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Summary

Metabolic dysfunction-associated steatotic liver disease (MASLD)
formerly known as non-alcoholic fatty liver disease (NAFLD) is viewed as
a serious health concern in industrial countries. MASLD pathogenesis and
its detailed progression to fibrosis and chronic liver disease is still unclear.
Many studies have shown that MASLD/NAFLD may be associated with
increased insulinresistance (IR).IR, obesity, low adiponectin, (postprandial)
dyslipidaemia, and hyperglycaemia represent the main factors leading to
MASLD and accelerate the course and progression of this disease. MASLD
can affect people of all ages and appears to vary in different ethnic groups.
Environmental and lifestyle factors such as reduced physical activity and
high-fat diets are well-studied factors in the development of IR-associated
comorbidities and MASLD. Recent studies have made advances in the area
of genetic risk factors and immune responses in metabolic dysfunction-
associated steatohepatitis (MASH) pathogenesis. Changing lifestyle in
form of weight loss, dietary changes and physical activity is an important
therapeutic measure. Drug therapy is based on the associated diseases
(dyslipidaemia, obesity, diabetes) and the stage of liver fibrosis — in the
current absence of specific (EMA-, FDA-) approved MASLD drugs. In case
of severe obesity, bariatric surgery might be performed to treat MASLD and
MASH. In case of severe MASH-complications liver transplantation might
be an option. Targeted interventions in the numerous mechanisms involved
in the progression of MASH are intended in particular to prevent the
development and progression of liver fibrosis. Follow-up and surveillance
of MASH patients is recommended according to their individual risk.

The new nomenclature for fatty liver disease used in this chapter is
based on an international consensus from the hepatological societies
AASLD (USA) and EASL (Europe), which the German DGVS has also
explicitly endorsed. [Rinella 2023] The new definition requires the presence
of at least one cardiometabolic risk factor in addition to hepatic steatosis.
The term metabolic dysfunction-associated steatotic liver disease (MASLD)
was defined as a replacement term for NAFLD and metabolic dysfunction-
associated steatohepatitis (MASH) as a replacement term for NASH. The
acronym MetALD was chosen to designate a separate group of patients
with MASLD who consume 140-350 g/week in women and 210-420 g/week
in men. The proposed nomenclature allows for flexible refinement as new
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insights into the underlying pathophysiology and risk factors of hepatic
steatosis are gained. An analysis by the European LITMUS consortium
showed that 98% of the existing registry cohort of patients with NAFLD
would fulfil the new criteria for MASLD.(Hardy, Wonders et al. 2020,
Rinella, Lazarus et al. 2023) In the North American NHANES cohort and the
national Swedish registry, there is even a 99% match between the diagnoses
of MASLD and NAFLD.(Hagstrom, Vessby et al. 2023, Lee, Dodge et al. 2023)
In places where NASH was used as a histological diagnosis, this is indicated
by the use of both terms (MASH/NASH).

Introduction

According to the current guidelines of the DGVS (German Society for
Gastroenterology, Digestive and Metabolic Diseases)(Roeb, Canbay et
al. 2022), EASL (European Association for the Study of the Liver 2016)
(2016) AASLD (American Association for the Study of Liver Diseases 2018)
(Chalasani, Younossi et al. 2018), APASL (Asian Pacific Association for the
Study of the Liver, HCC Guideline, 2017)(Kim, Lee et al. 2017), and the World
Gastroenterology Organisation (2012)(LaBrecque, Abbas et al. 2014) non-
alcoholic fatty liver disease (NAFLD) includes the fatty liver diseases NAFL
(Non-alcoholic fatty liver), NASH (Non-alcoholic steatohepatitis), NASH
fibrosis and NASH cirrhosis. Other nomenclatures (e.g. metabolically
associated fatty liver disease or metabolic dysfunction-associated fatty
liver disease / MASLD) have been proposed to strengthen the relevance of
metabolic disorders in this context .(Roeb 2021)

