthermore, therapeutic 
strategies targeting defined metabolic pathways are emerging, including approaches 
that reduce hepatic lipogenesis or modulate mitochondrial metabolism. Here we 
highlight the state of the art of molecular and cellular mechanisms underlying MASH 
pathogenesis and its transition to HCC.

MASLD spans a spectrum from simple steatosis termed metabolic 
dysfunction-associated steatotic liver (MASL) to the more severe 
MASH1. MASLD is increasingly recognized as the hepatic manifesta-
tion of metabolic syndrome and a multi-organ disease1. Since Ludwig 
and colleagues first described the disease at the Mayo Clinic in 1980 as 
a liver pathology independent of chronic alcohol abuse, the field has 
made major strides in elucidating disease mechanisms and advanc-
ing therapeutic development2. They initially termed this pathology 
non-alcoholic steatohepatitis (NASH) differentiating it from the more 
prevalent alcohol-related liver disease (ALD) at the time2.

The recent nomenclature shift from non-alcoholic fatty liver disease 
(NAFLD) to MASLD, following the multi-stakeholder Delphi process, 
has been endorsed by patient advocacy groups and major interna-
tional societies including the European Association for the Study of 
the Liver (EASL) and the American Association for the Study of Liver 
Diseases (AASLD), and better reflects its association with cardiometa-
bolic risk factors (CMRFs) (Fig. 1) while avoiding potentially stigma-
tizing language1. The new nomenclature recognizes the potential 

for both CMRFs and excessive alcohol consumption to co-exist as 
aetiological factors driving liver disease in routine clinical practice. 
Thus, the term MetALD designates MASLD with moderate alcohol 
intake (20–50 g per day (female), 30–60 g per day (males))1. This 
review focuses specifically on the molecular mechanisms and patho-
genesis of MASLD, which in adults is defined by hepatic steatosis and 
the presence of at least one CMRF, such as increased body weight, 
disrupted glucose homeostasis, elevated blood pressure or altered 
lipid composition1 (Fig. 1).

MASLD is now the most prevalent chronic liver disease worldwide, 
affecting around 38% of the global adult population, with a higher 
preponderance in men3,4. Notably, MASLD is increasingly recognized 
as a major health concern in children and adolescents, paralleling the 
rise in obesity and metabolic syndrome5. The global prevalence of 
paediatric MASLD is estimated at around 5–10% but reaches up to 34% 
in children with obesity, with higher rates observed in certain ethnic 
groups, such as Hispanic populations6. Given its potential to progress 
to fibrosis and early-onset liver disease, MASLD in youth represents a 
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considerable public health burden, underscoring the need for early 
identification and intervention strategies7.

MASLD encompasses distinct clusters of patients with varying immu-
nological and metabolic subtypes8–10. Estimates vary, ranging from 
12–40% of MASL patients progressing to MASH11,12, characterized not 
only by hepatic steatosis but also by lobular inflammation and hepato-
cyte ballooning, which can lead to fibrosis13 (Figs. 1 and 2). Importantly, 
MASH has become the fastest rising cause of liver cancer globally and 
the leading cause of HCC in liver transplant candidates in the United 
States3,14–16. For example, a recent analysis of the ITA.LI.CA database 
revealed that MASH has also become the predominant contributor to 
HCC in Italy, overtaking viral-induced HCC15. This considerable shift in 
aetiology from viral to metabolic (MASLD) underscores the gravity of 
the obesity epidemic that has engulfed not only the developed world 
such as the United States, Europe and Australia, but also the develop-
ing world, including China, India, Latin America and MENA3,14. This 
has been caused by a pronounced change in dietary preferences from 
traditional and healthy meals to more Western-style, ultraprocessed, 
calorie-dense foods. This is compounded further by higher food intake 
and increasingly sedentary lifestyles and a rising global life expectancy. 
Together, these factors have fuelled increases in obesity, diet- and age- 
associated cancers such as HCC and colorectal carcinoma and chronic 
diseases like MASH17 (Fig. 1). The rising burden of MASH and MASH- 
related HCC (MASH-HCC) is projected to persist unless marked changes 
to healthcare, food industry, nutritional education and lifestyle are 
implemented18. Notably, HCC ranks among the deadliest cancers along-
side lung and colorectal cancer19. This further highlights the critical 
need to understand the mechanisms governing MASH to devise novel 
treatment targets and modalities to improve patient outcomes.

MASH was initially thought to be driven by a ‘two-hit hypothesis’, 
whereby steatosis, being the first hit, sensitizes the liver for the sec-
ond hit hepatitis (inflammation) caused by lipotoxicity and oxidative 
stress. However, mounting evidence points to the two arms working 

in parallel, where lipid accumulation and inflammation propagate one 
another20–22 (Figs. 2 and 3). In particular, innate immunity, including 
myeloid cells and platelets, is implicated already in the early stages 
of the disease23. This inflammatory milieu dampens key metabolic 
processes of hepatocytes, including fatty acid oxidation and lipolysis, 
while hepatocytes are subjected to an ever-increasing lipid and sugar 
load from hypernutrition as well as genetic stress (DNA damage)21,24. The 
progression from MASL to MASH and ultimately MASH-HCC remains 
incompletely understood. This highly complex process involves not 
only the liver microenvironment but also the gut microbiome, and 
other metabolic organs, such as adipose tissue, pancreas, brain and 
skeletal muscle25,26. Notably, approximately 40% of MASH-HCC cases 
occur without cirrhosis, indicating that metabolic abnormalities might 
be essential and sufficient drivers of HCC and that it is not merely cir-
rhosis driving HCC in this setting27,28. Finally, additional factors such as 
smoking, environmental or hormonal changes associated with ageing 
(for example, the decline in oestrogen during menopause) accelerate 
MASH29 (Fig. 1). Notably, smoking is not only a co-factor for MASH 
and MASH-HCC but the main cause of liver cancer in some subgroups 
(with distinct signatures)30. This Review examines MASH through this 
multifactorial lens, highlighting key cellular and molecular drivers of 
its pathogenesis as well as strategies for successful therapeutic inter-
ventions.

Metabolic perturbations in MASH
Metabolic perturbations are one of the most important and earli-
est events in the development of metabolic syndrome and MASLD 
(Figs. 2 and 3). To this end, obesity is the most common driving force 
underlying MASLD pathogenesis with insulin resistance also playing 
a crucial role31,32. Besides CMRFs, metabolic perturbations vary widely 
and include genetic variants caused by single-nucleotide polymor-
phisms (SNPs) in key metabolic genes, insulin resistance and circadian 
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Fig. 1 | The spectrum of MASLD. MASLD, which includes MASL and MASH,  
is predominantly a lifestyle-associated disease driven by a typical WD rich in  
fats and sugars. The diagnosis of MASLD requires the presence of one or more 
CMRFs. Disease progression can be influenced by a variety of factors, ranging 
from genetic to behavioural. MASL can progress to distinct subtypes of MASH 
(denoted by the different coloured arrows) over the course of years to decades 
in humans. Increasing evidence suggests distinct MASH entities, each with 

varying metabolic, molecular and inflammatory signatures. MASH can either 
directly develop into HCC or first progress to cirrhosis. Moreover, MASH is 
influenced by numerous systemic factors, including other metabolic tissues, 
the gut microbiome and the immune system. CVD, cardiovascular disease; 
CKD, chronic kidney disease; OSA, obstructive sleep apnoea; T2DM, type 2 
diabetes mellitus.
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disruption induced by chronic jet lag or night shift working. This is 
further complicated by the impact of interorgan crosstalk on MASH 
pathogenesis, in particular by major metabolic organs such as distinct 
adipose tissue depots and skeletal muscle. As a result, the perception 
of MASH as a purely hepatic condition is shifting toward recognition 
of it as a systemic disease, a perspective explored in depth in recent 
literature25,26. Importantly, MASH frequently presents with extrahepatic 
complications such as type 2 diabetes mellitus (T2DM), cardiovascular 
disease (CVD) and chronic kidney disease (CKD), alongside progres-
sion to severe hepatic complications such as cirrhosis and HCC25,26. 
Importantly, atherosclerosis and related CVD as well as extrahepatic 
cancers (for example, gastrointestinal, breast and gynaecological) 
are major drivers of mortality in patients with MASLD with obesity25,26.

Importantly, insights into the metabolic and genetic drivers of 
MASLD are increasingly informing both risk stratification and thera-
peutic development. For example, genetic risk variants and polygenic 
risk scores are beginning to identify individuals at increased risk of 
disease progression and HCC. Moreover, mechanistic understand-
ing of hepatocellular lipid overload and lipotoxic injury has led to the 
development of therapies targeting hepatic metabolism, including 
approaches that enhance fatty acid oxidation, such as thyroid hormone 
receptor β (THRβ) agonists. These advances support the concept that 
targeting hepatocyte metabolism and injury represents an effective 
strategy to improve disease activity and fibrosis in MASH.

Genetic variants in MASH
Genome-wide association studies have greatly expanded our under-
standing of how the polygenic background of an individual contributes 
to the susceptibility and progression of MASLD33–36. Multiple genetic 
variants have been identified, including non-synonymous SNPs in genes 
such as PNPLA3, GCKR, LEPR, MBOAT7 and TM6SF2, as well as non-coding 
insertion–deletion variants in HSD17B1333–37. Their variants have been 
associated with either an increased risk or, in the case of HSD17B13, a 
reduced risk of MASLD development33–37. Importantly, polygenic risk 
scores and gene–diet interactions are increasingly being explored to 
predict MASLD progression and stratify patients34,38,39.

