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Abstract 
Μetabolic dysfunction-associated steatotic liver disease (MASLD) comprises a heterogeneous condition in the presence of steatotic liver. There can be a hierarchy of metabolic risk factors contributing to the severity of metabolic dysfunction and, thereby the associated risk of both liver and extrahepatic outcomes, but the precise ranking and combination of metabolic syndrome (MetS) traits that conveys the highest risk of major adverse liver outcomes and extrahepatic disease complications remains uncertain. Insulin resistance, low-grade inflammation, atherogenic dyslipidaemia and hypertension are key to the mechanisms of liver and extrahepatic complications. The liver is pivotal in MetS progression as it regulates lipoprotein metabolism and secretes substances affecting insulin sensitivity and inflammation. MASLD affects the kidneys, heart, and the vascular system, contributing to hypertension and oxidative stress. To address the global health burden of MASLD, intensified by obesity and type 2 diabetes mellitus epidemics, a holistic, multidisciplinary approach is essential. This approach should focus on both liver disease management and cardio-metabolic risk factors. This review examines the link between metabolic dysfunction and liver dysfunction and extrahepatic disease outcomes, the diverse mechanisms in MASLD due to metabolic dysfunction, and a comprehensive, personalised management model for patients with MASLD.

[bookmark: _Hlk180484874][H1] Introduction
In 1980, Ludwig and colleagues described the histological features of a novel chronic liver condition called nonalcoholic steatohepatitis (NASH) and noted that most of the patients had liver fibrosis and obesity or type 2 diabetes mellitus (T2DM)1. Approximately 30 years later, it became clear that liver fibrosis was the most critical histological factor of NASH that predicted the risk of liver outcomes2, and in the past decade, it has become apparent that NASH is a multisystem disease that also increases the risk of extrahepatic diseases3,4. 
Underpinning that multisystem disease is metabolic dysfunction and, in 2020, recognising that fact, it was proposed that nonalcoholic fatty liver disease (NAFLD) should be renamed and reclassified as metabolic dysfunction-associated fatty liver disease (MAFLD)5. In 2023, there was a further iteration of MAFLD to metabolic dysfunction-associated steatotic liver disease (MASLD)6. Despite differences, there is excellent congruence between NAFLD, MAFLD and MASLD, with most affected patients usually meeting the criteria for each definition7. Although the MASLD definition and terminology have not been uniformly accepted 8,9, potentially re-creating the lack of agreement surrounding metabolic syndrome (MetS) two decades ago10, for this narrative Review, we have chosen to use the term MASLD to replace the term NAFLD and metabolic dysfunction-associated steatohepatitis or MASH to replace the term NASH. Patients with NAFLD, MAFLD and MASLD are broadly similar, and it should be noted that compared to NAFLD, individuals with MASLD tend to be older with a slightly higher mortality risk that is probably due to the associated cardiometabolic risk factors11. 
[bookmark: _Hlk180484894][H2] Steatotic liver disease, metabolic dysfunction and MetS traits
MASLD is defined by the presence of steatotic liver disease (SLD), plus at least one of the five principal component metabolic traits of the MetS defined by Alberti and colleagues in 200912. However, in 2009, Alberti and colleagues concluded that MetS should be defined by the presence of any 3 of 5 characteristics: increased waist circumference, increased blood pressure, increased fasting triglyceride or increased fasting glucose concentration (or pre-diabetes or T2DM), and decreased high-density lipoprotein (HDL) cholesterol concentration 12. The presence of any 3 out of 5 MetS traits12 was reasoned necessary to define the syndrome because this number of metabolic traits was associated with a clinically important and approximate 2.4-fold increase in the risk of cardiovascular disease (CVD), CVD mortality, and all-cause mortality13. Notably, at the time, it was well established that T2DM was a recognised CVD risk factor, and this ~2.4-fold increase in risk was present regardless of the inclusion of T2DM as one of the risk factors13.
As patients with a diagnosis of MASLD might be characterised by having only one of the five component metabolic traits of MetS, it is plausible that individuals with MASLD and a single metabolic trait exhibit decreased levels of metabolic dysfunction, thereby facing a reduced risk of complications. In contrast, patients with MASLD exhibiting all five MetS traits probably have more severe metabolic dysfunction and a higher risk of disease complications. This heterogeneity in the clinical phenotype suggests that varying degrees of metabolic dysfunction, linked to the presence of different numbers of MetS traits, may result in differential risks of hepatic and extrahepatic complications. 

Consequently, the aim of this Review is three-fold. Firstly, we discuss the heterogeneity of metabolic risk traits and whether heterogeneity of MetS traits affects the risk of liver outcomes and extrahepatic diseases. Secondly, we explore how risk factors associated with MetS traits influence the pathogenesis of liver disease in MASLD. Thirdly, we examine how this variability in risk factors should prompt a holistic assessment of the individual patient and the development of a tailored treatment plan for MASLD based on the individual's risk profile. 

[bookmark: _Hlk180484910][H2] MetS traits and risk of liver disease outcomes

As the severity of liver disease progresses, the risk of significant adverse liver outcomes is increased with MASLD. For example, in a large biopsy dataset from Sweden with a median of 14.2 years of follow-up, Simon and colleagues showed that mortality rates increased as the severity of MASLD increased (from simple steatosis, non-fibrotic MASH, non-cirrhotic fibrosis (that is, F1–F3, with or without MASH) to cirrhosis)14. In this study of 10,568 people with MASLD, the leading causes of death were attributable to liver cirrhosis and extrahepatic cancers and not to CVD14. However, whether the consequences of MASLD result in a greater risk of liver mortality or CVD mortality is contentious. In another smaller biopsy dataset of 959 patients with MASLD with more granular detail from Sweden with a median of 17.9 years of follow-up15, amongst individuals with biopsy-proven MASLD with cirrhosis, liver disease was the most common cause of mortality; whereas in patients with non-cirrhotic fibrosis, death from cardiovascular diseases and extrahepatic cancers was more common than liver-related deaths. Although the median age at the time of liver biopsy in both cohorts was very similar, notably, in the smaller cohort15, there was a lower proportion of women (38% versus 45%) compared with the study by Simon and colleagues14 and in addition, a higher prevalence of diabetes (25% versus 11%), hypertension (69% versus 10%), hyperlipidemia (18% versus 7%) and obesity (40% versus 4%)15. 

Although insulin resistance underpins the pathogenesis of MASLD (see later), individuals with only mild metabolic dysfunction and normal insulin sensitivity might have MASLD. For example, it has been shown that persons with obesity who are metabolically healthy (but who do not have insulin resistance or other MetS components by simple biochemical or anthropometric criteria defined by Homeostatic Model Assessment for Insulin Resistance  and the Alberti and colleagues MetS criteria12), qualify as having hepatic steatosis (MASLD)16 (although it should also be noted that liver fibrosis was not assessed in this study16). Additionally, in this study using data from a large Korean occupational cohort, Sung and colleagues examined the cross-sectional association between obesity and MASLD and showed that the prevalence of ultrasound-diagnosed liver steatosis was 45% amongst 945 metabolically healthy individuals with obesity, who did not have insulin resistance or other MetS traits16. 

Of each of the MetS traits mentioned above, the presence of T2DM confers the most substantial risk of significant adverse liver outcomes. For example, in a large meta-analysis involving 18 studies contributing data from 22.8 million individuals followed for a median of 10 years with 72,792 liver disease events, T2DM was associated with an approximate doubling of increased risk of incident severe liver disease events (adjusted hazard ratio (HR) 2.25, 95% confidence interval (CI) 1.83–2.76, p < 0.001, I2 99%)17. Of the other traits linked to metabolic dysfunction, obesity, defined by a body mass index (BMI) ≥30 kg/m2, was also a risk factor for developing more severe liver disease, although the strength of the hazard seemed weaker (adjusted HR 1.20, 95% CI 1.12–1.28, p < 0.001, I2 87%)17. In this meta-analysis, few studies included data on the individuals’ other MetS traits. However, there was a suggestion of a slight increase in hazard with hypertension17, data that are also supported by a significant small increase in the hazard ratio  (1.07, 95%CI 1.01, 1.13) for cirrhosis and HCC noted in a large study of >18 million control subjects using study several European primary care datasets that reported the association between hypertension and risk of non-fatal liver outcomes18. 

