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Abstract

The incidence and prevalence of non‐alcoholic fatty liver disease (NAFLD) have

been steadily increasing worldwide, with a huge societal and economic burden.

Recently, NAFLD and non‐alcoholic steatohepatitis have been renamed and rede-

fined as metabolic dysfunction associated steatotic liver disease (MASLD) and

steatohepatitis (Metabolic Dysfunction Associated Steatohepatitis (MASH)), which

result from an imbalance between metabolic and inflammatory stress (mainly as a

consequence of adipose tissue dysfunction and insulin resistance) and the defence

and repair mechanisms of the steatotic liver. Once MASLD progresses to end‐stage
of liver disease, treatment efficacy becomes limited and may require liver trans-

plantation. Early detection and intervention are crucial. Lifestyle modification is

consequently the cornerstone of its management. Timely consideration of bariatric

surgeries should be given to patients meeting specific criteria. A multidisciplinary

approach is warranted, starting from the concept that MASLD/MASH is at the

centre of the cardiovascular‐liver‐metabolic syndrome. In some cases, pharmaco-

logical treatment can complement lifestyle modification. Several drugs used to treat

the cardiometabolic co‐morbidities have some potential efficacy in slowing Down

disease progression, and some have demonstrated efficacy on histological endpoints

that are likely to translate into long‐term clinical benefits. Optimising the use of

these drugs within their licenced indications is thus paramount for patients with

MASLD. Several MASH‐specific drugs are on the horizon and are likely to enrich our
therapeutic armamentarium in the near future, particularly in non‐cirrhotic stages
of the disease. Much work still needs to be done to understand the specific features

of MASH cirrhosis and develop efficacious treatments for this disease stage.
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INTRODUCTION AND BASIC CONCEPTS

Non‐alcoholic fatty liver disease (NAFLD) refers to the accumulation

of triglycerides in hepatocytes in the absence of classic causes of

steatosis.1 It covers a spectrum from simple steatosis to non‐
alcoholic steatohepatitis (NASH), and then cirrhosis and hepatocel-

lular carcinoma (HCC).2 NAFLD has emerged as the leading cause of

chronic liver diseases, and NAFLD‐related cirrhosis and HCC are

becoming major indications for liver transplantation worldwide.3 The

terms NAFLD and NASH do not indicate the cause of the disease, and

the exclusionary nature of the definition does not allow the diagnosis

of its co‐existence with other chronic liver diseases, although this is

frequently encountered in daily practice. Moreover, the majority of

patients with NAFLD have cardiometabolic risk factors; insulin

resistance, visceral adiposity, and adipose tissue dysfunction are

pivotal pathophysiology of NAFLD/NASH.4 Therefore, a new

nomenclature was introduced. Patients with steatosis or steatohe-

patitis and the presence of at least one cardiometabolic risk factor

are now diagnosed as metabolic dysfunction associated steatotic

liver disease (MASLD) or steatohepatitis (Metabolic Dysfunction

Associated Steatohepatitis (MASH)).5 Over 95% of patients with

NAFLD have MASLD, while the small group of non‐MASLD NAFLD

patients requires further study to understand the underlying causes.

The new nomenclature offers a solution for the co‐existence of

metabolic risk factors with other causes of liver disease, most notably

the co‐existence with excessive alcohol consumption (metabolic and

alcohol‐related liver disease, MetALD).

This review hence focuses on MASLD, whether alone or in the

context of MetALD. The pathophysiology is complex but some global

concepts are helpful to understand the management. MASLD is

driven by ‘metabolic overload’, resulting from excess calory intake

not counterbalanced by physical activity. Whether this metabolic

overload leads to metabolic stress, depends on the individual's ability

to cope with it.6 This ability, amongst others determined by adipose

tissue expandability (Figure 1), is influenced by many factors (i.e,

genetic, epigenetic, environmental, age, and gender). When the ca-

pacity of coping with the ‘metabolic overload’ is exceeded, ectopic

lipid accumulation can occur as well as adipose tissue dysfunction

that will add a metabolic‐inflammatory stress impacting several end‐
organs, including the liver.7 Whether this ectopic lipid accumulation