Genetic variations in the PNPLA3 gene were first associated with 
hepatic steatosis and MASLD in 200836. The most common risk variant is 

the rs738409 SNP, which causes an isoleucine-to-methionine substitu-
tion at position 148 (I148M), with minor allele carriage being present in 
about one-third of the general population. This substitution markedly 
reduces the triglyceride hydrolase activity of PNPLA3, particularly 
toward monounsaturated and polyunsaturated fatty acids, suggesting 
a loss of catalytic function40. However, the disease phenotype cannot 
be explained by simple loss of function, as deletion or overexpression 
of wild-type Pnpla3 in mice does not affect hepatic steatosis, whereas 
expression of the I148M variant, especially under high sugar dietary 
conditions, promotes triglyceride accumulation in hepatocytes41–43. 
Mechanistic studies indicate that the mutant PNPLA3(I148M) pro-
tein accumulates on lipid droplets44 where it sequesters the lipase 
co-activator ABHD5 (also known as CGI58), thereby limiting activa-
tion of adipose triglyceride lipase (ATGL, also known as PNPLA2), the 
major hepatic triglyceride hydrolase45–47. By reducing ATGL-mediated 
lipolysis, the variant promotes triglyceride retention in hepatocytes 
and therefore behaves as a dominant gain-of-function (neomorph) 
allele rather than a simple loss-of-function mutation45–47.

The I148M variant also impairs apolipoprotein B (APOB) secretion 
and disrupts very-low-density lipoprotein (VLDL) assembly, exacerbat-
ing lipid accumulation45,48,49. An isotope tracer study in humans showed 
that carriers of PNPLA3I148M display hepatic mitochondrial dysfunction 
and reduced de novo lipogenesis (DNL)50. Given that the I148M variant 
remodels hepatic triglycerides to be enriched with polyunsaturated 
fatty acids independently of insulin resistance, it has been proposed 
to classify patients with MASLD into two subtypes: a PNPLA3-driven 
group and an insulin-resistance-associated group, the latter with 
greater cardiovascular and T2DM risk51. The I148M variant also alters 
retinyl-palmitate lipase activity in stellate cells52,53 and has been asso-
ciated with fibrosis and liver-related events such as decompensation 
or HCC, highlighting its potential as a therapeutic target54,55. A phase 
1 clinical trial showed that suppression of PNPLA3 by small-interfering 
RNA dose-dependently reduces liver fat in homozygous carriers of 
the risk allele56.

Another well-characterized SNP associated with MASLD suscepti-
bility is TM6SF2 rs58543926, encoding an E167K substitution, and it 
has been associated with increased hepatic steatosis and fibrosis35,57. 
TM6SF2 is localized in the endoplasmic reticulum (ER) and ER–Golgi 
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Fig. 2 | Molecular, immunological, stromal and pathological hallmarks  
of MASH. a, The molecular hallmarks of MASH, broken down into factors 
contributing to metabolic reprogramming of hepatocytes or procarcinogenic 
stimuli. b, The immunological/stromal hallmarks of MASH, featuring cell  
types from both the innate and adaptive immunity. MDMs, monocyte-derived 
macrophages. NKT, natural killer T cells. c, The pathological hallmarks of 

MASH. Histopathological features of MASLD in human biopsy samples are 
shown. Steatosis, hepatocyte ballooning and lobular and portal inflammation 
can be observed in the haematoxylin- and eosin-stained sections. Mallory–
Denk bodies were visualized by staining against p62; the ductular reaction with 
an antibody against keratin 19. Sirius Red staining was used to stain collagens to 
indicate fibrosis.
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intermediate compartment, where it has a critical role in the early 
stages of VLDL assembly and secretion. In vitro studies have shown 
that the E167K variant destabilizes the ERLIN–TM6SF2–APOB complex, 
leading to defective APOB stabilization and disrupting the traffick-
ing of pre-VLDL particles58–60. The E167K substitution also reduces 
TM6SF2 protein stability, increasing its turnover and resulting in a 
loss-of-function effect that impairs VLDL particle secretion59. Despite 
its association with MASLD susceptibility, the E167K variant is paradoxi-
cally linked to lower circulating cholesterol and triglycerides, reducing 
the risk of cardiovascular events61,62.

Moreover, variations in the GCKR or LEPR gene loci have been asso-
ciated with MASLD, through modulating hepatic glucose metabo-
lism and leptin signalling, respectively63. By contrast, HSD17B13 
variants, such as rs72613567 and rs9992651, have been reported 
to be protective33,34. The splice variant rs72613567:TA in HSD17B13, 
which encodes the hepatic lipid droplet protein hydroxysteroid 17-β 
dehydrogenase 13, results in loss of enzyme activity due to trunca-
tion33,64. This leads to reduced oxidation of retinol to retinal in an 
NADH-dependent reaction33,64. Multiple genetic variants can increase 
MASLD susceptibility through shared pathways. For example, TM6SF2 
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Fig. 3 | Molecular and cellular mechanisms underlying MASH pathogenesis. 
Hepatocyte metabolism is influenced by numerous factors, both within the 
local microenvironment and through systemic factors. These factors impact 
fatty acid oxidation (FAO) and DNL as well as mitochondrial and ER function. 
These metabolic processes are regulated by several key nuclear receptors, 
including the glucocorticoid receptor (GR), PPARα, THRβ and FXR. Notably, 
immune cells can also drive metabolic reprogramming of hepatocytes.  
The gut–liver axis creates an immunosuppressive microenvironment, but 
impairment of the gut barrier leads to endotoxaemia, which can accelerate 

MASH progression. Secreted factors from adipose tissue, the pancreas and 
skeletal muscle can also affect hepatocyte metabolism. Similarly, neuronal 
signalling from the brain has been shown to regulate appetite, glycaemia, 
energy expenditure and lipid homeostasis. Over time, hepatocytes may 
succumb to these insults and can undergo cell death. Apoptotic bodies and  
cell debris can activate myeloid cells and HSCs, contributing to fibrogenesis. 
DAMPs, danger-associated molecular patterns; LPA, lysophosphatidic acid; 
LPS, lipopolysaccharide; PAMPs, pathogen-associated molecular patterns; 
ROS, reactive oxygen species.
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rs58543926 weakens the protective effect of ERLIN1 rs2862954 against  
steatosis65.

Although inherited variants such as PNPLA3 rs738409 increase sus-
ceptibility, progression from MASLD to HCC is a multistep process 
driven by environmental factors and mutational events. This includes 
somatic mutations (TERT promoter, 56%; CTNNB1, 28%; TP53, 18%, 
ACVR2A, 10%)66 and germline variants that can predispose individuals to 
HCC, and may synergize with the MASH microenvironment to acceler-
ate malignant transformation67,68. Key germline mutations include TP53, 
APC, BRCA1/2, BRIP1, FANCA, PALB2, RAD51C, MSH2, MSH6, MLH1, PMS2 
and MUTYH, affecting genomic stability, homologous recombination 
and mismatch or base-excision repair67,68.

Insulin resistance in MASLD
Meal ingestion stimulates insulin secretion from pancreatic β-cells 
into the portal vein, playing a key role in maintaining blood glucose 
within a narrow range by suppressing hepatic glucose production and 
promoting glucose uptake in liver and skeletal muscle. Insulin resist-
ance is a state in which cells have become less responsive to insulin, 
leading to higher blood glucose concentrations and compensatory 
hyperinsulinaemia. Skeletal muscle insulin resistance is one of the 
earliest manifestations of metabolic syndrome, preceding the onset of 
MASLD and hepatic insulin resistance. It is primarily driven by defects 
in insulin-stimulated muscle glycogen synthesis, largely due to reduced 
insulin-induced glucose transport activity69–71 (Figs. 3 and 4). The 
molecular basis for insulin resistance has been reviewed elsewhere32,72.

In brief, when fatty acid delivery to muscle exceeds fatty acyl 
CoA mitochondrial oxidation and/or triglyceride storage capacity, 
sn-1,2-diacylglycerols (DAGs) accumulate in the plasma membrane 
(PM). These DAGs activate PKCs, particularly PKCε and PKCθ, which 
translocate to the PM73. PKCε phosphorylates the insulin receptor 
kinase (IRK) at Thr1160 (IRKT1160) blocking insulin-stimulated autophos-
phorylation of IRKY1158 and IRKY1162, thereby inhibiting IRK activity74,75. 
Moreover, activation of PKCε leads to phosphorylation of multiple 
other proteins that can contribute to defects in insulin signalling fur-
ther downstream of these proximal steps including p70S6 kinase76. 
Meanwhile, activation of PKCθ in skeletal muscle further contributes 
to insulin resistance by causing increased phosphorylation of IRSS1101

, 
which in turn inhibits insulin-stimulated IRS-1 associated PI3 kinase 
activity. All of the effects results in reduced insulin-stimulated muscle 
glucose transport activity73,77. While reduced insulin-stimulated capil-
lary blood flow also contributes to muscle insulin resistance, especially 
in obesity78, the PM sn-1,2-DAG–nPKC mechanism is the earliest defect 
responsible for muscle insulin resistance and it explains the disso-
ciation of insulin resistance from obesity in lipodystrophy and in lean 
offspring of parents with T2DM as well as the mechanisms by which 
weight loss and thiazolidinediones reverse insulin resistance79–83.