The progression of MASH is associated with liver cell stress, consecutive
inflammation and fibrosis, with potential development of liver cirrhosis,
portal hypertension and end-stage liver disease. MASH is also a relevant
risk factor for the occurrence of hepatocellular carcinoma (HCC). The
pathogenesis and natural course of MASLD are increasingly better
understood, even if the heterogeneity of the patients and the multifactorial
triggers make it difficult to estimate the individual prognosis. End-
stage MASH-associated liver disease is expected to represent the highest
proportion of patients listed for liver transplantation in the future.
Although genetic factors have also been identified, the disease is thought
to be primarily a consequence of hyperalimentation and the hepatic
manifestation of the metabolic syndrome.(Loomba, Friedman et al. 2021)
The clinical symptoms of non-cirrhotic MASLD are usually non-specific.
(Geier, Rinella et al. 2021) With a global prevalence of approximately 25%,
MASLD is now the leading cause of chronic liver disease worldwide and a
growing public health challenge. A further increase in MASLD in the sense
ofthe obesity epidemic, especially among adolescents and younger patients,
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isto be expected. Changes in lifestyle and demographic changes are causing
an increase in MASLD prevalence. Doctors and patient organisations
have to deal with this collectively and individually.(Roeb, Canbay et al.
2022) In 2023, a new category was introduced alongside pure metabolic
dysfunction-associated steatotic liver disease, called metabolic and alcohol-
related/associated liver disease (MetALD). This category describes people
with metabolic dysfunction-associated steatotic liver disease who consume
larger amounts of alcohol per week (140-350 g/week and 210-420 g/week for
women and men respectively). (Rinella, Lazarus et al. 2023)

Prevalence

Metabolic dysfunction-associated steatotic liver disease (MASLD)
has become a major disease burden in the last decades. The estimated
overall global prevalence of MASLD in the general population diagnosed
by imaging is about 25%-30% with an expected significant increase in the
next years.(Younossi, Koenig et al. 2016, Estes, Anstee et al. 2018, Younossi,
Golabi et al. 2023) Newest data report a global MASLD prevalence of 30%
and increasing in adults, and 7, 4% in children/adolescents which requires
urgent and comprehensive strategies on local, regional, and global levels.
(Paik, Henry et al. 2023)

The incidence of MASLD ranges globally between 28 and 52 per 1000
person years.(Younossi, Henry et al. 2018, Paik, Henry et al. 2023) In absolute
numbers, it is estimated that 64 million subjects are affected by MASLD in
the United States and 52 million in Europe.(Younossi, Koenig et al. 2016)
Following a steady increase over the past decades, MASLD represents in the
meantime the second most common indication for liver transplantation in
the north American UNOS network.(Younossi, Stepanova et al. 2021) On the
European transplant waiting list by far less end-stage patients with MASLD
appear in the ELTR registry.(Haldar, Kern et al. 2019)

Global estimates of MASLD prevalence vary among the different
continents and range from 32% in the Middle East and 31% in South America
to 23% in Europe, 24% in the United States and 27% in Asia.(Younossi,
Koenig et al. 2016, Younossi, Henry et al. 2018) The steady increase over the
past decades can be monitored globally. According to recent modelling,
the number of MASLD patients in Germany has been estimated to be 18.4
million with more than 3 million affected by MASH. The number of MASH
patients with advanced fibrosis may be as high as 600.000 and is expected
to more than double until 2030.(Estes, Anstee et al. 2018) Projections suggest
that the number of NASH cases in the United States will increase by 82.6%
from 11.61 million (2020) to 19.53 million (2039).(Younossi, Paik et al. 2023)

In a population based study with data from 2007-2012, the prevalence of
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FIB-4 >2.67 was L.1% in the general population which is in rough accordance
with these numbers.(Huber, Schulz et al. 2022) Given an estimated current
number of 200.000 MASH patients with cirrhosis in Germany, it appears
remarkable that MASLD/MASH represented only 13% of the indications on
German liver transplantation waiting lists in 2015.(Tacke, Kroy et al. 2016)
One reason for this discrepancy may be the frequently absent diagnosis in
clinical reality. It has been suggested that MASH accounts for more than
50% of cases of cryptogenic cirrhosis.(Ratziu, Giral et al. 2000)

Among all subjects with MASLD, the relative proportion of MASH as
the inflammatory and progressive disease entity ranges from 10% to 20%.
The absolute prevalence of MASH in Western countries is approximately
2-6%.(Younossi, Koenig et al. 2016, Younossi, Henry et al. 2018) Due to
a preselection of patients at risk, the prevalence of MASH/NASH in liver
biopsies of NAFLD/MASLD patients is around 60-70% (Younossi, Koenig et
al. 2016).