(which by itself is not per se harmful) and this metabolic‐
inflammatory stress will then result in MASH, not only depends on

the nature and magnitude of these stressors, but also on the ability

of the liver to cope with it (Figure 2). The liver is equipped with

defence and repair mechanisms and their efficacy is an important

determinant of the ultimate liver damage. All these different

contributing elements results in important inter‐individual differ-
ences and notorious patient heterogeneity.6 This oversimplification

of the complicated pathophysiology of MASLD/MASH highlights the

importance of a holistic multidisciplinary approach that takes into

account both liver‐centred approaches and approaches that take

into account the extrahepatic drivers as well as consequences of

MASLD/MASH.

It is well‐known that MASLD not only leads to end‐stage liver

disease but also has clinical implications on extrahepatic tissues with

reduced quality of life7,8. Cardiovascular disease (CVD) is the most

common cause of death in patients with MASLD, and emerging evi-

dence suggests that MASLD contribute independently to CVD

development, highlighting the need to consider CVD prevention in

the management of MASLD. MASLD also increases the risk of type 2

diabetes, chronic kidney disease, and non‐hepatic malignancy, calling
again for a more holistic approach that views MASLD/MASH as an

important driving force of a multisystemic disorder (Figure 3), rather

than an isolated liver disease.9 Conducting a comprehensive evalu-

ation is thus vital for the assessment of MASLD and MetALD, as well

F I GUR E 1 Metabolic dysfunction associated steatotic liver

disease is a heterogeneous disease. Disease severity increases with
more severe metabolic pressure, depending on the body's capacity
to cope with an obesogenic environment. The armamentarium of

the liver to deal with damage and inflammation adds to the inter‐
individual variability. The contribution of all these factors explains
the variability of liver disease severity in relation to metabolic risk
factors.

F I GUR E 2 Schematic concept of progression of disease in

Metabolic Dysfunction Associated Steatotic Liver Disease. Disease
progression depends intrahepatically on the balance between pro‐
fibrogenic mechanisms and defence/repair mechanisms. Fibrosis is

driven by upstream processes of damage and inflammation, which
result from a metabolic pressure. An efficacious management of
Metabolic Dysfunction Associated Steatohepatitis most likely
needs to tackle these upstream drivers of disease to be successful.

Adapted from.1
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as for identifying potential comorbidities. Recent guidance papers

provide key details on the management of metabolic and cardiovas-

cular co‐morbidities in the context of MASLD/MASH.10,11

CURRENT NON‐PHARMACOLOGICAL
MANAGEMENT OPTIONS

Lifestyle modification and weight management

The cornerstone of MASLD/MASH management is lifestyle man-

agement, which can reduce the metabolic overload and improve the

adipose tissue dysfunction and the resulting metabolic‐inflammatory

stress, allowing intrahepatic repair mechanisms to operate (Figure 2).

It has been clearly demonstrated that weight loss improves liver

histology, whether by lifestyle change or by bariatric surgery.12 For

MASLD patients with overweight/obesity, a weight loss of 3%–5%

can reduce steatosis, while a 7% weight loss can lead to MASH

regression, and a 10% weight loss may result in fibrosis regression

(Figure 3).13 Even lean MASLD patients can benefit from a subtle

weight loss.14 It is worth noting that MASLD patients are at an

increased risk of sarcopenia, and sarcopenia can exacerbate the

progression of liver disease towards fibrosis and significant cirrhosis.

During the weight loss, attention is required to ensure adequate

protein intake and the incorporation of resistance exercise to pre-

vent the further loss of muscle mass.