The key role of muscle insulin resistance in the pathogenesis of 
MASLD was demonstrated previously31, where 1H and 13C magnetic 
resonance spectroscopy was used to reveal distinct energy-storage pat-
terns after two high-carbohydrate meals in young, lean individuals with 
and without insulin resistance. In contrast to individuals sensitive to 
insulin, who stored most ingested energy as liver and muscle glycogen, 
individuals with insulin resistance showed a marked defect in postpran-
dial muscle glycogen synthesis, due to impaired insulin-stimulated 
glucose transport (Fig. 4). As a result, more carbohydrate was diverted 
into hepatic DNL, resulting in increased plasma triglycerides, lower 
levels of high-density lipoproteins and increased hepatic triglyceride 
content (Fig. 4). In a follow-up study, the same group demonstrated 
that a single bout of exercise reversed muscle insulin resistance in a 
similar group of young, lean, insulin-resistant individuals by increasing 
postprandial muscle glycogen synthesis while decreasing postprandial 
hepatic DNL and triglyceride synthesis84 (Fig. 4). Collectively, these 
data demonstrate that muscle insulin resistance promotes the early 
development of MASLD and atherogenic dyslipidaemia by changing 

the distribution of ingested carbohydrate from muscle glycogen into 
hepatic lipogenesis31,85.

Subsequent ectopic lipid accumulation in the liver leads to hepatic 
insulin resistance, marked by decreased insulin-stimulated hepatic 
glycogen synthesis and impaired insulin-mediated suppression of 
hepatic glucose production. Similar to muscle, the molecular basis for 
ectopic lipid-induced hepatic insulin resistance can be attributed to 
accumulation of PM sn-1,2-DAGs due to an imbalance between rates of 
fatty acid delivery to the hepatocyte and hepatic DNL to rates of hepatic 
fat oxidation, export of fat as VLDL or storage as neutral lipid. Increased 
PM sn-1,2-DAGs then activate PKCε, which translocates to the PM and 
phosphorylates IRKT1160

, reducing insulin-stimulated receptor kinase 
activity and hepatic glycogen synthesis. This, in turn, decreases glucoki-
nase and glycogen synthase activities while reducing FOXO1 phospho-
rylation, promoting gluconeogenic gene transcription (for example, 
PCK1, G6PC, PPARGC1A (encoding PGC1α) and FBP1) and enhancing 
gluconeogenic capacity86,87. This mechanism for lipid-induced hepatic 
insulin resistance also explains how caloric restriction, thiazolidinedi-
ones, adiponectin and novel agents that promote hepatic fat oxidation 
reverse hepatic insulin resistance and T2DM81,88–91.

It is possible, in some instances, to dissociate hepatic insulin resist-
ance from development of steatohepatitis as exemplified in various 
mouse models92,93. This is explained by sequestration of sn-1,2-DAGs in 
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uptake and glycogenesis in the liver and skeletal muscle while suppressing 
hepatic glucose production. Right, muscle insulin resistance, due to defects  
in insulin-stimulated glucose transport activity resulting in reduced muscle 
glycogen synthesis, is an early defect in the pathogenesis of metabolic 
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lipid droplets rather than the PM, preventing PKCε activation/transloca-
tion and inhibition of insulin-stimulated IRK activity. This mechanism 
explains the dissociation of hepatic insulin resistance from increased 
hepatic steatosis under most conditions, including hepatic specific 
Abhd5 knockdown, Hdac3 knockdown and Mttp knockdown where DAGs 
are mostly stored in hepatocellular lipid droplets and not in the PM94–96.

Furthermore, MASLD progression is also exacerbated when fatty 
acids are not efficiently esterified into triglycerides and stored 
within lipid droplets, leading to the accumulation of lipotoxic lipid 
species in hepatocytes97. PM sn-1,2-DAG content is regulated in part 
by DGAT2 where acute inhibition of DGAT2 leads to accumulation of 
PM sn-1,2-DAGs, activation of PKCε and hepatic insulin resistance74,87, 
whereas chronic inhibition of DGAT2 leads to inhibition of SREBP1c 
activity and lipogenesis leading to reductions in both PM sn-1,2-DAGs 
and PKCε activity resulting in protection from lipid-induced hepatic 
insulin resistance98. Notably, inhibition of ceramide synthesis with 
Des1 knockdown or myriocin leads to similar reductions in hepatic PM  
sn-1,2-DAG content, PKCε activity and hepatic insulin resistance, which 
can be reversed and dissociated from changes in hepatic ceramide 
content during acute DGAT2 inhibition99. By contrast, hepatic overex-
pression of DGAT2 has been shown to lead to increased hepatic DAG 
content, increased PKCε activity and hepatic insulin resistance100.

Adipose tissue dysfunction in MASLD
In addition to lipid-induced defects in hepatic insulin signalling through 
the PM sn-1,2-DAG–PKCε–IRKT1160 phosphorylation pathway, white 
adipose tissue (WAT) dysfunction, due to localized WAT inflammation 
and insulin resistance, leads to increased lipolysis, further disrupting 
glucose homeostasis (Fig. 3). Increased WAT lipolysis increases fatty 
acid flux to the liver resulting in increased hepatic β-oxidation and 
hepatic acetyl-CoA—a potent allosteric activator of pyruvate carboxy-
lase101. Simultaneously, glycerol from WAT lipolysis promotes increased 
hepatic and probably renal cortical gluconeogenesis by a substrate 
push mechanism101. Augmented fatty acid delivery to the liver, due to 
higher WAT lipolysis, will also promote the development of MASLD due 
to increased hepatic esterification of fatty acids into triglycerides102. 
Dysfunctional WAT lipolysis also explains the paradox of selective 
hepatic insulin resistance whereby the insulin-resistant liver fails to 
suppress glucose production but continues to produce triglycerides, 
which is central to the pathophysiology of T2DM. A previous study102 
examined this phenomenon through a method using liquid chroma-
tography coupled with tandem mass spectrometry to directly meas-
ure rates of hepatic fatty acid esterification into hepatic triglyceride 
in vivo. Consistent with previous studies84,103, Vatner et al.102 found 
that DNL contributed only 10–25% to hepatic triglyceride synthesis 
and was dependent on hepatic insulin signalling102. By contrast, they 
found that rates of exogenous fatty acid hepatic esterification into 
liver triglyceride was the major contributor to hepatic triglyceride 
synthesis, and was independent of hepatic insulin signalling and mostly 
dependent on rates of fatty acid delivery to the liver. These results 
explain the apparent paradox of selective hepatic insulin resistance 
whereby hepatic triglyceride synthesis continues in the presence of 
increased WAT lipolysis, despite the reduction in hepatic insulin signal-
ling, and the inability of insulin to stimulate hepatic glycogen synthesis 
and suppress hepatic glucose production in individuals with MASLD 
and hepatic insulin resistance102,104.

Adipose tissue dysfunction in MASH is also associated with altered 
adipokine levels, particularly adiponectin and leptin. Serum leptin 
correlates positively with the degree of hepatic steatosis, whereas adi-
ponectin shows an inverse relationship105. These patients also exhibited 
a significantly elevated leptin-to-adiponectin ratio, reflecting adipose 
tissue dysfunction and increased visceral fat105. Notably, both serum 
adiponectin and hepatic adiponectin receptor expression are lower in 
patients with MASH compared with in patients with simple steatosis, 
indicating a progressive reduction in adiponectin signalling capacity106. 

Given adiponectin’s beneficial roles in improving insulin sensitivity 
and lowering inflammation, its decline further contributes to MASH 
pathogenesis.

Mitochondrial oxidation in MASLD
Although hepatic mitochondrial oxidation has been implicated 
in MASLD (Fig.  2), studies have reported it as decreased107–109, 
increased110–112 or unchanged113,114. Clarifying this is important, as novel 
therapies currently being studied in clinical trials such as pan-PPAR115 
or THRβ agonists116,117 and liver-targeted mitochondrial uncoupling 
agents90,94,118,119 aim to enhance hepatic mitochondrial oxidation. 
However, assessing this in humans with MASLD is challenging, and 
studies using indirect and ex vivo approaches have been inconclusive. 
Using a multi-isotopic PINTA approach, a study found that the rates 
of hepatic mitochondrial oxidation were similar in individuals with 
hepatic steatosis with and without accompanying hepatic inflamma-
tion compared with age–weight-matched individuals without hepatic 
steatosis120. These results align with previous studies that directly 
assessed hepatic mitochondrial oxidation rates in MASL individuals 
using dynamic in vivo 13C magnetic resonance spectroscopy, which 
found similar oxidation rates in individuals with and without hepatic 
steatosis who were age–body-mass index (BMI) matched114,121. As basal 
hepatic mitochondrial oxidation rates are not increased in MASLD, 
these studies support the further development of novel agents that 
promote increased hepatic mitochondrial fat oxidation to treat these 
conditions. Indeed, controlled-release mitochondrial protonophore 
has been shown to safely reverse dyslipidaemia, hepatic insulin resist-
ance and steatohepatitis, including ameliorating liver fibrosis in rats 
and in non-human obese dysmetabolic primates90,118. Recent phase 
2a clinical trials also demonstrated safety and efficacy in promoting 
increase energy expenditure and reversing hepatic steatosis, hyper-
lipidaemia and insulin resistance in obese humans119,122.