Demographics and risk factors

MASLD is more prevalent in males than in females and its prevalence
increases with age.(Roeb, Canbay et al. 2022, Le, Le et al. 2023) There is a
clear association with metabolic comorbidities. In German MASLD cohorts,
more than 30-60% of MASLD patients have type 2 diabetes, 37-84% show
hyperlipidaemia, and 52-67% have arterial hypertension.(Labenz, Huber et
al. 2018, Alsenbesy, Rau et al. 2019, Hofmann, Buggisch et al. 2020, Geier,
Rau et al. 2023) All comorbidities were more prevalent in high risk as
compared to low risk patients (FIB-4 <1.3) including arterial hypertension
(85% vs. 42%), hypercholesterolaemia (39% vs. 16%), and type 2 diabetes
mellitus (69% vs. 26%).(Geier, Rau et al. 2023)

Increased BMI, particularly visceral obesity and presence of the
metabolic syndrome are established risk factors for the presence of MASLD.
The prevalence of MASLD has been continuously rising over the past
decades along the global increase in BMI and obesity, which affects more
than 650 million subjects worldwide.(Younossi, Loomba et al. 2018) Based
on ultrasound data, the prevalence of MASLD increases proportionally to
BMI from 25% with normal BMI up to >90% in subjects with obesity (BMI
>30kg/m2).(Bedogni, Miglioli et al. 2007) The prevalence of type 2 diabetes
has increased in parallel to the increasing prevalence of obesity with more
than 400 million affected subjects worldwide.(Younossi 2019) MASLD
affects 60-70% of patients with type 2 diabetes and the presence of diabetes
represents a significant risk factor for fibrosis progression and cirrhosis
development.(Younossi, Koenig et al. 2016, Younossi, Anstee et al. 2018)
Based on the steady increase in diabetes over the past, projections for the
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year 2030 estimate an increase by around 50% in MASH and even a more
than doubling in MASH patients with end-stage liver disease.(Estes, Anstee
et al. 2018) The expected increase in end-stage disease is at least partly
explained by the aging of western populations. Prevalence and advanced
stages of the disease are both increasing with patient age, which in turn
is associated with more frequent metabolic comorbidities.(Younossi 2019,
Roeb, Canbay et al. 2022)

MASLD represents a multifactorial disease caused by environmental,
genetic, and epigenetic factors. The inheritable component accounts
for 20-40% of the NAFLD phenotype.(Zimmer and Lammert 2011) The
prevalence of MASLD differs with ethnicity and is highest in subjects with
Hispanic descent.(Williams, Stengel et al. 2011, Rich, Oji et al. 2018) Several
single nucleotide polymorphisms have been associated with an increased
prevalence of MASLD. The most relevant has been located in the patatin-
like phospholipase domain-containing protein 3 (PNPLA3) gene in the first
genome-wide association study.(Romeo, Kozlitina et al. 2008) Indeed, the
PNPLA3 risk G allele frequency worldwide is highest in populations of
Mesoamerica.

However, around 20% of patients with MASLD have normal body
weight and were therefore formely referred to as lean NAFLD (BMI <25kg/
m?® or <23kg/m*in Asians).(Ye, Zou et al. 2020, Young, Tariq et al. 2020) Lean
NAFLD patients have a different disease phenotype with less inflammatory
activity, increased odds for genetic contribution such as PNPLA3 risk allele
polymorphism and probably a better prognosis.(Ye, Zou et al. 2020, Young,
Tariq et al. 2020) In non-obese MASLD the PNPLA3 risk allele frequency
exceeds the prevalence of obese MASLD patients with almost 80% carrying
atleastoneriskallele.(Krawczyk, Liebe et al. 2020) In the new internationally
agreed nomenclature, the term lean NAFLD no longer appears and is largely
identical to the new definition of MASLD patients (Rinella, Lazarus et al.
2023).

Pathogenesis

Hepatic steatosis (fatty liver cells) is characterised by storage of fat in
more than 5% of hepatocytes. Steatohepatitis is present when inflammation
and liver cell damage can be detected in addition to hepatic steatosis.
(Loomba, Friedman et al. 2021) Although diet-related and alcoholic causes
of steatosis and steatohepatitis are the most common, the differential
diagnostic spectrum of possible causes of obesity-associated liver damage
is broad. These causes should be determined in any case and considered for
the final interpretation of the liver damage.