F I GUR E 3 Metabolic Dysfunction Associated Steatotic Liver Disease (MASLD) as an important driving force of multisystemic disorders
and its management. MASLD covers a spectrum from simple steatosis to Metabolic Dysfunction Associated Steatohepatitis (MASH), and then

cirrhosis and hepatocellular carcinoma. It is well‐known that MASLD not only leads to end‐stage liver disease but also has clinical implications
on extrahepatic tissues with reduced quality of life, including increasing the risk of type 2 diabetes, chronic kidney disease, and non‐hepatic
malignancy. Given its pathophysiology, the management of the underlying metabolic drivers of the disease by lifestyle modification and weight
loss is the cornerstone of the treatment of MASLD/MASH. For MASLD patients with overweight/obesity, a weight loss of 3%–5% can reduce

steatosis, while a 7% weight loss can lead to MASH regression, and a 10% weight loss may result in fibrosis regression. Some drugs already on
the marked for the treatment of co‐morbidities have shown some efficacy. Liver transplantation and bariatric surgery should be performed in
some patients with good indications. Combination therapies targeting multiple pathways and the integration of digital health interventions

hold potential for enhancing the efficacy and safety of MASLD treatments.
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Public education and awareness campaigns are essential to

highlight the detrimental effects of obesity and sedentary behaviour

on health for MASLD patients.12 Given that smoking and alcohol

consumption act as synergistic factors promoting MASLD progres-

sion and increasing the risk of various malignancies, patients with

MASLD need to quit smoking and limit alcohol intake. Strict absti-

nence from alcohol is required for patients with significant fibrosis or

cirrhosis. Although daily consumption of three or more cups of coffee

is associated with a reduced risk of MASLD progression and HCC, the

protective effects of green tea and black tea on MASLD require

further research for confirmation. Multidisciplinary collaboration

involving clinical nutritionists, exercise rehabilitation therapists, and

psychological counsellors, along with digital therapies using smart-

phone apps,15–17 can provide patients with personalised diet and

exercise prescriptions to enhance the enthusiasm and persistence of

lifestyle intervention.

Diet and exercise

Foods rich in saturated fats, cholesterol, refined carbohydrates,

sugary beverages, red meat, and highly processed foods, which are

energy‐dense or have inflammatory potential, are closely associated

with the development of MASLD/MASH. Conversely, a healthy diet

index, Dietary Approaches to Stop Hypertension diet score,

Mediterranean‐style diet score, and foods high in antioxidant ca-

pacity can reduce the risk of MASLD.18 There is a dose‐response
relationship between the extent of dietary calorie restriction and

weight loss, as well as improvements in the liver function test in

MASLD. Gradual weight loss achieved by reducing daily calorie

intake by 500–1000 kcal can improve insulin resistance, lower liver

enzyme levels, and reduce liver fat content. Low‐carbhybrate diets,

low‐fat diets, intermittent fasting, and the Mediterranean diet all

have potential metabolic, cardiovascular, and liver benefits. There-

fore, clinical nutritionists should formulate personalised dietary

prescriptions for MASLD patients based on their comorbidities and

preferences, focusing on controlling energy intake, and adjusting di-

etary composition.

Exercise with or without diet has an effect on the improvement

of muscle function and the muscle‐liver axis.19 There is no consensus
on the superiority of aerobic exercise and resistance training; both

are independently associated with weight loss, reduction of liver fat,

and other metabolic benefits. Further details regarding exercise for

MASLD patients are available elsewhere.13,15 Resistance exercise is

particularly suitable for patients with musculoskeletal problems, poor

baseline health, or cardiopulmonary health contraindications to aer-

obic exercise.

Bariatric surgery

Bariatric surgery has proven to be an effective long‐term weight loss

method with a reduction in mortality from CVD and malignancy in

morbidly obese patients. It is also effective for the improvement of

metabolic dysfunction and related‐steatohepatitis and fibrosis.

Therefore, current guidelines recommend considering bariatric sur-

gery as a treatment option in non‐cirrhotic MASLD/MASH patients

who meet the criteria for metabolic weight loss surgery.20 The latest

systematic reviews demonstrate that performing bariatric surgery in

severe obese patients with compensated cirrhosis and portal hy-

pertension appears to be safe and is associated with acceptable

perioperative and long‐term outcomes.21,22 Further research is

required to determine whether the efficacy of bariatric surgery is

solely mediated by weight loss or if surgery‐induced hormonal

changes also play a role. Well‐controlled prospective studies are also
required to evaluate the effects of bariatric surgery on specific

subpopulations and its long‐term impact on cirrhosis and HCC in

patients with MASLD. It is noteworthy that bariatric surgery might

increase the risk of postoperative alcoholic cirrhosis.