It is well established that individuals living with T2DM have an approximate three-fold higher risk of developing hepatocellular carcinoma (HCC) and an approximately two-fold higher  risk of severe liver disease compared with the general population 19. However, it is essential to consider whether the presence of severe metabolic dysfunction associated with the presence of several MetS traits is associated with an increased risk of major adverse liver outcomes and extrahepatic diseases. Shang and colleagues have currently undertaken the most comprehensive analysis to date using diabetes registry data from a large retrospective cohort study of 230992 people living with T2DM in Sweden20. The researchers used the World Health Organization (WHO) criteria (1998) for defining MetS traits 21 that included BMI (waist circumference data was not available)20. This study investigated the effects of MetS traits on major adverse liver outcomes (MALO) of cirrhosis, decompensated cirrhosis and HCC, and there were 1,344, 2,000, and 839 patients identified with each of these incident outcomes, respectively. The data suggested that after adjusting for potential confounders, hypertension had the strongest association with all of these incident liver outcomes. There was also a suggestion in the data that there might be differential effects of individual MetS traits to increase the risk of specific liver outcomes. Whereas low HDL cholesterol concentration level in the serum and obesity were associated with each of the three liver outcomes, hypertriglyceridemia showed a borderline positive association, and albuminuria had a stronger positive association with the advanced stages of cirrhosis20. Although albuminuria is often a feature of renal microvascular disease in T2DM, microalbuminuria is a marker of increased risk of macrovascular disease in people with or without T2DM. That said, it should be noted that albuminuria is not a classical feature of MetS and is not one of the classical MetS traits assessed in MASLD.

The combination of metabolic dysfunction traits (or MetS traits) in MASLD that conveys the most substantial risk of adverse liver outcomes remains uncertain. However, in addition to showing that hypertension represented the single greatest risk fact for incident liver outcomes, Shang and colleagues20 showed that the combination of hypertension, obesity, albuminuria (a marker of increased cardiovascular risk), high triglyceride and low HDL cholesterol concentration in the serum was associated with the overall most substantial risk of adverse liver outcomes. As each of these risk factors represents different types of metabolic dysfunction, these new data suggest that the more severe the metabolic dysfunction is within the umbrella term of MASLD, the higher the risk of more severe liver disease and, thereby, the potential for subsequent development of MALO.
Amongst all of the MetS traits, T2DM is a critical trait that is well established as an important risk factor for more severe liver disease and worse MALO over time. However, T2DM represents a heterogeneous condition. For example, within the spectrum of disease labelled as T2DM, there are variable degrees of pancreatic beta cell failure and insulin resistance. Although overweight or obesity associated with T2DM are commonly associated with marked insulin resistance and MetS traits, those with T2DM who are not overweight or obese might have normal insulin sensitivity and no MetS traits. Thus, the primary factor for dysglycaemia in this group is not insulin resistance but pancreatic beta cell failure. In support of this, comprehensive phenotyping of patients with T2DM confirms that there are different clusters of people with diabetes who are at differential future risk of complications22. In this study, patients with T2DM in the German Diabetes Study underwent comprehensive phenotyping. Insulin sensitivity was assessed using gold standard hyperinsulinaemic-euglycaemic clamps, hepatocellular lipid content using magnetic resonance spectroscopy, hepatic fibrosis using non-invasive scores, and peripheral and autonomic neuropathy using functional and clinical criteria. Patients were then reassessed after 5 years. The results were obtained in 1,105 patients at baseline, of which 367 were studied at follow-up, showing different degrees of whole-body and adipose-tissue insulin resistance. There was also a different prevalence of diabetes complications in the early stages of MASLD22.Additionally, it is established that T2DM is a strong risk factor for microvascular and macrovascular disease, and current evidence suggests that liver fibrosis (assessed by biomarker scores) is associated with diabetic retinopathy and chronic kidney disease as manifestations of both microangiopathy23 and macroangiopathy24. However, further research is needed in this area to establish the role of MetS traits and liver fibrosis in the development of microangiopathy. 

[bookmark: _Hlk180484927][H2] MetS traits and risk of extrahepatic disease outcomes
Although the definition of MetS has gone through several minor iterations in the past 25 years, a representative meta-analysis published in 200525, showed that the random-effects estimates of combined relative risk for the presence versus absence of MetS were 1.27 (95% CI 0.90–1.78) for all-cause mortality, 1.65 (1.38–1.99) for CVD, and 2.99 (1.96–4.57) for T2DM. For studies that used the 1998 World Health Organization definition of MetS, the fixed-effects estimates of relative risk were 1.37 (1.09–1.74) for all-cause mortality and 1.93 (1.39–2.67) for CVD, and the fixed-effects estimate was 2.60 (1.55–4.38) for coronary heart disease25. Thus, it has been estimated that the population-attributable fraction for MetS is ∼6–7% for all-cause mortality, 12–17% for CVD, and 30–52% for T2DM25. 
Previously, in a cohort of patients with newly diagnosed T2DM aged 30-74 years (562 patients studied in a cross-sectional analysis and 428 of these patients comprising those who were CVD-free at study entry studied in a prospective analysis, Guzder and colleagues investigated the relationship between the presence of MetS traits at baseline and CVD outcomes 26. These authors showed that at diagnosis of T2DM, the presence of MetS (≥3 traits) was independently associated with CVD (odds ratio [OR] 2.54; p=0.006) and coronary heart disease (OR 4.06; p=0.002). In the prospective component of the study, the addition of each of the four other MetS traits to T2DM (as the single component of MetS, that was necessary for inclusion in the study), linearly increased the hazard for incident CVD events and all-cause mortality26. Although the five MetS traits of increased blood pressure, increased triglyceride concentration in the blood, increased waist circumference, decreased HDL cholesterol concentration in the blood, and T2DM were measured in this study, the presence of co-existing steatotic liver disease was not tested. Nevertheless, these data emphasise that the presence of increasing numbers of MetS traits are clinically important and are associated with a greater risk of incident CVD events and all-cause mortality (compared with the presence of only T2DM as a single MetS trait, as the reference group)26.
Prior to the 2023 MASLD definition, in large meta-analyses, it was shown that MASLD (NAFLD in the original study) was a risk factor for T2DM27, CVD28, chronic kidney disease29, congestive heart failure30, and certain extrahepatic cancers (principally gastrointestinal cancers, breast cancers and gynaecological cancers)31. Consequently, it is now important to consider whether each of the individual MetS traits linked to metabolic dysfunction modifies the risk of extrahepatic complications beyond that conveyed by the presence of steatotic liver disease alone. Figure 1 illustrates the relationship between steatotic liver disease, the metabolic dysfunction clinical phenotype, and extrahepatic diseases associated with MASLD. 
In all of the meta-analyses mentioned above investigating associations between liver disease (MASLD) and extrahepatic disease outcomes, it was possible to use univariable meta-regression to test the modifier influence of various factors associated with metabolic dysfunction as modifiers of the associations between steatotic liver disease and disease outcomes. Table 1 includes a summary of the results from these meta-analyses showing the results of univariable meta-regression analyses illustrating the direction of influence and significance level of potential effect-modifiers that are linked with metabolic dysfunction on the association between steatotic liver disease and incident extrahepatic diseases27-31. For the association between MASLD and incident fatal and non-fatal CVD events, the effects of age, male sex, BMI, pre-existing diabetes, hypertension, current smoking and low-density lipoprotein (LDL) cholesterol levels were examined28. In these models, only T2DM and LDL cholesterol were associated with an increased risk of CVD, and there was a positive trend toward an increase in the risk of CVD with hypertension28. 
In large population-based cohort studies, the use of proxy measures of hepatic steatosis, rather than imaging modalities or liver biopsy, creates problems when trying to assess the modifying influence of MetS traits on the association between steatotic liver disease and disease outcomes. Proxy measures of hepatic steatosis, such as the fatty liver index (FLI) or the hepatic steatosis index, contain measures that are included in the MetS traits. Consequently, there might be problems of co-linearity, invalidating regression models testing the independence of these associations. That said, in an extensive cohort study of 7.796,763 participants in the National Health Screening Programme in Korea, the risk of cardiovascular disease and all-cause mortality with MASLD (NAFLD in the original study) was studied in people with T2DM32. In this study, the authors assessed whether the presence of T2DM plus MASLD further amplified the risk of cardiovascular disease and all-cause mortality, over and above the presence of MASLD alone without co-existing T2DM. Patients were stratified into three groups based on their MASLD status at baseline, and the FLI was used to assign MASLD status. The authors assessed the severity of liver fat based on the level of FLI. It should be noted that the FLI is a validated biomarker test that utilises BMI, waist circumference, fasting triglyceride concentration and gamma-glutamyl transferase concentration in the blood. The investigators showed that MASLD in patients with T2DM was associated with an increased risk of CVD and all-cause death, even in patients with mild MASLD. Importantly, risk differences for CVD and all-cause death between the no MASLD group and the grade 1 or grade 2 MASLD groups were higher in patients with T2DM than in those without T2DM32, adding further weight to the notion that the metabolic dysfunction associated with T2DM in MASLD further amplifies the risk of extrahepatic disease outcomes. 