Both, alcoholic (ASH) and non-alcoholic steatohepatitis (MASH/NASH)
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are characterised by fatty degeneration and lobular inflammation with
ballooning of liver cells, resulting in mesh wire fibrosis (progressive if the
inflammation persists).(Kleiner, Brunt et al. 2005) In general, a reliable
differential diagnosis of ASH vs. MASH/NASH cannot be made solely on
the basis of histological criteria. The differences between ALD and MASLD
worked out are of a gradual nature and therefore not sufficiently reliable for
the typing of the individual case (cave: lifestyle modification before the liver
biopsy). Fatty degeneration and the formation of glycogen hole cores are
often more pronounced in MASH/NASH, while inflammatory activity and
the detection of Mallory Denk Bodies (MDB) and satellitosis (granulocytic
demarcation of a hepatocyte with MDB) might be observed more frequently
in ASH.(Morita, Ueno et al. 2005)

Most patients with MASLD have central obesity and other components
of a metabolic syndrome. However, MASLD can also develop in patients
of normal weight (formerly lean NAFLD, approx. 20% of cases, BMI = 18.5-
24.9 kg/m2). It is assumed that these patients may have less inflammatory
activity and therefore have a better prognosis.(Ye, Zou et al. 2020) Due to
the frequent association with the metabolic syndrome, a consensus panel
suggested that NAFLD could be called metabolic-associated fatty liver
disease (MASLD).(Eslam, Sanyal et al. 2020) This designation, however,
excludes some entities. On the one hand, the lean NAFLD in the absence
of metabolic comorbidities is blurred; on the other hand, the congenital
metabolic diseases (e.g. mitochondriopathies, glycogenoses) represent
independent pathogenetic and therapeutic entities.(George, Gish et al. 2021)
The new nomenclature means that all fatty liver diseases, including ALD,
monogenetic and cryptogenic liver damage and drug-induced liver injury,
are now summarised under the term steatotic liver disease, SLD (Rinella,
Lazarus et al. 2023).

Figure 1 depicts the positive and negative factors for the development
of MASLD. The diagnosis of MASH represents a precancerous condition/
lesion, so that it can lead to the development of hepatocellular carcinoma
(HCC) and more rarely intrahepatic cholangiocarcinoma (iCCA; ratio: 5-7
HCC/ 1iCCA). As detailed below, tumour surveillance should be performed
according to current liver cancer guidelines (Loomba, Lim et al. 2020).
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Figure 1.Risk factors(negative)and protective factors(positive) forthe development of MASLD.

The decisive factor for the prognosis of MASLD patients is the stage of
fibrosis. A meta-analysis from five studies involving 1495 biopsy-proven
MASLD/NAFLD patients and a follow-up of 17, 452 patient-years showed
that compared to MASLD patients without fibrosis (Fo), those with fibrosis
were at increased risk for both, total and also liver-specific mortality, which
increased continuously with the fibrosis stage. With regard to liver-specific
mortality, an exponential increase in risk was recorded.(Dulai, Singh et
al. 2017) The greatest risk for liver-specific but also overall morbidity and
mortality from MASLD was found for advanced fibrosis (F3) and liver
cirrhosis (F4). The following event rates existed in an average observation
period of 5.5 years: 8% all-cause mortality, 8% liver transplantation, 19%
first-time hepatic decompensation, 9% HCC, 3% vascular events and 7%
non-hepatic malignancies. The 10-year transplant-free survival was 94%
for F3 and 45.5% for F4. Higher cumulative incidences of vascular events
(7% vs. 2%) and non-hepatic malignancies (14% vs. 6%) were found in F3.
In patients with liver cirrhosis, on the other hand, the frequency of hepatic
decompensation and HCC development was increased: 44% (F4) vs. 6%
(F3) and 17% (F4) vs. 2.3% (F3).(Vilar-Gomez, Calzadilla-Bertot et al. 2018)
These data suggest that cardiovascular and non-hepatic morbidity and
mortality are already dominant in non-cirrhotic MASLD patients, while
the complications of advanced liver disease determine further prognosis in
established liver cirrhosis.

Xiaoetal.conducted ameta-analysis of over13,000subjects todetermine
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the best method for assessing fibrosis in MASLD. Comparing APRI, FIB-4,
BARD score, NAFLD fibrosis score (NFS), transient hepatic elastography,
shear wave elastography (SWE) and magnetic resonance elastography
(MRE), MRE and SWE showed the highest diagnostic accuracy for the
fibrosis stage. Among the four non-invasive simple indices, NFS and FIB-4
were at best for detecting advanced fibrosis.(Xiao, Zhu et al. 2017) According
to current meta-analyses, complex biomarker panels and elastography can
identify MASLD-related fibrosis with moderate accuracy in obese subjects,
but these methods are not yet well validated (Ooi, Mgaieth et al. 2018).