CURRENT PHARMACOLOGICAL OPTIONS

As a non‐pharmacological approach can already have a substantial

benefit, it is important to first define the potential indications for a

MASLD/MASH‐specific pharmacological treatment, given that any

drug comes with safety and tolerability concerns. It has been

demonstrated that, although steatohepatitis drives disease progres-

sion, fibrosis is the most critical predictor of prognosis, both in terms

of liver disease and overall (mainly CVD) mortality.23 This is probably

because the extent of liver fibrosis reflects not only the underlying

disease activity but also the insufficient counterbalancing by defence

and repair mechanisms, thereby determining the individual's overall

vulnerability. Therefore, treatment indication for at risk MASH is

considered when a NAFLD Activity Score is at least four using the

NASH Clinical Research Network scoring system, or an Activity of at

least two using the Steatosis‐Activity‐Fibrosis scoring system, along

with a significant fibrosis.24 This diagnosis needs a liver biopsy for an

accurate assessment, but the research on non‐invasive testing will

hopefully provide tools to accurately make this diagnosis without the

need for histology in the near future.

Also, the goals of treatment need to be defined. MASLD/MASH is

a slowly progressing disease, making it challenging to establish short‐
term clinical goals, especially in non‐cirrhotic patients. Although it

still needs to be proven that this will translate into long‐term clinical

benefits, histological improvement is likely to reflect a positive

change in the natural history of the disease. Therefore, the traditional

endpoints for assessing treatment efficacy include the resolution of

steatohepatitis without worsening of fibrosis, or regression of fibrosis

without worsening of steatohepatitis, and more recently, a combined

resolution of steatohepatitis and regression of fibrosis.25

Based on these criteria, only a few drugs currently on the market

for indications other than MASH have demonstrated efficacy, and

none have completed a Phase 3 trial to support their use for fibrotic

MASH (Figure 4). Glucagon‐like peptide (GLP‐1) is an incretin hor-

mone regulating satiety, gastric emptying, and glycaemic control.
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F I GUR E 4 The complex pathophysiology of Metabolic Dysfunction Associated Steatohepatitis (MASH). MASH is driven by the complex
interplay of metabolic, inflammatory and fibrogenic processes. Within the liver, hepatocytes (and its intracellular organelles, most notably
mitochondria), play an important role, alongside the stellate cells and several resident and infiltrating immune cells of different populations.

The liver is at the centre of an important crosstalk between the liver, the adipose tissue, the gut the pancreas and the cardiovascular system,2,8

with MASH being an important driver of complex vicious circles involving many organs. Drugs/pathways that have been tested in MASH or
that are under development, mentioned and/or referenced in the text are depicted anchoring point in the complex pathophysiology of MASH.
DNL, de novo lipogenesis; FGF21, fibroblast growth factor 21; FXR, farnesoid receptor X; GIP, glucose‐dependent insulinotropic polypeptide;
GLP‐1, glucagon‐like peptide 1; HSD17B13, Hydroxysteroid 17β dehydrogenase; IFNγ, interferon gamma; IL1‐β, interleukin 1 beta; IL‐6,
interleukin 6; IL‐17, interleukin 17; LD, lipid droplets; MCP‐1, monocyte chemoattractant protein 1; NEFA, non‐esterified fatty acids; NKT cell,
natural killer T cell; PNPLA3, patatin‐like phospholipase domain‐containing protein 3; RA, receptor agonist; ROS, reactive oxygen species;

siRNA, small interfering RNA; Th17, T helper 17 cell; TGFβ, tumour growth factor beta; TNFα, tumour necrosis factor alpha; VLDL, very low
density lipoproteins. Source: Figure adapted from2 (courtesy J. Haas) and Ref8.
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GLP‐1 receptor agonists (GLP‐1RA) are approved for the treatment

of diabetes and obesity. A small trial with liraglutide25 and a large

Phase 2 trial with semaglutide26 showed the beneficial effects of both

drugs on the resolution of MASH. However, despite their consider-

able impact on MASH and, in case of semaglutide, a treatment

duration of 1.5 years, there was no significant regression of fibrosis.