[bookmark: _Hlk180484951][H1] MASLD heterogeneity due to metabolic dysfunction and effects on MetS 
Epidemiological data indicate that MASLD is one aspect of a systemic disease in which dysfunction in one system can trigger a cascade of multisystem dysfunctions, each amplifying the others. The multidirectional relationships among metabolic risk factors, T2DM, MASLD, chronic kidney disease, and the cardiovascular system substantially increase morbidity and mortality. In a study of 1773 patients with NAFLD in the NAFLD Database Study Phase 2 (NAFLD DB2) in the USA, the most common causes of death are CVD (~40% of total deaths), followed by extrahepatic cancers (~20%) and liver-related complications (~10%)33.

Inter-organ communication in MASLD has a crucial role in the development of liver damage and the pathophysiology of MetS. The balance between detrimental and protective signals influences the progression of metabolic disorders, highlighting the importance of comprehensive management approaches. Understanding these mechanisms provides valuable insights for developing targeted therapies that address not only liver health but also the systemic nature of MetS.
[bookmark: _Hlk180484964][H2] Pathogenic model of MASLD and MASH 
Obesity, associated with dysfunction or exhausted expandability of adipose tissue, is a central determinant of peripheral lipotoxicity and often precedes the development of MASLD and its progression to MASH34,35. 
In MASLD, the shift from a non-inflammatory to an inflammatory phenotype is essential to disease progression. Initially, hepatic steatosis is characterised by fat accumulation in hepatic cells without marked inflammation. However, as the disease advances, factors such as oxidative stress, mitochondrial dysfunction, and altered cytokine signalling trigger and amplify inflammatory responses. These changes promote the infiltration of immune cells into the liver and activate inflammatory pathways, transforming steatosis into steatohepatitis (MASH). This transition is crucial as it leads to further liver damage (ballooning and hepatitis), ultimately leading to fibrosis, and worsens the overall disease prognosis36.
Lipid accumulation in the liver is a crucial characteristic of MASLD, controlled by several factors, including fatty acid uptake, export via very-low-density lipoprotein (VLDL) secretion, de novo fatty acid synthesis driven by SREBP-1C, and fatty acid breakdown through β-oxidation37. Peripheral insulin resistance, commonly associated with MetS, plays an important part in the development of MASLD and fatty-acid build-up in the liver. Insulin resistance promotes an increase in free fatty acid (FFA) release from adipose tissue while decreasing fatty acid utilisation and facilitating triglyceride storage in skeletal muscle. As a result, serum FFA levels rise, leading to a higher influx of FFAs into the liver, which drives excess production of triglyceride-rich lipoproteins like VLDL. Additionally, partial insulin resistance in the liver upregulates SREBP-1C, further increasing fatty acid synthesis38. Saturated fatty acids produce harmful intermediate molecules like diacylglycerols, which contribute to endoplasmic reticulum stress and reactive oxygen species (ROS) production—both key drivers in the development of MASH39. An uncontrolled rise of ROS levels promotes oxidative stress, leading to mitochondrial dysfunction and liver damage characteristic of MASH. Antioxidants, such as vitamin E, can potentially reduce liver enzyme levels and improve liver histology in patients with MASLD or MASH, though they do not affect fibrosis scores or total cholesterol40. Through interaction with Toll-like receptor 4, saturated fatty acids also exacerbate mitochondrial dysfunction and activate the pro-inflammatory nuclear factor-kappa B pathway41,42. 
However, MetS and the development of MASLD can also occur without obesity, suggesting primary hepatic effectors43. Moreover, the development of MASLD in patients with obesity and subsequently to MASH varies between individuals, indicating that intrinsic hepatic factors influence the speed and severity of progression44. Hence, from a hepatocentric perspective, early intrahepatic factors, influenced by metabolic signals, are crucial mediators in SLD development in MASLD, whereas factors dependent on inflammatory cell rewiring might determine susceptibility to MASH development34,45.
A comprehensive pathogenic model of MASLD and MASH requires the presence of hepatocyte injury, determined by excessive lipid load or the accumulation of qualitatively abnormal lipidomes promoting lipotoxic injury (for example, ceramides, diacylglycerols (DAGs), and dysregulation of glycosphingolipid pathways)46-48. The build-up of liver lipid content relies on increased lipid flux from adipose tissue, typically observed in obesity and insulin resistance, and/or a hypercaloric diet enriched in saturated fatty acids, fructose, and, at least in murine models, rich in cholesterol49,50.
In this context of overnutrition, the liver acts as a secondary lipid buffer (first is the adipose tissue), protecting the body from the toxic effects of excess nutrition by storing dietary and adipose-derived FFAs as triglycerides in lipid droplets. In this respect, the accumulation of triglycerides can be considered as a homeostatic strategy to store energy in a less toxic way. For example, in a peroxisome proliferator‐activated receptor-gamma2 knock-out mouse model, defects in triglyceride biosynthesis in the liver prevented triglyceride deposition and elevated ceramides and DAGs, leading to increased insulin resistance51. In contrast, over-expression of diacylglycerol acyltransferase in mice led to increased triglyceride deposition, which was uncoupled from insulin resistance and inflammation52. This capacity protected mice against local and systemic lipotoxicity53. Thus, when overloaded with lipids, the liver employs strategies such as upregulating fatty acid oxidation and re-esterifying FFAs into metabolically harmless triglycerides that are stored safely in lipid droplets. In patients with MASLD, hepatic fatty acid oxidation might seem decreased if, for example, there is a fatty acid oxidation or mitochondria defect 54. However, commonly, fatty acid oxidation might be increased compared to healthy individuals, but it is still inappropriately low due to the oversupply of fatty acids available. This low capacity suggests, either a primary or secondary defect in adaptive oxidative capacity and mitochondrial function or an inadequate oxidative response to excessive lipid load from external sources. Additionally, the liver releases lipids as very low-density lipoprotein triglycerides, which typically increase in response to higher lipid flux, resulting in a hypertriglyceridemic phenotype55. However, this secretion might not fully compensate for the excess lipid supply, leading to increased hepatic triglyceride levels despite enhanced lipoprotein secretion.
Mutations in the patatin-like phospholipase domain-containing 3 (PNPLA3) gene illustrate the importance of these adaptations, as impaired lipid mobilisation from lipid droplets decreases lipoprotein assembly and secretion, resulting in more substantial fat accumulation in the liver56. Interestingly, livers affected by PNPLA3 mutations seem protected against associated cardiovascular complications56, suggesting that increased lipoprotein secretion might mediate the exacerbated cardiovascular risk associated with MASLD. Another anti-lipotoxic strategy involves the physiological activation of fatty acid remodelling through the regulation of SCAP–SREBP–INSIG1 complex, controlling de novo lipogenesis (DNL), desaturation and elongation of fatty acids 57 Additionally, the Kennedy pathway regulates the balance between phospholipids and neutral lipids, while the Lands cycle influences lipid droplet size by affecting availability and surface-to-volume ratio58. Together, these mechanisms help protect the liver from lipotoxic insults leading to MASH. Evidence supporting these processes comes from both human genetic studies and murine models59. This homeostatic control is vital not only in hepatocytes but also in immune cells and inflammatory responses exposed to a lipid load rich in saturated fatty acids60. Disruption of membrane lipid regulation can be liver zone-specific61 and affect various cellular compartments, including the endoplasmic reticulum, facilitating endoplasmic reticulum stress and mitochondria, compromising their oxidative capacity. Injured hepatocytes typically exhibit increased endoplasmic reticulum stress62, oxidative stress with elevated reactive oxygen species production, and inflammation63 mediated by the activation of kinases such as JNK1 and 2 (also known as MAPK8 and 9, respectively) and the ribosomal S6 kinase 64,65. These hepatocytes also undergo apoptosis and/or induce autophagy to optimise cellular structure functionality and enhance survival66. Autophagy plays a crucial part in eliminating damaged mitochondria through a process called ‘mitophagy’. Studies in human tissue and murine models highlight the importance of mitophagy in preserving mitochondrial function and supporting fatty acid oxidation in liver cells67. However, chronic hepatic fat accumulation inhibits autophagy in hepatocytes68. Failure of these interconnected homeostatic processes leads to further lipid accumulation in hepatocytes, resulting in varying degrees of cellular injury, influenced by lipid load and toxicity and the hepatocyte's genetic resilience to stress and damage.
Lifestyle changes, alcohol intake, superimposed comorbidities, and inherited predisposition can influence disease evolution in MASLD. Careful assessment of family history is vital because first-degree relatives of probands with MASH-related cirrhosis have a 12-fold higher risk of advanced fibrosis69. Genome-wide association studies have identified at least five common variants in different genes associated with MASLD, namely PNPLA3, transmembrane 6 superfamily member 2 (TM6SF2), glucokinase regulator (GCKR), Membrane-bound O-acyltransferase 770, and hydroxysteroid 17-beta dehydrogenase-1371. Environmental and other non-genetic factors might amplify the genetic risk conferred by single nucleotide polymorphisms. For example, the stress imposed by excessive adiposity amplifies the risk of liver disease associated with polymorphisms in PNPLA3, TM6SF2, and GCKR72.