The brain–liver axis in MASLD
The importance of brain–liver crosstalk in the pathogenesis of MASLD 
is increasingly recognized123. For example, it was recently shown that 
acute stress is sensed by the medial amygdala neurons, which in turn 
innervate the ventromedial hypothalamus neurons to modulate hepatic 
gluconeogenesis and appetite in mice124. Glycaemic regulation by the 
medial amygdala is disrupted by repetitive stress, which results in a 
diabetes-like state, therefore highlighting an amygdala–liver axis that 
links repeated stress to metabolic dysfunction124. Another study dem-
onstrated that a subset of vagal sensory (Avil+) neurons innervates the 
periportal regions of the liver to modulate metabolic homeostasis 
independent of food intake125. Deletion of Avil+ neurons not only pro-
tected mice from diet-induced obesity and hepatic steatosis by increas-
ing energy expenditure and improving glucose homeostasis, but the 
mice also displayed lower anxiety-like behaviour, suggesting that the 
brain–liver axis might potentially be a therapeutic target for metabolic 
and behavioural comorbidities in obesity and MASLD125. Furthermore, 
it was recently shown that FGF21 improves MASH in mice through a 
dual effect on the central nervous system (CNS) and the liver126. Specifi-
cally, they demonstrated that FGF21 directly signals to glutamatergic 
(Vglut2+) neurons in the CNS to reduce hepatic triglyceride levels and 
reverse fibrosis, whereas FGF21 directly signals to the liver to lower 
hepatic cholesterol levels126. FGF21 suppressed hepatic DNL by acting 
on the CNS to increase sympathetic nerve activity to the liver126. Overall, 
an increasing number of studies are shedding light on the key role of 
the brain–liver axis in MASLD and its potential as a therapeutic target.

Although direct evidence in humans remains limited, higher per-
ceived stress has been associated with increased MASLD prevalence, 
and depression and anxiety have been linked to MASLD risk or severity 
in observational studies127–129. Moreover, human metabolic studies 
suggest that altered brain insulin sensing is associated with systemic 
metabolic dysfunction and hepatic steatosis, and that short-term 
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overeating can simultaneously increase liver fat and impair brain insulin 
action130,131. Together, these findings support the translational relevance 
of the brain–liver axis, while indicating that its causal contribution to 
MASH in humans remains to be established.

Circadian rhythm disruption in MASH
In addition to regulation of metabolic homeostasis through specific 
neuronal circuits, disruption of circadian rhythms also profoundly 
impact cardiometabolic health and contributes to MASH and 
MASH-HCC pathogenesis132. Long-term night-shift work, for example, 
is associated with increased risks of MASH and hepatic cancer133,134. 
Moreover, increased risk of MASLD was evident even in young, healthy 
workers undergoing shift work135. Importantly, a recent clinical study 
carrying out metabolic phenotyping using stable isotope techniques 
during both daytime and nighttime in patients with MASLD and control 
individuals who are overweight demonstrated that nighttime metabolic 
dysfunction is a hallmark of MASLD136. This nighttime metabolic dys-
function was characterized by lower insulin secretion and activation 
of several pathogenic pathways including increased DNL, hepatic and 
skeletal muscle insulin resistance and enhanced adipose tissue lipolysis 
with elevated systemic NEFA exposure, whereas this was limited in 
overweight controls136. Notably, these diurnal metabolic abnormalities 
persisted even after weight loss and hepatic fat reduction, suggesting 
that nighttime metabolic dysfunction might be a primary driver of 
hepatic steatosis136.

Notably, circadian rhythms are governed by both the central clock 
in the suprachiasmatic nucleus of the hypothalamus and peripheral 
clocks present in all organs, including the liver132. Light exposure and 
feeding/fasting cycles significantly influence these rhythms, and the 
hepatic clock is particularly sensitive to dietary patterns. For example, 
high-fat feeding disrupts hepatic circadian rhythms in mice, suggest-
ing that feeding behaviour can alter circadian regulation as much as 
circadian disruption can influence cardiometabolic risk137. Liver mass, 
hepatocyte size and protein levels exhibit significant fluctuations over 
the course of a day and are subject to modulation by feeding–fasting 
and light–dark cycles138.

Given this tight regulation of rhythmicity, the liver is highly sus-
ceptible to circadian misalignment. In this regard, a seminal study139 
demonstrated that chronic jet lag in mice induced widespread hepatic 
gene dysregulation, metabolic disruption, hepatic steatosis, inflamma-
tion, cholestasis, fibrosis and eventually spontaneous HCC mirroring 
human obesity-associated liver disease139. Notably, the liver was more 
susceptible to cancer than other organs, and deletion of core clock 
genes (such as, Bmal1, period (Per) and cryptochrome (Cry)) exhibited 
accelerated hepatocarcinogenesis even on a standard chow diet139. A 
follow-up study by the same group used a humanized mouse model, 
in which the liver was derived from human hepatocytes, to show that 
chronic jet lag induced MASLD-related HCC and metastasis, with 
tumours displaying molecular signatures resembling human HCC140. 
Separately, a study showed that a 10 h time-restricted feeding regimen 
protected clock mutant mice fed a high-fat diet (HFD) from obesity, 
dyslipidaemia, glucose intolerance and steatosis independent of calorie 
intake or activity levels141.

Cellular and molecular drivers of MASH
Beyond systemic factors, the liver microenvironment, including hepatic 
stellate cells (HSCs) and both resident and infiltrating immune cells, has 
a critical role in MASH pathogenesis. In obesity, a high-fat, high-sugar 
milieu combined with chronic inflammation disrupts hepatocyte 
metabolism (Fig. 2). Dietary carbohydrates, particularly fructose, 
drive hepatic lipogenesis. Moreover, fructose causes intestinal-barrier 
deterioration and endotoxaemia, which in turn has been shown to lead 
to induction of hepatic lipogenic enzyme expression through activa-
tion of myeloid cell MyD88 and TNF production142,143. Recent studies 

have also implicated lysophosphatidic acid and lipid droplet-localized 
cholesterol as key lipid-derived triggers for hepatic inflammation and 
fibrosis144,145. The convergence of nutrient excess with chronic inflam-
mation impairs beneficial fatty acid oxidation pathways while enhanc-
ing lipogenesis in hepatocytes, ultimately resulting in MASH21. These 
metabolic and inflammatory insults drive ER and oxidative stress, 
further accelerating disease progression. This section examines the 
key cellular and molecular processes underlying MASH.

ER and oxidative stress in MASH
By promoting increased rates of lipolysis, WAT insulin resistance and 
WAT inflammation significantly increase delivery of lipogenic sub-
strates (glycerol and fatty acids) to the liver, which further contrib-
utes to increased gluconeogenesis and the progression of MASL to 
MASH101,146,147. In MASLD, the disturbances in lipid and protein home-
ostasis trigger ER stress, activating the unfolded protein response 
(UPR) through three main signalling cascades: IRE1α, PERK–CHOP and 
ATF6148. This response is initially adaptive, aiming to restore protein 
folding capacity and degrade misfolded proteins. However, if ER stress 
remains unresolved, it can impair mitochondrial function and increase 
oxidative stress, ultimately triggering apoptosis and inflammation149,150. 
In parallel, ER stress can modulate hepatic lipid metabolism by increas-
ing the activation of transcription factors such as sterol regulatory 
element-binding proteins (SREBPs), or through caspase-2 signalling, 
or by inhibiting the secretion of APOB and VLDL151,152. Thus, hepatic 
steatosis may arise both as a trigger and a consequence of ER stress, 
forming a positive-feedback loop that drives disease progression.

Moreover, in vivo and in vitro models showed that the ER stress sensor 
IRE1 is a critical factor in collagen deposition, and therefore also con-
tributes to fibrosis153. In MUP-uPA mice, a model for ER stress-induced 
MASH, concomitant inhibition of ER stress with the small-molecule 
inhibitor BGP-15 and the anti-inflammatory agent gp130-FC, reversed 
MASH and reduced MASH to HCC progression154. Consistent with these 
findings, ER-stress-related molecular signatures in patients with MASLD 
have been linked to disease severity and progression, and high disease 
activity155. However, note that ER-stress-induced UPR can also have a 
regulatory role, potentially mitigating disease activity and supporting 
interorgan communication through adaptive signalling. One notable 
component of this adaptive response is growth differentiation factor 
15 (GDF15), a key stress-induced cytokine released by hepatocytes 
during ER stress involving signalling mediators such as CHOP155. Once 
released, GDF15 can act through the GFRAL receptor in the brain to 
modulate systemic responses, resulting in decreased appetite and 
energy homeostasis156. Furthermore, GDF15 mitigates the macrophage 
inflammatory response in vitro, improves MASH in mice and enhances 
insulin sensitivity in mouse adipose tissue155,157. Notably, GDF15 expres-
sion can be induced by metformin, a widely used medication to treat 
T2DM158.

Studies have reported connections between the UPR and oxidative 
stress. Among them, NRF2 has a central role in orchestrating the anti-
oxidant response. In response to an increased protein-folding load in 
the ER, PERK can phosphorylate and stabilize NRF2 to compensate for 
high levels of reactive oxygen species, which are important mediators 
of inflammation93. In mouse MASH models, NRF2 therefore has a cyto-
protective role in response to ER-stress-dependent inflammation159. 
Proteotranscriptomic analyses of paired human MASLD liver biopsies 
and plasma samples have identified AKR1B10, a downstream target of 
NRF2, as a potential biomarker for identifying patients with MASH at 
risk of progression to cirrhosis160. AKR1B10 is an aldose reductase that 
can convert retinal (an apocarotenoid made from vitamin A) into reti-
nol. Notably, AKR1B10 was more highly expressed in ballooned hepato-
cytes, which also showed increased levels of markers such as p62155. The 
accumulation of the autophagy substrate p62 has been reported to 
activate the stress responsive transcription factor NRF2 through KEAP1 
sequestration161. Furthermore, recent proteomic analysis of patients 
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treated with the GLP-1 receptor agonist semaglutide or placebo has 
demonstrated that AKR1B10 levels may be therapeutically modulated 
through weight loss162. The protective effect of low HSD17B13 activity, 
caused by genetic variants, suggests that the liver prioritizes retinol 
metabolism as MASLD progresses. These observations support the 
idea that the metabolic reprogramming and stress-adaptive signal-
ling, such as NRF2 signalling, seen in progressive MASLD may reflect 
compensatory mechanisms aimed at maintaining cellular homeostasis. 
Besides responses to UPR and oxidative stress, progressive MASLD is 
also associated with altered bile acid metabolism, iron homeostasis 
and P450-mediated drug metabolism, posing a challenge in treatment 
strategies by requiring differentiation between protective and harmful 
pathways163,164. By contrast, p62, in preneoplastic lesions, has a pivotal 
role in the progression from MASH to HCC by promoting pro-survival 
antioxidant pathways in HCC progenitor cells165.