Since there are no GLP‐1Rs in the liver, this improvement is likely

attributed solely to the amelioration in the metabolic‐inflammatory
disease drivers. The absence of direct intrahepatic anti‐
inflammatory and anti‐fibrogenic effects likely explains the absence

of a strong signal on fibrosis regression within the timeframe of the

study. While the Phase 3 trial of semaglutide is ongoing (Table 1), the

use of GLP‐1RA in patients with diabetes or obesity and indicators of

fibrotic MASH has been incorporated into the recent guidelines of

the American Association of Clinical Endocrinology, the first non‐
hepatology scientific society to issue recommendations on the man-

agement of MASLD/MASH.20 Side effects, mainly gastro‐intestinal in
nature, may limit patient tolerability. The improvement in the car-

diometabolic risk factors that translate into proven cardiovascular

benefit (albeit not specifically studied in MASH patients) of this class

of drugs, is an aspect worth considering, given the aforementioned

link with CVD.

The peroxisome proliferator‐activated receptor (PPAR) gamma

agonist pioglitazone is another compound with histologically proven

benefit. PPARs are nuclear receptors, consisting of three isotypes

expressed differentially across a wide range of tissues and cell

types.27 They are key regulators of energy handling, bile acid meta-

bolism, inflammation, and fibrogenesis. PPAR gamma is the primary

PPAR in adipose tissue and quiescent stellate cells. Pioglitazone in-

duces resolution of MASH and a decrease in the mean fibrosis stage,

although it does not reach the endpoint of one‐stage fibrosis

regression28 (Figure 4). This goes along with improved glycaemic

control, a better lipid profile, and enhanced cardiovascular outcomes,

mainly atherosclerotic CVD.29 It substantially improves adipose tis-

sue function, as reflected by an adiponectin increase.30 The

improvement in adipose tissue function leads to increased storage

capacity and expandability of the adipose tissue, resulting in weight

gain, that at first sight might seem contradictory. It is, however, a

shift from visceral to subcutaneous adipose tissue that explains the

weight gain, along with metabolic, cardiovascular, and liver

improvement.30 Fluid retention and cardiac decompensation in pa-

tients with pre‐existing cardiac insufficiency warrant caution, as well
as an increased risk of bone fractures. Based on all these data, pio-

glitazone has been included in the recent American Association of

Clinical Endocrinology guidelines within its licenced indications.20

Vitamin E, as an anti‐oxidant and potentially other modes of

action, has proven efficacy on steatohepatitis in non‐cirrhotic non‐
diabetic MASH patients and can be considered for use in these pa-

tients.31 However, its side effects, including a potential increase in

overall mortality, hemorrhagic cerebral stroke, and prostate cancer,

limit its routine use. Of note, drugs used to treat some of the co‐
morbidities of MASLD also have data supporting some evidence of

liver benefit. Aspirin and other anti‐aggregant treatments, most

probably by acting on the endothelium‐thrombocyte interaction and

the role of thrombocytes in MASH progression, may reduce liver fat

content and long‐term disease progression.32 Data on MASH

cirrhosis specifically are not available, but the potential benefit of

these compounds in reducing the risk of decompensation in cirrhosis

might also hold true in MASH cirrhosis. Statins have an impact on

endothelial function and endothelial insulin resistance and showed

clear benefits in pre‐clinical studies, but there are very few clinical

data.33 Metformin did not show a benefit in terms of liver histology,

but data indicate that it lowers the risk of HCC development.34 The

presence of arterial hypertension has been associated with more

severe fibrosis and angiotensin receptor antagonists as well as

endothelin receptor antagonists may show some benefit.35 All these

drugs are probably not powerful enough to induce MASH resolution

or fibrosis alleviation, but might, as long‐term background treatment,

have a subtle added benefit that helps slow down liver disease pro-

gression. Drugs used in the treatment of some co‐morbidities might
have benefits and delay hepatic decompensation, although this re-