Acetyl-CoA molecules, catalysed by acetyl-CoA acetyltransferases, convert into β-hydroxy β-methylglutaryl-CoA (HMG-CoA), a key intermediate in cholesterol synthesis. HMG-CoA is then processed by HMG-CoA reductase (HMGCR) to produce mevalonic acid, which is subsequently converted into squalene and cholesterol. Cholesterol is either converted into bile acids, esterified by acyl-coenzyme A: cholesterol acyltransferase 2, or incorporated into VLDL particles73. In MASLD, elevated total cholesterol and LDL cholesterol levels in the serum, alongside reduced HDL cholesterol levels, are commonly observed in the serum. This imbalance is partly due to the SREBP-2 gene, which regulates HMGCR and is often overexpressed in the livers of patients with MASLD and MASH74. Increased SREBP-2 protein expression and serum cholesterol levels, as seen in mouse and human studies, are linked to the progression from steatosis to more severe liver conditions75. Treatments targeting cholesterol production and uptake, such as statins and ezetimibe, have shown potential in reversing MASLD76. Although these agents are not currently recommended to treat liver disease, they are helpful treatments to attenuate CVD risk in patients with MASLD.
Additionally, bile acid metabolism, regulated by key nuclear receptors and enzymes, has a crucial role in MASLD pathogenesis, with disruptions in bile acid synthesis and signalling contributing to liver inflammation and steatosis77. Bile acids, produced from cholesterol and processed in liver cells, are essential for emulsifying and absorbing dietary fats, cholesterol, and fat-soluble vitamins. A meta-analysis of 19 studies involving 154,807 individuals revealed that the levels of four specific bile acids— taurolithocholic acid (p=0.04), taurocholic acid (p<0.001), taurodeoxycholic acid (p=0.01), and glycolithocholic acid (p=0.045)—were found to be significantly elevated in patients with MASH compared to individuals without MASH. This increase might be linked to changes in gut microbiota composition, with a notable rise in taurine and glycine-metabolising bacteria observed in patients with MASH78. 
Many studies have investigated the role of gut dysbiosis in MASLD. Dysfunctional gut microbiota has been linked to MASLD through inflammatory pathways that promote liver damage and progression to MASH79. An increased Firmicutes-to-Bacteroidetes ratio was associated with this shift from a healthy liver to MASLD80,81. Studies suggest probiotics can improve intestinal permeability and modulate the immune system82-84. Treatment with Kineothrix alysoides, a gut bacterium, reduced steatosis and improved MASLD, weight loss, and liver health in mice on high-fat diets85. Clinical trials have also shown that a multi-probiotic reduced TNF and IL-6 in patients with MASLD and improved liver function markers86.
Insulin resistance and excess fatty acids can lead to hepatic steatosis, which might be worsened by genetic mutations, increasing the risk of steatohepatitis. Over the past decade, dysregulation of the Hippo pathway has been linked to liver dysfunction, altering cell composition, regeneration, and inflammation. Although YAP is physiologically limited to cholangiocytes in healthy livers, its activation in hepatocytes after hepatectomy aids regeneration in mice87. Elevated YAP and TAZ (coactivators of the Hippo pathway) activity in hepatocytes in both humans and mice during liver injury and fibrosis contributes to MASLD progression, driving dysfunction, inflammation, and fibrosis88.
These mechanisms that decouple lipid-induced hepatocyte injury from progression to inflammation and fibrosis could explain the different progression rates among patients. This insight might help to elucidate why some individuals with substantial triglyceride accumulation in the liver do not progress to MASH, whereas others with less steatosis do. Understanding the mechanistic hierarchy of the MASLD-to-MASH transition is essential not only for patient phenotyping but also for improving the management of patients with MASLD and enabling stratification for targeted therapies. Ideally, these therapies should be tailored to the evolutionary stage, genetic makeup, and epigenetic changes influenced by demographics (for example, age, menopausal status, biological sex, ethnicity) and the exposome (for example, diet, temperature, and endocrine disruptors).
[bookmark: _Hlk180484981][H2] A hepatocentric view of the pathogenic role of MASLD in systemic metabolic dysfunction
MASLD is increasingly recognised as a critical player in the development of MetS89. The liver, a central organ in metabolism, interacts dynamically with other organs, including adipose tissue90, the intestine and its microbiota, the pancreas91, the kidneys, the heart63 and brown fat92. These interactions are mediated by a range of signals such as hepatokines (for example, fibroblast growth factor (FGF) 21, activin E, growth and differentiation factor 15, fetuin-A), adipokines93,94, incretins, cytokines95, metabolites, RNAkines and microRNAs96, mobilised by exosomes97-100, all potentially have a crucial role in the complex metabolic dysfunctional phenotype observed in MASLD (Figure 2). 
Hepatic insulin resistance, typically associated with MASLD, leads to increased gluconeogenesis and lipogenesis, contributing to hyperglycaemia and elevated adipose tissue-derived free fatty acid levels10. This increased hepatic glucose output stimulates excessive insulin secretion and β-cell stress. FGF21, a hormone produced by the liver, and incretins from the neuroendocrine L cells in the small intestine (glucagon-like peptide (GLP) 1 and gastric inhibitory polypeptide (GIP)) can also influence pancreatic insulin production, further complicating metabolic homeostasis102. Additionally, intestinal function and the microbiota, and macro and micronutrients potentially contribute to the metabolic dysfunction phenotype. Besides playing a central part in altered systemic glucose metabolism and insulin resistance, liver steatosis disrupts lipid metabolism, leading to elevated secretion of triglyceride-rich VLDL particles, increased small dense LDL, and decreased HDL cholesterol levels101. This dyslipidemic profile that is sometimes referred to as the ‘atherogenic lipoprotein phenotype’ is the typical hallmark of dyslipidemia in MetS, and substantially increases cardiovascular disease risk. Hepatic fat accumulation (and increased body fat accumulation) also influences blood pressure regulation by increasing sympathetic nervous system activity and altering the renin-angiotensin system103,104, contributing to vascular stiffness and hypertension, which are critical components of MetS.
Metabolic inflammation initially stemming from the adipose tissue directly affects fibroblast activity, leading to a systemic, multi-organ, fibrotic phenotype in the liver, kidney, and heart105. In this scenario, MASH exhibits a marked change in liver cellular composition, with an increase in immune cells and pro-inflammatory cytokines such as TNF and IL-6105. These cytokines not only drive hepatic fibroinflammatory changes but also contribute to systemic inflammation, promoting endothelial dysfunction and exacerbating pathophysiological processes involved in atherosclerosis, myocardial injury and cardiac fibrosis, glomerulosclerosis and kidney fibrosis, and in the worsening of metabolic risk factors105. In fact, progression along the fibrosis stages is associated with increased relative and absolute risk of CVD and mortality14. MASLD might also have a role in disease progression from subclinical to overt CVD, including heart failure with preserved ejection fraction (HFpEF) commonly observed in MetS105. Understanding the importance of MASLD in the context of ongoing tissue remodelling in other organs and/or tissues as a function of metabolic dysregulation could represent one of the most essential aspects of improving diagnostic and prognostic evaluation in patients with MASLD. In this setting, assessment of hepatic collagen remodelling by biomarkers such as PRO-C3 could be coupled with prognostic biomarkers for cardiovascular outcomes in HFpEF, such as PRO-C6, a biomarker of type VI collagen formation105, to improve patient endotype identification. It might lead to higher diagnostic precision and potentially better treatment monitoring in patient care.
Thus, the complex interactions between the liver, adipose tissue, intestine, pancreas, and heart underscore the need for integrated management approaches. By addressing liver health and the interconnected roles of these organs, comprehensive treatment strategies can mitigate the progression of MASLD and its associated complications.
[bookmark: _Hlk180484998][H2] The debated role of alcohol in the presence of metabolic dysfunctions
Clinicians should pay close attention to the pattern and quantity of alcohol consumption in patients with MASLD because of the synergy for liver disease progression between alcohol and the presence of metabolic risk factors, with the most potent effect on central obesity106. This interaction also increases the risk of HCC107. Importantly, there is substantial variability in individual susceptibility to alcohol-induced liver injury, with a lack of clarity on the dose required to affect the disease course at an individual patient level. Currently, a new entity has been added to the spectrum of steatotic liver diseases: metabolic dysfunction and alcohol-associated liver disease (broadly known as MetALD) is the distinct category for patients who have metabolic risk factors but consume more than 20 g (and less than 50 g/day) per day of alcohol for women and more than 30 g (and less than 60 g/day) per day of alcohol for men6. Earlier epidemiological studies suggested a protective effect of mild alcohol consumption on the development of MASLD108, but an emerging body of evidence now suggests that any level of alcohol consumption, even within recommended limits, is associated with worsening liver outcomes in MASLD109. A study published in 2024 in the general population with MASLD, including 3.959 individuals showed that moderate alcohol consumption has a supra-additive effect with metabolic risk factors, exponentially increasing the risk of liver fibrosis110. Thus, the European Clinical Practice Guidelines recommend that all individuals with a fatty liver, particularly those with moderate or high alcohol intake, should be discouraged from consuming alcohol. In contrast, all alcohol consumption should be stopped entirely and permanently in individuals with advanced fibrosis or cirrhosis111.