However, note that key differences exist between humans and mice 
in how ER or oxidative stress impacts disease progression. Notably, as 
indicated above, ER stress tends to be more harmful in mouse models, 
whereas, in humans, it can exert protective or adaptive effects under 
certain conditions166; future studies should therefore aim to dissect 
these differences further.

Metabolic hubs mTOR and AMPK in MASH
Given that MASH results from a state of hypernutrition, it is unsurpris-
ing that two key cellular energy sensors (mTOR and AMPK) are central 
to its pathogenesis167,168. These pathways have opposing roles: mTOR 
is activated under nutrient-rich conditions to promote anabolic pro-
cesses such as cell growth and proliferation, whereas AMPK responds 
to energy deprivation, stimulating catabolic processes including fatty 
acid oxidation167,168. Nevertheless, their roles in MASH are cell type 
specific and pathway dependent.

MTOR is an approximately 250 kDa serine/threonine kinase that 
forms two distinct complexes: mTOR complex 1 (mTORC1) and mTOR 
complex 2 (mTORC2)167. These differ in regulation, function, subu-
nit composition, substrate specificity and sensitivity to rapamycin—
mTORC1 is more sensitive to inhibition167. The canonical mTORC1 
functions involve phosphorylation of ribosomal protein S6 kinases 
(S6K1/S6K2) and eukaryotic translation initiation factor 4E-binding 
proteins (4EBPs), although it also has non-canonical roles167. mTORC2 
primarily signals through AKT167.

Nearly a decade ago, it was shown that rapamycin attenuates 
HFD-induced hepatic steatosis in mice, but exacerbates liver dam-
age and inflammation, marked by elevated serum alanine ami-
notransferase, IL-6 and hepatic phosphorylated STAT3169. Similarly, 
hepatocyte-specific deletion of the mTORC1 adaptor RPTOR (RaptorHep) 
in mice increased liver injury, inflammation, fibrosis and tumorigen-
esis, despite unaltered hepatic steatosis169. These findings suggest that 
mTORC1 inhibition can yield divergent effects depending on context169. 
Further supporting this complexity, activating hepatic mTORC1 by Tsc1 
deletion (Tsc1fl/fl mice injected with AAV8-TBG-cre) dampened Western 
diet (WD)-induced MASH, including hepatic steatosis, inflammation 
and fibrosis170. This effect involved suppression of DNL through an 
mTORC2–AKT–FOXO–SREBP1c feedback loop and enhanced VLDL 
and triglyceride export170.

Notably, selective targeting of mTOR signalling branches shows 
therapeutic potential. For example, FLCN selectively inhibits 
mTORC1-mediated phosphorylation of the E3 ligase TFE3, while pre-
serving S6K1/2 and 4EBP1 activity171. Hepatocyte-specific deletion of 
Flcn (Flcnhep) in mice attenuates bodyweight gain, hepatic steatosis, 
inflammation and fibrosis across multiple MASH models171. These 
effects were dependent on TFE3, as FlcnhepTfe3−/− mice showed no 
protection171. TFE3 activation promoted fatty acid oxidation and 
mitochondrial biogenesis while suppressing DNL171. Furthermore, 
hepatocyte-specific depletion of S6K1/S6K2 or pharmacological inhi-
bition with LY2584702 reduced HFD-induced steatosis and systemic 

insulin resistance172,173. However, it remains unclear whether these ben-
efits persist in MASH complicated by hepatitis and fibrosis.

By contrast, AMPK activation consistently confers protection against 
MASH and fibrosis in mice174–176. Constitutive or inducible liver-specific 
AMPK activation protected mice from hepatic steatosis induced by 
high-fructose or HFD, through inhibition of DNL and/or enhanced 
fatty acid oxidation174,175. In obese mice, liver-specific AMPK activation 
slowed disease progression174. Mechanistically, AMPK phosphorylates 
and inhibits the key lipogenic enzyme ACC1175. ACC1 inhibitors are being 
evaluated in phase 2 clinical trials as part of combination therapies for 
MASH177,178. A recent phase 2a trial evaluating the novel direct AMPK 
activator PXL770 in patients with MASLD reported that, although the 
drug reduced hepatic lipid content by approximately 15%, the primary 
end point was not met, as this reduction did not reach statistical sig-
nificance compared with the placebo179. However, subgroup analyses 
suggested that there was a greater efficacy in patients with MASLD 
and T2DM, with 58% of patients achieving ≥30% reduction in hepatic 
fat content. These findings suggest that AMPK activation may be more 
effective in patients with T2DM and systemic metabolic dysfunction179.

Another mechanism involves AMPK-mediated suppression of 
caspase-6, which is activated in both mouse and human MASH176. 
Liver-specific AMPK deletion lifted this suppression of caspase-6, exac-
erbating WD-induced MASH176. Conversely, pharmacological AMPK 
activation or caspase-6 inhibition improved established MASH and 
fibrosis176. Moreover, lifestyle interventions such as a 5:2 intermittent 
fasting regimen can ameliorate MASH and blunt MASH-HCC transi-
tion by promoting fatty acid oxidation through AMPK and PPARα and 
dampening mTOR signalling in mice180.

Together, mTOR and AMPK are central regulators of hepatic metab-
olism with context-specific roles in MASH. Selective modulation of 
their downstream pathways may unlock new therapeutic avenues but 
requires further validation in human studies, as robust clinical evidence 
remains limited.

Cell plasticity and senescence in MASH
Persistent cellular stress and hepatocyte senescence are potent triggers 
for activation of hepatic progenitor cells, often observed as ductular 
reactions181 (Fig. 2). Hepatic progenitor cells, bipotential cells located 
in the canals of Hering, can differentiate into hepatocytes during regen-
eration182,183. In patients with MASLD, the extent of ductular reactions 
correlates with advanced disease features, including fibrosis and portal 
inflammation184. Phenotypic plasticity is also evident in hepatocytes 
and cholangiocytes, particularly in end-stage liver disease. In early 
stages, steatosis can induce plasticity by activating the Hippo–YAP–
TAZ signalling pathway185. Hepatocytes, in addition to undergoing 
ballooning, can dedifferentiate and acquire a biliary or progenitor cell 
phenotype through Notch signalling186. Conversely, cholangiocytes can 
transdifferentiate into hepatocytes without reverting to a bipotential 
state, driven by insulin signalling through PI3K–AKT–mTOR-dependent 
mechanisms187.

Cellular senescence is a stress-induced, stable growth arrest trig-
gered by various insults, such as DNA damage, oxidative stress or 
oncogenic activation188. Senescent cells upregulate cell cycle inhibi-
tors, such as p16INK4a and p21CIP1, undergo extensive chromatin reor-
ganization and display senescence-associated β-galactosidase activity, 
reflecting increased lysosomal content188. Their secretome, termed the 
senescence-associated secretory phenotype (SASP), includes proin-
flammatory chemokines and cytokines, proteases and growth factors 
that may either reinforce the growth arrest or promote tumorigenesis 
depending on the context and the recipient cells189–191. Given that cel-
lular senescence is a stress response to damage, senescent cells also 
accumulate in MASH in both mice and humans192–195. For example, a 
recent study developed a machine learning algorithm based on nuclear 
features to detect senescent cells and identified their presence in livers 
of patients with MASLD190,192.
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Notably, selective elimination of senescent cells using pharmaco-
logical agents termed senolytics or by genetic means can ameliorate 
liver pathology188. In mouse models, hepatocytes were identified 
as the primary senescent cell type during chronological ageing or 
HFD-induced hepatic steatosis and DNA damage in aged mice190,194. 
Selective elimination of these senescent hepatocytes alleviated hepatic 
steatosis and hepatocyte injury190,194. In WD-induced MASH and fibro-
sis, use of a specific senolytic (NMT inhibitors) dampened hepatic 
steatosis, inflammation and fibrosis, suggesting that senescent cells 
contribute to MASH193. Furthermore, MASH triggers p53-dependent 
hepatocyte senescence requiring the gluconeogenic enzyme FBP1195. 
During progression to HCC, FBP1 becomes silenced through promoter 
hypermethylation, enabling senescence escape195.

Cellular inflammatory mediators in MASH
Several cellular inflammatory mediators and signalling hubs have a 
driving role in MASH and MASH to HCC transition. For example, a study 
tested the role of the NLRP3 inflammasome in Foz/Foz transgenic mice, 
containing a loss-of-function mutation in the Alms1 gene, which display 
obesity, metabolic syndrome and MASH when fed an atherogenic diet196. 
Blockade of the NLRP3 inflammasome with the highly potent and selec-
tive small compound inhibitor MCC950 in the Foz/Foz mice reduced 
fibrosis and the NAFLD activity score (NAS) by lowering hepatic immune 
infiltration196. In addition to the inflammasome, STAT1 and STAT3 have 
recently been identified as pivotal regulators in obesity-driven MASH 
and MASH-HCC197. Notably, the authors demonstrated the potential to 
dissociate the development of obesity-induced MASH and fibrosis from 
HCC197. Their study revealed that obesity promotes hepatic STAT1 and 
STAT3 signalling197. However, attenuation of STAT1 signalling prevented 
MASH and fibrosis while being dispensable for HCC development197. 
By contrast, lowering STAT3 signalling inhibited HCC development 
without affecting MASH or fibrosis197. These findings suggest that dis-
tinct signalling networks underlie the initiation of MASH and fibrosis 
compared with those driving carcinogenesis.