Human genetic factors

Genetic factors play a considerable role in the development of hepatic
fat accumulation. In 2008, two GWAS studies linked the rs738409
polymorphism (I148M) of PNPLA3 (see above) with hepatic fat content and
alanine aminotransferase (ALT) levels.(Romeo, Kozlitina et al. 2008, Yuan,
Waterworth et al. 2008) Further studies suggest that the I148M variantis an
important risk factor for the development of MASH fibrosis, cirrhosis and
hepatocellular carcinoma.(Dubuquoy, Burnol et al. 2013) The [148M PNPLA3
variant favours hepatic carcinogenesis not only in steatohepatitis but also
in other liver diseases. Further GWAS studies have uncovered robust
and reproducible associations in other genes including transmembrane
6 superfamily member 2 (TM6SF2), membrane bound O-acyltransferase
domain-containing 7 (MBOAT7) and more recently in the 17-beta
hydroxysteroid dehydrogenase 13 (HSD17B13) genes.(Trépo and Valenti
2020) Phenome-wide association studies (PheWAS) for disease endpoints
revealed that PNPLA3 is also associated to other forms of liver injury and
support the hypothesis that therapeutic inhibition of PNPLA3 could treat
liver diseases.(Diogo, Tian et al. 2018) At this time, the use genetic SNPs as
biomarkers for risk assessment are not recommended in clinical routine
since the odds ratio of these variants to predict clinical endpoints is too low
to justify their use.(Roeb, Canbay et al. 2022) However, combined models
may be used in the future. Combined effects of PNPLA3, TM6SF2 and
MBOAT7 have been detected on liver damage in MASLD as transaminase
levels are proportionally increasing with increasing number of risk alleles
present (Krawczyk, Rau et al. 2017).
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Microbiome

Severalstudiesindicatethattheintestinal microbiomeisinvolved inboth
the development and progression of MASLD.(Boursier, Mueller et al. 2016)
NASH patients are characterised, for example, by a different composition
of the gut microbiome with higher faecal levels of short-chain fatty acids
(SCFAs) and an increased frequency of SCFAs-producing bacteria. These
changes are associated withimmunological features of MASLD progression.
(Rau, Rehman et al. 2018) However, no specific microbiota composition
for MASLD can currently be determined. Therefore, stool diagnostics are
currently not suitable for screening or diagnosing MASLD.

Fetal development is influenced not only by genetics, but also by the
interaction of parental and environmental conditions before conception
and during pregnancy. Collectively, these factors could lead to fetal
programming of adulthood diseases, including MASLD. Programming of
MASLD can be influenced by maternal factors such as obesity/overweight,
nutritional status, health status, changes in the microbiome and epigenetic
changes, vitamin supplements, use of medications during pregnancy, and
exposure to environmental pollutants. Paternal factors such as nutritional
status, exercise, and alcohol consumption may also play important roles
in programming for MASLD (Galvan-Martinez, Bosquez-Mendoza et al.
2023).

Natural history

So far, histological MASH/NASH has been considered the progressive
form of MASLD; meanwhile it has been repeatedly shown that simple
steatosis or in analogy to the new nomenclature MASL (metabolic
dysfunction associated steatotic liver) can also be progressive.(Sanyal,
Harrison et al. 2019) In a meta-analysis of 11 studies with paired biopsies,
fibrosis progression by one stage was 14.3 years for NAFL and 7.1 years for
MASH/NASH.(Singh, Allen et al. 2015) In another large study (n=646), the
mean time to the development of end-stage liver cirrhosis was examined
in biopsy-confirmed MASLD and an observation period of 20 years.
Time to cirrhosis was for Fo; F1; F2; F3 and F4 each at 33.4; 34.1; 22.7; 11.8
and 5.6 years. As outlined, the decisive factor for MASLD prognosis is the
underlying stage of fibrosis.(Dulai, Singh et al. 2017) The greatest risk for
liver-specific but also overall morbidity and mortality in NAFLD is the
presence of advanced fibrosis (F3) and liver cirrhosis (F4). Cardiovascular
and non-hepatic morbidity and mortality are the main factors in non-
cirrhotic MASLD patients (Long, Zhang et al. 2021), while the complications
of advanced liver disease determine the further prognosis in patients
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with manifest liver cirrhosis. The latter particularly includes the risk of
HCC development. Depending on the region and study population, the
prevalence is between 0.8% and 34%.(Younossi 2019) The major challenge is
that in MASLD, HCC can also develop in non-cirrhotic livers (up to 20-50%
of cases in some series).(Kanwal, Kramer et al. 2018) Following epidemiology,
MASLD is increasingly becoming an indication for LTX (see below).