[bookmark: _Hlk180485012][H1] A model of 360° personalised management and treatment for the patient with MASLD

[bookmark: _Hlk180485025][H2] Multidisciplinary care: time to define a cardiovascular-liver-kidney-metabolic syndrome?

The new MASLD definition, although abolishing the sources of heterogeneity linked to non-metabolic causes, has highlighted the considerable heterogeneity of liver disease progression and extrahepatic disease consequences that are linked with metabolic dysfunction. Different ways of combining these metabolic risk factors with the presence of SLD identify different risks of hepatic and extrahepatic disease outcomes. For example, hypertension and obesity are major aetiologic factors underlying the development of left ventricular hypertrophy and heart failure112. As discussed above, the presence of MASH in this setting can accelerate the pathophysiology of atherosclerosis and contribute to systemic and myocardial fibrosis. Some other combinations (for example, T2DM and visceral obesity) show the highest potential for liver damage and fibrosing disease. However, heterogeneity in the progression across MASLD and MASH stages has been observed even within weight categories, with some individuals with overweight or average body weight, having progressive liver damage113.
 
Traditionally, liver disease overall has not been considered a non-communicable disease, a flawed perspective related to the perception that it is mainly related to alcohol consumption or viruses. In high-risk populations, such as people with obesity or T2DM, there is an established awareness of the risks of CVD or chronic kidney disease, yet there is little awareness of MASLD-related progressive liver disease114. The new nomenclature6 shifts the focus from ‘nonalcoholic’ to ‘metabolic-dysfunction associated’, and this change emphasises the importance of metabolic risk factors and will, hopefully, also improve clinical care; for example, preventing overlooking the importance of metabolic risk factors in patients with cirrhosis who are at risk of HCC. People with multiple comorbid conditions face unique challenges related to fragmented care across several healthcare professionals, but there is a need to consider collective assessments for closely interrelated risk factors to facilitate holistic approaches to prevention. The CardioMetabolic Health Alliance has advocated the consideration of comprehensive screening across diverse clinical and community settings for prevention of the MetS to improve global metabolic health115. The ability to detect, at an early stage, conditions with substantial negative clinical consequences remains an urgent preventive public health opportunity, especially when multiple effective therapeutics are available or will be available soon. 

A new care model for patients with MASLD in the context of MetS traits is essential and should include screening, risk stratification, and algorithmic management of patients according to the specific risk factors and stage of fibrosis. The case for screening for advanced fibrosis as the precursor of cirrhosis and its complications, including HCC, is particularly pertinent. Liver injury can lead to progressive fibrosis and subsequent cirrhosis over a long period, long enough to diagnose the disease and intervene prior to cirrhosis development, provided that adequate diagnostic tools are used116. The mechanisms required to do this already exist as there are cheap, simple tests for assessing the probability of advanced liver fibrosis and cirrhosis, including a range of non-invasive tests (NITs) based on algorithms to calculate fibrosis risk with a high degree of accuracy116. These NITs can be used with more specific fibrosis tests based on combinations of circulating fibrosis markers or imaging tools. Most international guidelines on the clinical management of MASLD recommend the Fibrosis-4 index for first-line risk stratification of high-risk patients from primary care and in high-risk populations, followed by confirmatory Vibration-Controlled Transient Elastography (VCTE) alone or in combination with a commercial blood-based test111,117,118 (Figure 3). When NITs are indeterminant or discordant, or there is clinical suspicion of more advanced disease, additional testing is necessary. If imaging biomarkers such as Magnetic Resonance Elastography (MRE) are not readily available in clinical practice, a second serum biomarker, such as enhanced liver fibrosis, can be considered111. Liver biopsy should be considered for patients with NIT results that are indeterminate or discordant, conflict with other clinical, laboratory, or radiologic findings or when alternative aetiologies for liver disease are suspected119. Notably, some of these NITs also have a prognostic value for MALO. One of the best-validated tests is liver stiffness measurement (LSM) by VCTE. In current extensive cohort studies including thousands of subjects with MASLD, individuals with an LSM >10 kPa and increasing change in LSM over time had an increased occurrence of liver-related events, including HCC. Progressors from LSM <10 to ≥10 kPa experienced a four-fold increase in liver-related event risk versus non-progressors120,121. On the other hand, screening for hypertension, T2DM, and dyslipidaemia should be carried out with early management of these conditions to improve extrahepatic clinical outcomes potentially. The currently released European Clinical Practice Guidelines111 provide a joint framework for identifying individuals at the early stages of MASLD and pave the way to a multidisciplinary approach by focusing on comprehensive screening/case-finding strategies, considering varying MASLD liver disease stages, building a paradigm of care according to severity of liver disease and comorbidities involving individual, community, and global public health. 
[bookmark: _Hlk180485040][H2] Need for personalised therapy in the context of cardio-hepatic-renal-metabolic health
The screening process substantially affects the choice of therapy. Addressing the root causes of MetS through lifestyle modification, in addition to pharmacological risk factor control, is critical to addressing MetS traits and their associated risks. Adopting a Mediterranean diet and increasing levels of physical activity confer several clinical benefits that are independent of weight loss and should be encouraged111. Integrated multidisciplinary weight loss teams can facilitate patient-centred approaches to achieving weight reduction goals. Management of dyslipidaemia (or increased CVD) risk by statins is at the heart of atherosclerotic CVD reduction for people with MASLD, with or without T2DM. The European guidelines on the management of dyslipidaemia support the addition of ezetimibe to statins when needed to achieve lower levels of LDL-cholesterol concentration, which is desirable in patients with established CVD122. The safety of statins has been well established in individuals with MASLD with no increased risk of hepatotoxicity. However, yet many individuals with MASLD are undertreated111, most likely because clinicians remain concerned by the misconception that mild elevations in aminotransferases often induced by statins, usually transient and not associated with actual liver damage, might worsen MASLD. 