The innate and adaptive immunity in MASH
Chronic inflammation has a central role in MASH development and 
the progression from MASH to HCC (Fig. 2). Both innate and adaptive 
immunity are tightly interconnected in this damage response and, 
when prolonged and aggravated, they drive chronic hepatitis. Immune 
cells sense metabolic stress, accumulate in the liver and trigger and 
maintain chronic liver inflammation, liver damage and tumorigenesis. 
This process involves liver-resident immune cells, such as Kupffer cells, 
as well as infiltrating immune cells (such as inflammatory monocytes 
and CD8+ T cells).

Kupffer cells maintain hepatic tissue homeostasis by balancing 
pro-inflammatory and anti-inflammatory responses198,199. More
over, MARCO+ periportal Kupffer cells contribute to immune tol-
erance by scavenging pro-inflammatory pathogen-associated and 
damage-associated molecular patterns derived from gut microbiota200. 
Kupffer cells also regulate fibrogenesis through MERTK signalling201. 
ADAM17-mediated cleavage of MERTK limits macrophage MERTK 
signalling and thereby restrains HSC activation201. However, during 
MASLD progression, excess fatty acids and cholesterol are taken up 
by Kupffer cells through scavenger receptors such as MSR1, leading 
to the formation of foamy macrophages and lipogranulomas that fur-
ther perpetuate inflammation202. Importantly, lipid overload impairs 
the self-renewal capacity of Kupffer cells, resulting in their progres-
sive replacement by monocyte-derived macrophages203. Consistent 
with this, depletion of Kupffer cells or genetic deficiency of Msr1 in 
experimental MASH models suppress immune cell infiltration into 
the liver and ameliorates metabolic dysfunction by enhancing lipid 
storage in adipocytes202,204. Activated macrophages further promote 
MASH progression by producing inflammatory cytokines such as the 

interleukins IL-1β and IL-18 through activation of the NLRP3 inflamma-
some196. Furthermore, macrophage-derived IL-1β and TNF promotes 
the survival of HSCs and thereby fibrogenesis205. Notably, IL-6 and TNF 
promoted inflammation and tumorigenesis associated with obesity 
in mice206. These findings underscore the importance of macrophage 
immunometabolism and of the liver–adipose tissue axis in shaping 
hepatic inflammation and metabolic dysfunction202,204.

Recent single-cell and single-nucleus studies have revealed sub-
stantial functional heterogeneity among hepatic macrophages dur-
ing MASLD progression207. Beyond pro-inflammatory macrophage 
populations207, distinct TREM2-expressing macrophage states emerge 
in response to lipid overload and tissue injury. During early MASLD, 
TREM2+ lipid-associated macrophages have been reported to exert 
protective functions that limit disease progression from MASL to 
MASH208,209. Lipid-associated macrophages may also have a hepato-
protective effect, in part through hepatocyte growth factor secretion210. 
In experimental models of steatohepatitis, TREM2 signalling in mac-
rophages has also been shown to constrain liver injury and inflamma-
tion211,212. Notably, subsets of TREM2+ macrophages can also promote 
fibrosis resolution in rodent models of MASH213. Consistent with this 
concept, during hepatic fibrosis regression, TREM2+ macrophages 
adopt a pro-resolving phenotype, encompassing both recruited and 
resident macrophage populations that cooperate to facilitate tissue 
repair214.

As disease progresses towards advanced fibrosis and cirrhosis, 
monocyte-derived TREM2+ macrophages accumulate within fibrotic 
niches, where they differentiate into scar-associated macrophages215. 
These macrophages localize to areas of active fibrogenesis and interact 
with HSCs, thereby shaping the fibrotic microenvironment215. The 
expansion of scar-associated macrophages in MASH livers appears to 
be driven by lipid droplets from steatotic hepatocytes, which induce 
expression of MS4A7, a regulator of macrophage activation and inflam-
masome signalling. Genetic deletion of Ms4a7 in mouse models reduces 
scar-associated macrophage expansion, HSC activation and fibrosis, 
highlighting the importance of this pathway in MASH pathogenesis216.

Overall, these findings suggest that TREM2+ macrophages in 
early MASL and MASH predominantly represent an injury-induced, 
lipid-handling and reparative macrophage state that limit steatohepa-
titis and support fibrosis resolution. However, in advanced fibrosis, 
cirrhosis and in MASH to HCC transition, TREM2+ macrophages local-
ize to fibrotic niches, promoting fibrogenesis and gradually adopting 
an immunosuppressive tumour-associated phenotype that favours 
tumour progression.

As MASH progresses with advancing fibrosis, increased monocyte 
recruitment to the liver leads to the emergence of phenotypically 
distinct myeloid cell populations within the portal tract, including 
disease-progression-associated macrophages characterized by an 
IBA1+CD16lowCD163low phenotype217. Within the portal tract, reac-
tive cholangiocytes secrete the acute-phase protein ORM2, which 
reprograms liver macrophages in a paracrine manner through an 
ITPR2-dependent calcium signalling pathway, thereby amplifying chol-
angiocyte stress and promoting fibrogenic activation218. Consistent 
with this, increased portal inflammation in patients with MASLD has 
been associated not only with severe histological features but also with 
a poor overall survival219,220. The composition of the portal infiltrate 
in MASH is highly heterogeneous and includes lymphocytes such as 
auto-aggressive CD8+PD-1+ T cells, immature monocyte-derived mac-
rophages221,222, pro-fibrotic CCR2+ monocyte-derived macrophages223 
and macrophage populations expressing Fcγ receptors224.

Moreover, platelets have been identified to sense aberrant metabo-
lism in the liver, triggered by the presentation of hyaluronic acid on 
the cell surface of various parenchymal and non-parenchymal cells of 
steatotic livers23,225. Intrahepatic recruitment of platelets is initiated 
after binding of hyaluronic acid through platelet-derived CD44, acti-
vating platelets and triggering the formation of mini-thrombi in liver 



68  |  Nature  |  Vol 657  |  3 September 2026

Review
sinusoids, mechanically retaining as well as attracting immune cells to 
the liver by secretion of chemokines and growth factors23,225. Prophylac-
tic or therapeutic deactivation of platelets through anti-platelet therapy 
(APT) (for example, aspirin and clopidogrel) leads to a marked reduc-
tion in MASH-related liver damage and immune cell infiltration, reduced 
steatosis, fibrosis and DNA damage. Consequently, MASH-induced liver 
cancer was blocked in the context of APT23,225. Similarly, APT reverted 
established MASLD, hepatic steatosis and increased liver volume in 
human patients23,225.

Besides, other innate immune cells were shown to drive MASH. A 
study identified a MASH-associated rise in conventional dendritic cells 
in the liver, originating from cycling of conventional dendritic cell 
progenitors in the bone marrow226. Blood and liver tissue from patients 
and mice demonstrated that type 1 conventional dendritic cells were 
increased and activated in MASH226, reprogramming inflammatory 
T cells, which is known to drive MASH. Thus, type 1 conventional den-
dritic cells were found to trigger liver pathology in MASH226.

It was demonstrated the tight interconnection between innate and 
adaptive immunity in MASH and its progression to liver cancer21. Their 
study revealed that CD8+ T cells and natural killer T cells contribute 
to MASH by metabolically reprogramming hepatocytes, for exam-
ple, by suppressing fatty acid oxidation, either by the secretion of 
cytokines (for example, LIGHT) or through direct cell–cell contact21. 
Furthermore, B cells were shown to contribute to MASH, MASH-related 
fibrosis and subsequent liver cancer224,227. Others have proposed that 
in particular resident hepatic T cells (CD8+PD1+CXCR6+) become meta-
bolically activated in MASH through cytokine induced downregula-
tion of T-cell-derived FOXO1 and through hepatocyte-derived acetate 
and extracellular ATP222. Thereby, CD8+ T cells acquire an autoaggres-
sive, antigen-independent phenotype and therefore drive chronic 
necroinflammation222. Besides, T helper 17 (TH17) cells have also been 
described to contribute to the development of MASH22, linking meta-
bolic alterations of adipose tissue in metabolic syndrome with DNA 
damage and MASH. Indeed, pharmacological suppression of TH17 
cell differentiation was described to prevent MASH22. Recently, an 
important role has been attributed to MIG (also known as CXCL9) in 
maintaining the regulatory T cell–TH17 cell balance in MASLD228. In 
general, it is believed that adaptive and innate immune cells not only 
accelerate hepatic inflammation but, at the same time, also trigger 
metabolic reprogramming of hepatocytes by secreted factors (for 
example, cytokines) or cell–cell contact, which lies at the core of meta-
bolic dysfunction and organelle-stress-related MASH development. 
Nevertheless, further experiments to delineate the exact molecular 
downstream processes within hepatocytes triggered by necroinflam-
mation are needed (Fig. 2).

HSCs in MASH fibrosis
Advanced liver fibrosis, assessed histologically229 or by non-invasive 
tests230, is strongly associated with adverse MASLD outcomes, including 
hepatic decompensation, HCC and liver-related mortality. Accurate 
fibrosis staging is therefore essential for risk assessment in MASLD231. 
Importantly, fibrosis patterns vary between patients (for example, 
peri-sinusoidal versus portal), and increased portal pressure, a par-
ticular feature of MASH-fibrosis, is clearly associated with liver-related 
complications232.