mains to be proven. Trials in patients with MASH cirrhosis have been

negative so far, except for belapectin, a galactin‐3 inhibitor, that

might prevent the development of varices.36

PHARMACOLOGICAL TREATMENT ON THE
HORIZON

Over a decade of clinical trials involving many drugs, no drug is

currently approved for the treatment of MASH. The reasons for this

are outlined elsewhere.37 Currently, only two drugs have met the

aforementioned endpoints in Phase 3 clinical trials: the farnesoid

receptor X agonist obeticholic acid38 (which will not be developed

further as a MASH treatment as it was not granted accelerated

approval by the Food & Drug Administration), and more recently, the

thyroid hormone receptor beta agonist resmetirom.39The latter

showed statistically significant benefits on fibrosis regression as well

as NASH resolution, along with several other markers of efficacy, and

a favourable safety and tolerability profile. Other promising drugs,

based on Phase 2 data, include the panPPAR agonist lanifibranor,40

the GLP‐1RA receptor agonist semaglutide,26 both in ongoing Phase

3 trials (Table 1), as well as the fibroblast growth factor 21 agonist

pegozafermin41 that recently reported beneficial effects on histo-

logical endpoints and will enter Phase 3. Additionally, there are other

promising drugs such as dual and triple GLP‐1/glucagon/glucose‐
dependent insulinotropic polypeptide agonists that, on top of

inducing significant weight loss (some of them comparable to bar-

iatric surgery), may have direct intrahepatic effects, theoretically

resulting in a more pronounced effect on fibrosis compared to GLP‐
1RA alone.37 Gene targeting therapy, for example, on PNPLA3 or on

HSD17B13, represents other interesting avenues currently explored

in the quest for an efficacious MASH drug.42 The anchor points of

these drugs are depicted in Figure 4.
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LIVER TRANSPLANTATION

Liver transplantation should be considered in MASLD patients with

decompensated cirrhosis and/or HCC, as their post‐transplant
complication rates, overall survival, and graft survival are equiva-

lent to that of other end‐stage liver diseases in appropriately selected
patients.43 However, careful attention must be paid to the thorough

evaluation and appropriate treatment of the cardiometabolic

comorbidities in the pre‐ and post‐transplantation phase, which

might hamper the eligibility of liver transplantation and influence the

post‐transplantation outcomes. Morbid obesity alone does not

constitute a contraindication for liver transplantation. This situation

represents a new surgical reality of both liver transplant and bariatric

surgery. The majority of papers on bariatric surgery after liver

transplantation could be explained because of the commodity of the

flow of these patients.44 In these clinical settings, the management

becomes particularly challenging and requires a multidisciplinary

approach in specialised high‐volume centres.

CONCLUSION

Given its pathophysiology, the management of the underlying

metabolic drivers of the disease by lifestyle modification and weight

loss is the cornerstone of the treatment of MASLD/MASH. Some

drugs already on the marked for the treatment of co‐morbidities
have shown some efficacy and their use should be optimised,

within their licenced indications. MASH‐specific drugs are on the

horizon and will likely change our management in the near future.

MASH cirrhosis is an area of particular concern, as treatment is more

challenging and drug development is lacking in compared to non‐
cirrhotic MASH. In addition, liver transplantation and bariatric sur-

gery should be performed in some patients with good indication.

Future research should focus on optimising lifestyle intervention

strategies, improving adherence and success rates, exploring the role

of new weight‐loss medications, and identifying effective weight loss

surgical methods for MASH patients. Combination therapies target-

ing multiple pathways and the integration of digital health in-

terventions hold potential for enhancing the efficacy and safety of

MASLD treatments.
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