Depending on the fibrosis stage, patients with MASLD have increased
liver-related and all-cause mortality compared to healthy controls.
Cardiovascular causes of death come first. In a retrospective analysis of 619
NAFLD patients over the period 1975-2005 and a median follow-up of 12.6
years, cardiovascular disease was the most common cause of death (38%),
followed by non-hepatic cancer (19%) and complications of liver cirrhosis
(8%).(Angulo, Kleiner et al. 2015) Similar data come from two prospective
studies from Sweden with a follow-up up to 33 years: cardiovascular causes
of death 43% and 48%, non-hepatic tumours 23% and 22%, and liver-related
mortality 9% and 10%.(Ekstedt, Hagstrom et al. 2015, Nasr, Ignatova et al.
2018) A meta-analysis with 6, 263 patients showed that MASLD is associated
with the occurrence of extrahepatic tumours such as colorectal adenomas
(OR 1.74).(Shen, Lipka et al. 2014) In a study with 25, 497 participants and an
observation period of 7.5 years, patients with MASLD showed an increased
incidence of colorectal carcinoma in men and breast carcinoma in women
in addition to the known risk of HCC, especially in advanced fibrosis.
(Kim, Lee et al. 2017, Yang, Teng et al. 2023) Surveillance of these patients is
therefore warranted.

Screening

Liver fibrosis is the only liver lesion independently associated with
long-term overall mortality, liver transplantation, and liver-related events
in MASLD.(Angulo, Kleiner et al. 2015, Dulai, Singh et al. 2017) Aim of
the screening process is therefore to identify patients with progressive
fibrosis who are at risk to develop complications over time. Several non-
invasive tests (NIT) are available for the evaluation of liver fibrosis in
MASLD, essentially blood-based tests and elastography devices including
Fibroscan (vibration controlled transient elastometry, VCTE).(Loomba
and Adams 2020) Investigating a larger region of interest compared to the
volume of a liver biopsy, elastometry procedures offer obvious advantages
and have a good accuracy for the diagnosis of advanced F3-4 fibrosis. In a
recent individual patient data meta-analysis AUROCSs of individual VCTE,
Fibrosis-4 Index (FIB-4) and NAFLD Fibrosis Score (NFS) for advanced
fibrosis were 0.85, 0.76 and 0.73.(Mozes, Lee et al. 2022) Both, blood-based
tests and elastography can identify the subset of MASLD patients who have
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an impaired liver-related prognosis and who therefore require an intensive
management of their liver disease.

According to current guidelines, screening is recommended in the
established populations with an increased risk for fatty liver disease but
should be performed in the unselected general population.(2016, Chalasani,
Younossi et al. 2018, Roeb, Canbay et al. 2022) As outlined above, these
populations at risk are subjects with obesity, metabolic syndrome or
metabolic disease such as type 2 diabetes, hypertension, hyperlipidaemia.
In current real world settings, the initial diagnosis of MASLD is typically
achieved through suggestive laboratory results and ultrasound findings
mostly in patients with obesity and/or metabolic risk.(Roeb, Canbay et
al. 2022) Principal aim of the initial workup of patients with MASLD is
the identification of patients at risk for advanced fibrosis and in turn
related clinical events over time. Even more important is the exclusion
of advanced disease in low-risk patients who will not be considered for
further costly and time-consuming workup. Based on clinical risk factors
for disease progression such as age, presence of diabetes and/or laboratory
findings, various algorithms have been established for initial MASLD risk
assessment (NAFLD Fibrosis Score (NFS) and fibrosis-4 index (FIB-4)) and
are recommended in current guidelines.(2016, Chalasani, Younossi et al.
2018, Roeb, Canbay et al. 2022) Thresholds for the different risk categories
mentioned in table I are as follows: FIB-4 score (<1.3, >1.3-<2.67, >2.67 for
low, indeterminate and high risk), NAFLD fibrosis score (NFS) (<-1.455,
-1.455-0.676, >0.676 for low, indeterminate and high risk). For patients with
intermediate or high risk in primary testing (<8.0 kPa, >8.0-<10.0 kPa, >10.0
kPa for low, indeterminate and high risk), elastography is recommended in
a second step to guide the decision for liver biopsy to confirm advanced
hepatic fibrosis. Again, patients with low risk of advanced disease will
not be considered for further workup. Primary goal of the proposed
algorithms is to narrow down the large number of patients with putative
MASLD (mostly suggestive ultrasound findings) in primary care (estimated
25-30%) to a limited number of patients at risk for secondary and tertiary
care (estimated 3-5%).(Dietrich, Rau et al. 2021) In contrast to fibrosis
assessment, no NIT has so far achieved enough accuracy and validation for
the non-invasive diagnosis of MASH.