Fibrosis involves tissue scarring, marked by qualitative and quantita-
tive changes in extracellular matrix (ECM) proteins, alongside altera-
tions in the immune microenvironment, mechanical properties of the 
liver, impaired regeneration and loss of functional parenchyma233,234. 
ECM proteins are secreted by fibrogenic myofibroblasts derived primar-
ily from activated HSCs and portal fibroblasts235. Rodent fate mapping 
studies identified HSCs account for around 80–95% of myofibroblasts in 
MASH fibrosis236. A recent study using single-nucleus RNA-sequencing 
and assay for transposase-accessible chromatin using sequencing in 

normal, MASL and MASH human livers, confirmed that HSC subclus-
ters are the major ECM source and defined a core fibrogenic gene set 
(such as SERPINE1, GAS7 and SPON1)237. Transcription factors such as 
JUNB–AP1 and RUNX1/2 were implicated in epigenetic remodelling, and 
inhibition of targets like SERPINE1 reduced fibrosis in 3D human liver 
spheroids and HSC-specific knockout mice, highlighting therapeutic 
potential237.

Traditionally viewed as vitamin-A-storing cells, HSCs are now rec-
ognized as central orchestrators of homeostasis and injury responses 
in the liver. In homeostasis, HSCs secrete RSPO3, a key WNT pathway 
modulator, which in turn maintains hepatocyte zonation, liver size, 
regeneration capacity, cytochrome-P450-mediated detoxification and 
metabolic fitness, while loss of RSPO3 (through stellate cell depletion 
or selective Rspo3 deletion) disrupts these functions and exacerbates 
MASLD-related liver injury238. Omics-based profiling and depletion 
studies in transgenic mice have revealed their extensive crosstalk with 
parenchymal and non-parenchymal cells239,240. Single-cell and spatial 
transcriptomic analyses further identified substantial heterogeneity 
among HSCs, in mice and humans241. These subsets probably repre-
sent different activation states during MASLD progression, ranging 
from cytokine-secreting (cyHSC) to matrix-producing contractile 
phenotypes (myHSC)239. HSC-derived myofibroblasts drive fibrosis 
by producing ECM components (for example, collagen, elastin) and 
secreting soluble factors such as cytokines, chemokines and tissue 
inhibitors of metalloproteinases233,234.

Strategically located as pericytes in the space of Disse, HSCs are 
equipped with diverse receptors that sense fibrogenic cues. With 
respect to MASLD, these signals include cytokines such as TGFβ 
and PDGF that are released by activated myeloid and endothelial 
cells, toxic lipids in the hepatic microenvironment, inflammatory 
cytokines and other danger signals (such as apoptotic bodies, danger/
pathogen-associated molecular pattern molecules, secreted proteins 
from stressed hepatocytes) or cell–cell contact with inflammatory 
cells such as hepatic macrophages242. After activation, HSCs undergo 
metabolic reprogramming to boost energy availability through glyco-
lysis, glutaminolysis and autophagy243, and activate multiple signalling 
cascades244. In advanced MASH-fibrosis, HSCs reinforce fibrogenesis 
through autocrine signalling loops245.

Activated HSCs can undergo cellular senescence246. Although once 
considered to be a deactivation mechanism247, senescent HSCs release 
pro-fibrotic and inflammatory mediators as part of their SASP. In pre-
clinical models, targeting senescent HSCs or FAP-expressing HSCs248 
with chimeric antigen receptor (CAR) T cells249 or CAR-modified 
macrophages250 ameliorated hepatic fibrosis. In mouse and human 
MASLD-related fibrosis, senescent HSCs express surface markers such 
as uPAR and CD206246. Nevertheless, uPAR is also expressed by distinct 
myeloid cells, including TREM2+ macrophages, therefore making it 
difficult to distinguish whether the benefits are derived solely from 
elimination of senescent cells or also specific macrophage popula-
tions246. Mechanisms of fibrosis regression, primarily identified in 
rodent models, include HSC reversion towards a quiescent-like state, 
immune-mediated clearance through apoptosis, macrophage pheno-
typic switching towards a reparative profile and matrix degradation251.

Gut–liver axis in MASH and MASH-HCC
Given the importance of the gut–liver axis for normal homeostasis of 
liver biology, its dysregulation has severe consequences on disease 
outcomes252. Over the past decade, an increasing number of studies 
have begun to unravel the complexity of the gut–liver axis in MASH 
and MASH-HCC (Fig. 3). Although recent developments have started 
to allude to the role of the intra-organ microbiome, including the intra-
hepatic microbiome, this Review will focus on the relevance of the gut 
microbiome and its products (for example, metabolites) in orches-
trating liver function in the healthy liver and in MASH. Furthermore, 
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additional studies have also investigated the role of the virome253 and 
mycome254 in MASLD.

Intestinal barrier and endotoxins in MASH
MASH is often associated with a disrupted or ‘leaky’ intestinal bar-
rier255. In addition to structural barrier disruption, host antimicro-
bial defence pathways have an important role in limiting microbial 
translocation across the intestinal epithelium. It was recently dem-
onstrated that enhancing intestinal antimicrobial immunity reduces 
bacterial translocation and protects against both alcohol-associated 
liver disease and MASH in mouse models, whereas components of this 
protective antimicrobial pathway are downregulated in patients with 
alcohol-associated liver disease256. Furthermore, the barrier-protective 
cytokine IL-22 acts as a key regulator of intestinal epithelial homeo-
stasis in diet-induced MASLD257. IL-22 signalling restored epithelial 
barrier integrity and reversed the expansion of absorptive enterocytes 
induced by atherogenic diets, thereby reducing microbial transloca-
tion and ameliorating steatohepatitis257. Together, these findings high-
light the importance of intestinal barrier integrity and antimicrobial 
immunity as upstream regulators of gut–liver axis signalling in MASH.

Disruption of these barrier and antimicrobial defence mecha-
nisms allows gut-derived metabolites and endotoxins to reach into 
the enterohepatic circulation and the liver. Endotoxins, in particu-
lar lipopolysaccharide, are elevated in both the serum and liver in 
histology-confirmed patients with MASL and MASH and positively 
correlated with NF-κB signalling, hepatic fibrosis258,259 and hepatic 
steatosis105. In addition to endotoxins, intestinal microbial metabolites, 
including secondary bile acids, have an instrumental role in modu-
lating MASH and liver cancer, and multiple studies have shown an 
increase in total serum and faecal bile acids in patients with MASH260,261. 
Overall, in humans, there is a strong positive correlation between 
bacterial-derived products and MASLD progression. Experimental 
studies in mice have therefore been used to investigate the causal 
relationships of these bacterial products.

Over a decade ago, it was demonstrated that deoxycholic acid 
(DCA), a secondary bile acid derived from Clostridium clusters, drives 
obesity-associated liver damage and cancer in mice262. Produced 
through 7α-dehydroxylation of primary bile acids by the gut micro-
biota, DCA induced DNA damage and cellular senescence in HSCs262, 
promoting hepatocyte proliferation and transformation through the 
SASP, including IL-1β262. Reducing DCA levels with an antibiotic cock-
tail (ABX) or treatment with the counter bile acid ursodeoxycholic 
acid (UDCA) reduced obesity-associated liver cancer development262. 
Elevated DCA levels were also observed in the serum and liver of patients 
with MASH, and positively correlated with serum liver damage markers 
(alanine aminotransferase and alkaline phosphatase)260,263. Moreover, 
increased primary bile acid taurocholic acid and gut dysbiosis were 
found in C57BL/6 mice on a high-fat/high-cholesterol (HFHC) diet, with 
taurocholic acid exacerbating cholesterol-induced hepatic lipid accu-
mulation264. Notably, a subset of C57BL/6 mice displayed spontaneous 
cholaemia (elevated serum bile acids) and, when fed a WD, developed 
severe fibrosis and MASH-induced HCC with 100% tumour penetrance, 
despite being leaner and glucose tolerant, suggesting that systemic 
obesity can be uncoupled from liver pathogenesis265.

Beyond fat emulsification and direct effects on cells like HSCs, 
bile acids regulate metabolism, cell survival and immune function 
through bile acid receptors such as farnesoid X receptor (FXR) and 
the G-protein-coupled bile acid receptor, GPBAR1 (also known as 
TGR5)266,267. Signalling through these receptors promotes hepatocyte 
proliferation while suppressing apoptosis through activation of ERK 
and AKT266,267. FXR signalling and bile acids in MASH is well charac-
terized and has been reviewed elsewhere266,267. Similarly, the bile acid 
derivate nor-UDCA lowered liver damage, steatosis and inflammation in 
mice268. The long-term impact of such treatments on liver homeostasis 
and tumorigenesis remains to be explored.

Gut bacteria and metabolites in MASH
An increasing number of studies are investigating the relevance of 
specific bacteria and their metabolites in MASH and MASH-HCC, 
aiming to selectively modulate them for therapeutic benefit. To this 
end, broad microbiome depletion with ABX in mice attenuated the 
development of WD-induced MASH, including hepatic inflammation, 
fibrosis and, to a lesser extent, steatosis269. The genus Blautia and its 
metabolite 2-oleoylglycerol (2-OG), a product of bacterial lipase activ-
ity on triacylglycerols, were enriched in both mice and patients with 
MASH with obesity269. Inoculation with Blautia producta or direct 
2-OG supplementation increased myeloid cell frequency, HSC acti-
vation and fibrogenesis through the GPR119–TAK1–NF-κB–TGF-β1  
pathway269.