Due to its potential progression to cirrhosis, MASH with severe (F2 and F3) fibrosis is the target of pharmacotherapies, but it has been a long-time unmet medical need. To determine the efficacy of a drug, both the US Food and Drug Administration (FDA) and the European Medicines Agency recommend using a long-term composite endpoint, including all-cause mortality, histologic cirrhosis diagnosis, hepatic decompensation events, and model for end-stage liver disease score assessments123. Based on the time required to assess long-term endpoints, provisional approval requires surrogate histological endpoints in randomized controlled trials (RCTs): resolution of steatohepatitis on overall histopathologic reading without worsening of liver fibrosis and fibrosis improvement ≥ 1 stage without worsening of steatohepatitis123. Full approval is pending and is based on the long-term outcomes of the RCTs.

Several pharmacological treatments have been tested so far, but experimental compounds targeting single liver-specific mechanisms, such as fibrates and CCR2 and CCR5 inhibitors have largely failed to manage MASH effectively. This failure underscores the complexity of the disease and the misconception that a single target could provide a comprehensive solution124. These treatments often overlook the multifaceted nature of the condition, which requires a broader approach in the context of a cardio-liver-kidney-metabolic syndrome. Several pleiotropic drugs addressing metabolic as well as pro-inflammatory and pro-fibrogenic pathways have shown the most consistent benefit on liver health and the overall health of patients with MASLD (Table 2). 

Thyroid hormones directly activate nuclear receptors THRα and THRβ and other transcription factors such as SREBP1c and ChREBP, increasing fatty acid oxidation, mitophagy, hepatic lipase activity, and cholesterol clearance125. THRα is mainly expressed in the heart and bone, whereas THRβ is predominantly found in hepatocytes, with distinct roles in liver lipid metabolism125. THRβ agonists represent a compelling therapeutic approach by targeting multiple factors in lipid and glucose metabolism126. THRβ agonism can also interfere with fibrogenesis by inhibiting transforming growth factor β signalling127. Resmetirom is an orally active, liver-directed, selective THRβ agonist that has obtained conditional approval by the FDA for the treatment of MASH with moderate or severe fibrosis (F2–F3)111. Resmetirom demonstrated histological improvement of steatohepatitis and fibrosis in the interim analysis (conducted on 966 participants with MASH and moderate to advanced liver fibrosis) within the large phase III trial128. In this study, where patients were recruited because they had MASH and ≥3 MetS traits, resmetirom also effectively reduced LDL cholesterol, apolipoprotein B and triglycerides, emphasising the long-term potential for attenuating CVD risk. Additionally, the phase III trial with resmetirom is ongoing to determine if longer-term treatment will effectively prevent the progression to cirrhosis (http://clinicaltrials.gov/show/NCT03900429). 
The pan-PPAR agonist lanifibranor129 showed a dose-dependent histological improvement of steatohepatitis and fibrosis in a phase IIb trial including 247 subjects with non-cirrhotic MASH, retaining a beneficial effect on glucose and lipid metabolism as well as some adverse effects of PPARγ agonists, namely a mild increase in body weight. A large registry-based, phase III trial is ongoing (http://clinicaltrials.gov/show/NCT03008070). 

The primary target of therapy should be improving health and quality of life. As individuals with MASH and fibrosis are often also living with T2DM and/or obesity and have a high risk of established complications in other target organs, the management of medical comorbidities should be optimised. The international guidelines on the treatment of T2DM recommend a person-centred approach considering the effects on cardiovascular and renal comorbidities, hypoglycaemia risk, effect on body weight, risk of adverse effects and individual preferences. Treatment with GLP1 receptor agonists and SGLT2 inhibitors should be prioritized in patients with T2DM and high cardiovascular risk, heart failure and CKD for organ protection130. Whether these treatments would also translate into an improvement in liver damage needs to be demonstrated in randomised trials. 

The incretin mimetics (GLP1 receptor agonists) induce marked weight loss and improve cardiometabolic risk factors. Newer double or triple-agonists, particularly GLP1–GIP receptor agonists and GLP1–glucagon receptor agonists, induce more marked weight loss and improve metabolic risk factors131. Incretin mimetics that are being developed for MASH now include semaglutide (GLP1 receptor agonist), tirzepatide (dual GLP1–GIP receptor agonist), cotadutide, survodutide and efinopegdutide (dual GLP1–glucagon receptor agonists), and triple GLP1–GIP–glucagon receptor agonists, such as retatrutide. A Phase IIb study in 320 participants with MASH and mild to severe fibrosis demonstrated a clear effect of daily semaglutide on the resolution of steatohepatitis. However, it did not reach statistical significance compared to placebo for fibrosis improvement132. Very recently, in a phase III RCT, a planned interim analysis at week 72 of the first 800 participants with MASH and moderate to advanced liver fibrosis demonstrated that once-weekly semaglutide 2.4 mg led to both resolution of steatohepatitis without worsening of liver fibrosis (62.9% in the semaglutide group versus 34.1% for placebo; P <0.001), and improvement in liver fibrosis without worsening of steatohepatitis (37.0% semaglutide and 22.5% placebo; P <0.001). The mean change in body weight was −10.51% with semaglutide compared with −2.04% for placebo (P <0.001) (https://clinicaltrials.gov/study/NCT04822181)133. Indirect evidence of a benefit on long-term liver-related outcomes in MASH has also been reported in retrospective studies. By using data from the Swedish healthcare registers, a study estimated the MALO risk (decompensated cirrhosis, hepatocellular carcinoma, liver transplantation or MALO-related death) in more than 16,000 patients with T2DM and chronic liver disease. After 10 years, patients under treatment with GLP1 receptor agonists had half of the risk of MALO compared with non-GLP1 receptor agonist users (7.4% versus 14.4%; relative risk 0.51; 95% CI 0.14 to 0.88)134. Further, in another study in 14 606 patients with non-cirrhotic MASLD and diabetes, GLP1 receptor agonist use, compared with dipeptidyl peptidase-4 inhibitor (DPP-4i) use, was associated with a lower risk of incident cirrhosis (9.98 versus 11.10 events per 1000 person-years; hazard ratio (HR), 0.86; 95% CI, 0.75–0.98). Similar results were seen for the secondary outcomes. GLP-1 receptor agonist use, compared with DPP-4i use, was associated with a lower risk of the composite outcome of incident cirrhosis complications (1.89 versus 2.55 events per 1000 person-years; HR, 0.78; 95% CI, 0.59–1.04) and mortality (21.77 versus 24.43 events per 1000 person-years; HR, 0.89; 95% CI, 0.81–0.98)135.

Histology data are now also available for the newer dual agonists, with promising results. In a 52-week phase IIb RCT enrolling 157 subjects, tirzepatide has been shown to be a powerful drug for MASH resolution, along with a weight loss of up to −15.6% in the 15-mg tirzepatide as compared with −0.8% in the placebo arm (P <0.001)136. Active treatment was also associated with improved fibrosis, albeit non-significant versus placebo. In a 48-week phase IIb RCT involving 293 participants with MASH and moderate or severe fibrosis,  the dual GLP1–glucagon receptor agonist, survodutide, achieved similar results, with a highly marked decrease in liver fat content and improvement in MASH even for non-maximal doses of survodutide 137. Dual GLP1–glucagon receptor agonists (cotadutide and efinopegdutide) have also been shown to improve liver fat content, liver enzymes and indexes of fibrosis in individuals with MASLD138,139. Preliminary data are also available for the triple hormone (GIP, GLP-1 and GCG) receptor agonist retatrutide. In phase IIa RCT, where 98 subjects with MASH were randomly assigned to retatrutide once-weekly (1, 4, 8 or 12 mg dose) or placebo, the mean relative change from baseline in liver fat at 24 weeks was up to -82.4% (in the retatrutide 12 mg) versus +0.3% (placebo) (all P < 0.001 versus placebo)140. Both semaglutide and survodutide have been proven safe in patients with compensated cirrhosis141,142.