Furthermore, bacterial cell wall components, such as lipoteichoic 
acid from Gram-positive bacteria, promoted obesity-associated HCC by 
suppressing antitumor immunity through prostaglandin E2 (ref. 270). 
Notably, a recent translational study showed that microbial-produced 
ethanol is elevated in portal vein plasma and peripheral blood of 
patients with MASL and MASH who are overweight or obese com-
pared with otherwise healthy individuals who are overweight or obese, 
with levels positively correlating with Lactobacillaceae abundance271. 
This ethanol elevation, seen in fasting or postprandial states, was 
nearly abolished by ABX in a mouse model, implicating the micro-
biome as the likely source271. Similarly, intestinal colonization with 
high-alcohol-producing Klebsiella pneumoniae strains has been linked 
to MASLD in a Chinese cohort272.

Conversely, an increasing number of studies are identifying protec-
tive microbial strains against MASH. The probiotic Bifidobacterium 
pseudolongum was depleted in MASH-HCC mice fed an HFHC diet and in 
T2DM273. Mice inoculated with B. pseudolongum displayed lower tumour 
burden and improved gut barrier function through the short-chain fatty 
acid acetate, which activated GPR43 on hepatocytes and suppressed 
IL-6–JAK1–STAT3 signalling273. Further supporting the notion of gut 
symbionts protecting against MASH, Bacteriodes uniformis-derived 
3-succinylated cholic acid (3-sucCA) alleviated MASH by promoting 
Akkermansia muciniphila, an intestinal barrier supporting symbi-
ont274. Inoculation with B. uniformis or addition of 3-sucCA improved 
hepatic steatosis, inflammation and fibrosis274. Importantly, 3-sucCA 
levels negatively correlated with clinical MASLD progression, and both  
B. uniformis and A. muciniphila were lower in biopsy-proven patients 
with MASLD274.

Multiple subtypes of MASH
As previously discussed, human MASLD, particularly MASH, is a highly 
heterogeneous disease, characterized by varying degrees of hepatic 
steatosis, fibrosis, inflammation and distinct molecular signatures155,160. 
This heterogeneity reflects, among others, differences in genetics, diet, 
microbiome, sex, disease duration and, most likely, therapy response. 
Rather than a singular entity, MASH manifests as multiple metabolic and 
immunological subtypes, necessitating the use of distinct mouse mod-
els to adequately phenocopy the spectrum of human pathology275,276. 
A recent multiomic study of the liver, blood and urine in a Chinese 
population identified three molecular MASLD subtypes (mSI, mSII and 
mSIII)8. mSI exhibited lower steatosis due to elevated CYP1A2/CYP3A4 
activity; mSII was linked to macrophage infiltration and cirrhosis risk; 
and mSIII showed enhanced oncogenic signalling associated with 
HCC development8. Similarly, a European cohort study of over 1,000 
individuals identified two distinct MASLD subtypes with unique liver 
transcriptomes and plasma metabolomes10. The liver-specific subtype 
was associated with advanced fibrosis and HCC but lower cardiovascu-
lar risk, whereas the cardiometabolic subtype showed dysglycaemia 
and hypertriglyceridaemia, and elevated cardiovascular and T2DM 
risk, despite comparable liver disease severity10. Another study of over 
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35,000 patients with MASLD developed two partitioned polygenic risk 
scores based on hepatic lipoprotein retention, and similarly confirmed 
the existence of at least two distinct MASLD clusters, consistent with 
the findings of the previous study9. Future studies are necessary to 
better define the distinct subtypes of MASH as well as to understand 
underlying mechanisms of disease mechanisms and therapy response 
linked with MASH heterogeneity.

Conclusions
There is little doubt that MASH poses a major threat to both individual 
and public health as of today and, importantly, in the near future. 
With the continued global rise in obesity and sedentary lifestyles, the 
burden of MASH on healthcare systems is expected to grow substan-
tially. Although considerable progress has been made in understand-
ing MASH pathogenesis, these advances have only underscored the 
complexity of the disease. MASH is not solely a liver phenomenon 
but is a systemic, multi-organ condition influenced by numerous  
factors.

It remains unclear to what extent MASH is driven by or contributes 
to other metabolic-associated diseases not commonly associated with 
liver pathology, such as psoriasis. As MASLD is predominantly a dis-
ease of overweight and obesity, a key question is whether the optimal 
therapeutic focus should be on treating obesity broadly or targeting 
MASH specifically. Moreover, whether lean patients with MASLD includ-
ing MASH respond to the same treatments or necessitate alternative 
treatments currently remains unknown (Box 1).

Addressing obesity with GLP-1 receptor agonists has shown promise 
due to significant weight loss outcomes. However, these agents have 

drawbacks, including common side effects such as nausea, vomit-
ing and diarrhoea, as well as muscle wasting and significant weight 
regain after discontinuation277–279. In particular, it is important to know 
whether all patients who show benefits also show these gastrointesti-
nal side effects such as nausea and diarrhoea to avoid any confound-
ers. Furthermore, longer follow-up studies are needed to understand 
the long-term consequences of these interventions. Nevertheless, 
tackling obesity through pharmacological and/or lifestyle interven-
tions may benefit not only MASLD but also a broader spectrum of 
obesity-associated diseases.

Still, in patients with advanced disease, such as MASH with fibrosis, 
more liver-targeted therapeutic approaches may be needed. As our 
understanding of this multifaceted disease deepens, encompassing the 
immune system, gut microbiome, hormonal signalling and circadian 
biology, a range of novel targets are emerging. Ultimately, a combina-
tion of tailored, multimodal therapies and lifestyle modifications may 
be the most effective strategy.

Looking ahead, improved diagnostic and prognostic tools will 
be crucial to better dissect the heterogeneity of MASH, the risk to 
develop MASH-HCC and enable personalized treatment strategies. 
Importantly, it is still unclear what exactly defines non-responsiveness 
to specific pharmacological therapies in patients with MASH and 
how could we model this in preclinical MASH models. These should 
reflect genetic, metabolic, immunological and stromal differences. 
Equally important is fostering the awareness of patients as well as 
healthy individuals to adhere to lifestyle changes, enabling maxi-
mum benefit from both lifestyle and pharmacological interventions. 
With the global prevalence of MASH continuing to rise, personalized 
combinatorial approaches offer the most promising path forward for 

Box 1

MASH in lean individuals
While most patients with MASLD have obesity, a subset is lean 
(BMI < 25 kg m−2 (<23 in Asia))280, accounting for 5–35% of cases 
depending on region, with a higher preponderance in South 
and East Asia281. The aetiology in lean individuals with MASLD is 
diverse and includes genetic factors such as PNPLA3 variants and 
lipodystrophies. Insulin resistance and increased visceral adiposity 
are common in lean individuals with MASLD, albeit less pronounced 
than in patients with MASLD with obesity280. Fasting insulin and 
haemoglobin A1c levels vary among lean patients with MASLD, 
suggesting distinct subgroups282.

At diagnosis, lean patients with MASLD exhibit more favourable 
histological and cardiovascular profiles than their counterparts 
with obesity283,284. However, several studies show worse long-term 
outcomes283 with a higher risk of severe liver disease and liver- 
related mortality, despite a lower cardiovascular risk284,285. A 20-year 
study of biopsy-proven MASLD found a greater risk of progression to 
severe liver disease in lean individuals284. This was corroborated by a 
prospective multicohort study of over 180,000 patients with MASLD 
from Western and Asian populations285. Conversely, a US study 
of hospitalized patients with MASH showed that lean status was 
associated with a 19% increased risk of major adverse cardiovascular 
events and a 20% and 33% greater risk of renal and hepatic 
decompensation, culminating in a 40% higher mortality risk286.

Notably, lean individuals with MASLD may exhibit adverse 
metabolic profiles at hepatic triglyceride levels that were previously 
considered normal. A study assessed hepatic triglyceride content 
(HTG) in lean and non-lean individuals and correlated these 
findings with cardiometabolic risk287. Lean men and women 
displayed 40–100% higher HTG levels compared with their 

non-lean counterparts, correlating with elevated cardiometabolic 
risk287. Importantly, the 95th percentile for HTG in lean individuals 
was 1.85%, below the conventional steatosis threshold of 5.5% 
(ref. 287). Individuals with an HTG of >1.85% and <5.56% showed 
higher plasma insulin, triglycerides, total cholesterol, LDL-
cholesterol and uric acid concentrations, consistent with increased 
insulin resistance287. These findings suggest that HTG concentrations 
above 1.85% already confer increased cardiometabolic risk. Another 
study showed that mildly elevated lipid content reduces insulin 
sentivity288. Petersen et al.287 also reported lower HTG in women 
across ethnicities, independent of alcohol consumption.

The pathogenesis of MASH in lean individuals probably involves 
distinct metabolic and microbiome-related mechanisms280. A study 
compared metabolic, microbial and histological features of 
biopsy-proven lean and non-lean patients with MASLD and healthy 
lean controls289. Lean patients with MASLD had a more favourable 
metabolic profile, including lower HOMA-IR, diabetes incidence, and 
NAS and fibrosis scores, but had elevated levels of total, primary and 
secondary bile acids, including both harmful (DCA) and beneficial 
(UDCA) species289. Serum FGF19 levels, a marker for FXR activity, 
were also increased289. Microbial composition differed from both 
non-lean patients with MASLD and healthy controls, with enrichment 
of taxa such as Romboutsia and Clostridium289. These findings 
were recapitulated in a model of steatohepatitis in lean mice 
induced by an atherogenic diet supplemented with cholic acid289. 
A follow-up study demonstrated endotoxaemia, elevated serum 
lipopolysaccharide and a proinflammatory macrophage phenotype 
in lean patients with MASLD, supporting a role for dysbiosis and 
systemic inflammation even in the absence of obesity290.
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effective disease management but also public education of healthy 
lifestyle as a preventive measure against obesity and associated  
pathologies.
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