The use of incretin mimetics in combination with other agents might lead to a higher incidence of fibrosis reduction; such agents might include liver-directed therapies such as resmetirom and pan-PPAR agonists (for example, lanifibranor), or metabolically active such as fibroblast growth factor analogues. 

[bookmark: _Hlk182313124]The SGLT-2 inhibitors group of drugs targets renal glucose resorption from the glomerular filtrate and is approved for the treatment of T2DM with some (empagliflozin, dapagliflozin) also approved for chronic kidney disease and heart failure143. In people with T2DM, some trials have demonstrated a moderate reduction in liver fat content assessed by imaging with empagliflozin144,145, dapagliflozin146 and licogliflozin147. The positive effects of SGLT2 inhibitors on cardiovascular and renal outcomes in people with T2DM are well-established148. However, the evidence of a positive effect of SGLT-2 inhibitors on liver disease in MASLD or MASH is limited by the absence of data on histological outcomes. Nevertheless, this class of drugs are safe in MASLD and should be used for their respective indications, namely T2DM, heart failure and chronic kidney disease111.

[bookmark: _Hlk182313233]Pioglitazone, a PPARγ agonist, improved histological features of steatohepatitis in 58% of 101 subjects with prediabetes or T2DM and biopsy-proven NASH, but without a clear effect on fibrosis regression even after prolonged (3-year) therapy 149. This drug has beneficial effects on insulin sensitivity, glycaemic control, serum lipids and prevention of cardiovascular events in individuals with T2DM149. However, no phase III trial has been conducted in MASH. 

Several additional drug candidates remain in development, including fatty acid synthase inhibitors (denifanstat), acting on the DNL pathway to reduce the conversion of metabolites of dietary sugars into the saturated fatty acid palmitate150 and FGF-21 analogues. FGF-21 is a stress-induced, 181-amino acid hormone primarily secreted from the liver and adipose tissue, which regulates energy homeostasis and has pleiotropic metabolic effects151. Several FGF-21 analogues are currently being developed in metabolic disease and MASH, but no FGF-21 analogues have yet been approved. The two most advanced drug candidates for this class of therapeutics, efruxifermin and pegozafermin, have met their phase IIb liver histology endpoints in patients with F2-F3 MASH152,153. The phase III program of efruxifermin in non-cirrhotic subjects with MASH has been initiated (https://clinicaltrials.gov/study/NCT06161571, https://clinicaltrials.gov/study/NCT06215716), and the phase III program of pegozafermin should be initiated soon (https://clinicaltrials.gov/study/NCT06419374).

Given the heterogeneity of MASH pathogenesis, it is likely that combination therapy will be needed to maximise efficacy in resolving steatohepatitis and regressing fibrosis in the majority of patients diagnosed with MASH. It is also clear that a liver-directed therapy should be optimised to consider the competing risks of morbidity and mortality. Treatment with incretin receptor agonists can also improve the cardiometabolic outcomes in patients with MetS154. The SELECT trial in non-diabetic patients with overweight and obesity indicated that high-dose GLP1 receptor agonists induced a reduction in major adverse cardiovascular events (in 569/8803 patients in the semaglutide group and 701/8801 patients in the placebo group; hazard ratio, 0.80; 95% confidence interval, 0.72 to 0.90; P<0.001)155. In the STEP-HFpEF (n=529 people with obesity and heart failure ) and STEP-HFpEF T2DM (n=616 with type 2 diabetes, obesity and heart failure) trials, semaglutide led to more significant reductions in heart failure-related symptoms and physical limitations (mean between-group difference for the change from baseline to week 52 in KCCQ-CSS 7·5 points [95% CI 5·3 to 9·8]; p<0·0001) and greater weight loss (mean between-group difference in body weight at week 52 -8·4% [-9·2 to -7·5]; p<0·0001) than placebo at 1 year in patients with obesity-related HFpEF with and without T2DM156. Also, semaglutide has been currently shown to benefit renal and CVD outcomes in people with T2DM and CKD157.

In December 2022, a multi-stakeholder, multi-speciality meeting called MOSAIC (Metabolic multi-Organ Science Accelerating Innovation in Clinical Trials) was convened to foster collaboration across metabolic, hepatology, nephrology and CVD disciplines158. One of the goals of the meeting was to consider approaches to drug development that would speed regulatory approval of treatments for multiple disorders by combining liver and cardiorenal endpoints within a single study. Integration of liver-related measures in cardiorenal trials and cardiorenal measures in hepatic trials has the potential to ultimately improve patient outcomes by maximising evidence generation and improving the speed of availability of new treatments.

[bookmark: _Hlk180485058][H1] Conclusions 
Increasing evidence points to MASLD as a heterogeneous condition, with some patients having mild and others severe metabolic dysfunction. The data discussed herein emphasises the variable risk of liver outcomes and extrahepatic diseases according to the severity of the metabolic dysfunction. Presently, it remains uncertain what combination of MetS traits in MASLD conveys the most substantial risk of adverse liver and extrahepatic outcomes. However, the presence of T2DM identifies a critical risk factor not only for HCC and cirrhosis but also for macro and microvascular disease. 

A deeper understanding of the factors linked to the variability in MASLD phenotypes along progression and its relationship with other MetS traits can inform novel strategies for predicting and positively influencing liver health in the population. Much information will stem from large consortia (such as LITMUS and NIMBLE) longitudinal studies on MASLD, using competing-risk methodology to identify the first adverse outcome resulting from multiple interacting factors. Other information will derive from phase III large RCTs on pharmacological therapy of MASH that will enable subdividing responders and non-responders to diverse mechanisms of drug action and provide new insights into mechanisms that affect or modify disease progression over time.
 
The challenge for future analyses will be the selection of outcomes to consider. For example, a patient with MASH F3 fibrosis might be at risk for end-stage liver disease and cardiovascular events, whereas individuals with earlier stages of MASH but multiple MetS traits might have higher risks of death or cardiovascular events. The variable severity of metabolic dysfunction and the heterogeneity of both liver and extrahepatic outcomes highlight the need for a holistic approach to diagnosing, managing, and treating MASLD as a multisystem disease. Increasing awareness and the need to diagnose the presence of MetS traits is essential and should be reflected in future guidelines. Assessing a patient's personal risk factors is critical to managing and treating their risk not only of major adverse liver outcomes but also of extrahepatic disease. 
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Key points 
· The new term metabolic dysfunction-associated steatotic liver disease (MASLD) comprises a heterogeneous condition with variable degrees of metabolic dysfunction underpinned by the presence of steatotic liver disease. 
· Metabolic syndrome (MetS) traits are vital in diagnosing MASLD as varying degrees of metabolic dysfunction, linked to different MetS traits, result in differential risks of hepatic and extrahepatic complications. 
· Individuals with MASLD and diverse metabolic co-factors are at higher risk for developing major adverse liver outcomes as well as cardiovascular or kidney disease outcomes. 
· A deeper understanding of the factors affecting the variability in MASLD phenotypes and their relationship with MetS traits can inform novel strategies for predicting and positively influencing liver health. 
· A care model for MASLD in the context of MetS traits should include screening, risk stratification, and algorithmic management according to the specific risk factors and stage of fibrosis. 
· The variable severity of metabolic dysfunction and the heterogeneity of liver and extrahepatic outcomes highlight the need for a holistic approach to managing and treating MASLD as a multisystem disease. 

Table 1. Summary of univariable meta-regression analyses from meta-analyses showing the direction of influence and significance of potential effect-modifiers linked with metabolic dysfunction on the association between steatotic liver diseasea and incident extra-hepatic disease outcomes. 
 
	Effect modifiers 
	Incident fatal and non-fatal cardiovascular events28
(n=5,802,226)


	Incident heart failure30
(n=11,242,231)




	Incident type 2 diabetes27
(n=296,439)



	Incident Chronic kidney disease29 
(n=1,222,032)


	Incident extrahepatic cancers31
(n=182,202)



	Age 
	P=0.281
	Negative association 
P=0.02
	P=0.223
	P=0.778
	Positive trend
P=0.083

	Male sex 
	P=0.868
	P=0.456
	P=0.719
	P=0.787
	P=0.974

	BMI 
	P=0.748
	P=0.711
	P=0.567
	P=0.932
	P=0.716

	Pre-existing diabetes
	Positive association
P=0.001
	Negative association p=0.022
	N/A
	Positive trend
P=0.162
	P=0.242

	Pre-existing hypertension
	Positive trend
P=0.132
	Negative trend
P=0.102
	N/A
	Positive association
P=0.006
	N/A

	Current smoking
	P=0.252
	N/A
	N/A
	N/A
	P=0.850

	LDL-C
	Positive association
P=0.041
	N/A
	N/A
	N/A
	N/A

	Total Cholesterol 
	N/A
	P=0.196
	N/A
	N/A
	N/A


aNonalcoholic fatty liver disease in the original studies 
BMI, body mass index; LDL-C, low-density lipoprotein cholesterol; N/A, not applicable



Table 2. Liver-specific and extrahepatic effects of drugs currently tested as pharmacological therapy in patients with Metabolic-dysfunction Associated Steatohepatitis (MASH) and F2-F3 fibrosis. Results from Phase II (lanifibranor, semaglutide, tirzepatide and survodutide) and III (resmetirom - interim analysis) clinical trials 
	Liver-specific and extrahepatic effects 
	THRβ agonist128 a

	Pan-PPAR agonist
Lanifibranor129

	GLP1 RA
Semaglutide133
	GLP1 and GIP RA
Tirzepatide136
	GLP1 and glucagon RA
Survodutide137

	Body weight 
	Unchanged
	Increased
	Decreased
	Decreased
	Decreased

	Steatohepatitis
	Improved
	Improved
	Improved
	Improved
	Improved

	Liver fibrosis
	Improved
	Improved
	Improved
	Unchanged
	Unchanged

	Insulin sensitivity
	Unchanged
	Improved
	Improved
	Improved
	Improved

	Glycemic control
	Unchanged
	Improved
	Improved
	Improved
	Improved

	Triglycerides
	Decreased
	Decreased
	Decreased
	Decreased
	Decreased

	LDL cholesterol
	Decreased
	Unchanged
	Unchanged
	Unchanged
	Unchanged

	HDL cholesterol
	Increased
	Increased
	Increased
	Increased
	Unchanged

	MALO risk
	At completion of Phase III
	At completion of Phase III
	At completion of Phase III
	NA
	NA

	MACE riskb
	NA
	NA
	Reduced
	NA
	NA

	Heart failure symptomsb
	NA
	NA
	Improved
	NA
	NA

	CKD riskb
	NA
	NA
	Reduced
	NA
	NA


aobtained FDA conditional approval as liver directed therapy in patients with MASH and F2-F3 fibrosis. 
bin clinical trials for individuals with obesity and/or T2DM 
CKD, chronic kidney disease; FDA, Food and Drug Administration; HDL, high-density lipoprotein cholesterol; GIP, Gastric inhibitory polypeptide; GLP1, glucagon-like peptide 1; LDL, low-density lipoprotein cholesterol; MACE, major adverse cardiovascular events; MASH, metabolic-associated dysfunction steatohepatitis; MALO, major adverse liver outcome; NA, non applicable; PPAR, peroxisome proliferator-activated receptors; RA, receptor agonist; THRβ Thyroid hormone receptor β; T2DM, type 2 diabetes mellitus


Figure 1. MASLD diagnostic criteria, variable clinical phenotype and important clinical outcomes
a) Diagnostic criteria for establishing a diagnosis of MASLD and progression of MASLD to MASH. b) Variable clinical phenotype in MASLD might comprise combinations of insulin resistance, central obesity, atherogenic lipoprotein phenotype (defined by the presence of increased fasting triglyceride and small dense low-density lipoprotein concentrations, and decreased concentration of high-density lipoprotein cholesterol), hypertension and dysglycaemia (might include prediabetes or type 2 diabetes). c) Important major adverse liver outcomes of hepatocellular carcinoma and cirrhosis, and extrahepatic disease outcomes, such as cardiovascular disease, cardiac disease, cardiac arrhythmias, type 2 diabetes, chronic kidney disease and various extrahepatic cancers, for example, colorectal cancer and breast cancer. 
BP, blood pressure; CVD: cardiovascular disease; HCC: hepatocellular carcinoma; HDL-C: high-density lipoprotein cholesterol; MASH, metabolic dysfunction-associated steatohepatitis; MASLD, metabolic dysfunction-associated steatotic liver disease; MetS: metabolic syndrome

Figure 2. Schematic figure illustrating how risk factors associated with MetS influence the pathogenesis of liver disease in MASLD 
This figure highlights how metabolic dysfunction associated with metabolic syndrome (MetS) influences the pathogenesis of liver disease and how that metabolic dysfunction is affected by metabolic dysfunction-associated steatotic liver disease  (MASLD). As a central hub in metabolic regulation, the liver manages lipoprotein metabolism, controlling triglycerides and cholesterol, essential for energy homeostasis. It processes nutrients and toxins and secretes hepatokines (FGF21, fetuin-A) and pro-inflammatory cytokines (IL-6, TNF), regulating insulin sensitivity and inflammation. In obesity, excess dietary lipids and inefficiently white adipose tissue stored lipids accumulate in the liver. Chronic hepatic lipotoxicity causes cellular dysfunction, including hepatocyte damage, immune cell infiltration, and hepatic stellate cell activation, leading to fibrosis. This pathology increases gluconeogenesis and dysregulated secretion of metabolic regulators (triglyceride-rich lipoproteins, hormones, inflammatory cytokines, growth factors, and microRNA-carrying exosomes). These messengers from MASLD promote peripheral insulin resistance, lipotoxic fibroinflammation, and RAS dysregulation. With MASLD, the kidneys are affected by lipotoxicity, fibroinflammation, and RAS activation, leading to hypertension facilitated by hepatic angiotensinogen secretion. The heart and vascular system experience oxidative stress and inflammation from glucolipotoxic insults, liver-derived inflammatory cytokines and reactive oxygen species, increasing heart failure with preserved ejection fraction risk. The endocrine pancreas suffers beta-cell apoptosis under prolonged endoplasmic reticulum stress, exacerbated by impaired systemic glucose regulation and increased fatty acid flux, causing glucolipotoxicity. In obesity, brown adipose tissue also undergoes fibroinflammatory changes, reducing its thermogenic and anti-lipotoxic effects, and diminishing its capacity to mitigate liver dysfunction through batokines. The endocrine gut initially increases the secretion of peptides like GLP-1 and GIP to enhance insulin secretion and improve glucose homeostasis. However, as MetS progresses, this response fails and is insufficient for maintaining systemic homeostasis. This cycle of glucolipotoxic-induced cell injury and fibroinflammation, with macrophages infiltrating the liver and other organs, drives inflammation and insulin resistance progression. This scheme underscores the need for a comprehensive understanding of inter-organ dynamics for effective MetS management, emphasising targeted interventions addressing the liver’s central role in disease progression and its systemic effects.

BAT, brown adipose tissue; CM, chylomicrons; CVD, cardiovascular disease; CKD, chronic kidney disease; ECM, extracellular matrix; FAO, fatty acid oxidation; FGF, fibroblast growth factor; GIP, gastric inhibitory polypeptide; GLP-1, glucagon-like peptide 1; HFpEF: heart failure with preserved ejection fraction; IL-6: interleukin 6; RAS, renin-angiotensin system; TNF, tumour necrosis factor; VLDL, very-low-density lipoprotein; WAT, white adipose tissue 

Figure 3. Strategies for non-invasive assessment of the risk for advanced fibrosis and liver-related outcomes in individuals with MASLD. At-risk populations include individuals with T2DM or obesity and additional cardiometabolic risk factor(s), persistently elevated serum liver enzymes or family history of cirrhosis. These categories of patients with MASLD should undergo a multi-step diagnostic process to identify individuals with advanced fibrosis. 
ELF, enhanced liver fibrosis; LB, liver biopsy; MASLD, metabolic-dysfunction associated steatotic liver disease; MRE, magnetic resonance elastography; T2DM, type 2 diabetes mellitus; VCTE, vibration-controlled transient elastography

This Review discusses the link between metabolic-dysfunction associated steatotic liver disease (MASLD)—a heterogeneous health condition—and hepatic and extrahepatic disease manifestations and provides a comprehensive platform for personalised, holistic management for patients with MASLD.
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