Diagnosis

MASLD has been defined as a liver disease with more than 5% steatotic
hepatocytesinthe absence of arelevant alcohol consumption and secondary
causes of hepatic lipid accumulation. Since only approximately 10% of
Western populations are completely abstinent from alcohol, thresholds
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of a daily alcohol ingestion of 10-20 g in females and 20-30 g in males
(different thresholds in the international guidelines) have been defined to
differentiate “MASLD “ from metALD and ALD.(Roeb, Canbay et al. 2022)
r(Rinella, Lazarus et al. 2023)

The initial diagnosis of MASLD is most frequently made by routine
ultrasound based on typical finding of a “bright* or “hyperechogenic”
liver parenchyma. Of note, the sensitivity of ultrasound is only sufficient
to reliably detect hepatic steatosis of 30% or more.(Saadeh, Younossi et
al. 2002) Hepatic steatosis can be semi-quantitatively graded into four
grades (0-3). Integrated into the FibroScan® device, controlled attenuation
parameter (CAP) has been developed as a more sensitive non-invasive
method for detection and quantification of hepatic steatosis. CAP detects
the attenuation of the ultrasound which correlates with the hepatic fat
content and is given in dB/m (reference value for absent steatosis <250
dB/m). The AUROC for the detection of nay hepatic steatosis is 0.82.(Karlas,
Petroff et al. 2017) The most obvious advantage of CAP over ultrasound is
the high sensitivity with a lower treshold of 5% for fat detection. At least as
sensitive as CAP is the magnetic resonance (MR) based fat quantification
which represents the gold standard. MR Proton density fat fraction (PDFF)
has emerged to be a promising tool in precise fat quantification with a lower
detection limit of 5%.(Loomba 2018) However, this method is not widely
available at present and mostly used for clinical research in academic
centres.

The diagnosis of MASH/NASH is restricted to histopathological workup
as this disorder is characterised by the simultaneous presence of steatosis,
hepatocyte damage, lobular inflammation and fibrosis with centrilobular
(zone 3) pattern of injury. The term “fatty liver hepatitis” as a surrogate of
“steatohepatitis” first appeared in 1962 in the German literature to describe
fattyliverwithnecroinflammation.(Geier, Tiniakos et al. 2021) Subsequently,
Jurgen Ludwig from the Mayo Clinic, Rochester, MN, USA coined the term
“non-alcoholic steatohepatitis” in 1980 as a “hitherto unnamed liver disease
that histologically mimics alcoholic hepatitis and that also may progress
to cirrhosis”.(Ludwig, Viggiano et al. 1980) The NASH Clinical Research
Network (NASH CRN) established and validated the NASH CRN score as the
first globally accepted, scoring system that addressed the full spectrum of
MASLD lesions and proposed the summative NAFLD activity score (NAS)
to semi-quantify disease activity in clinical trials.(Kleiner, Brunt et al.
2005) The NAS (range 0-8) is calculated by summing-up semi-quantitative
scores for three of the most important histological features of NAFLD:
steatosis (0-3), lobular inflammation (0-2), and hepatocellular ballooning
(0-2). Kleiner and colleagues observed that NAS >5 correlated with MASH/
NASH diagnosis whereas biopsies with NAS scores of <3 correlated with
“not MASH/NASH."(Kleiner, Brunt et al. 2005) However, MASLD displays
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a continuous spectrum of hepatocytic, inflammatory and fibrous lesions
and therefore, the binary categorisation of MASLD into MASH/NASH and
“not MASH/NASH” is artificial in a continuous disease process.(Bedossa
2013) In 2012, Bedossa and colleagues developed a simple algorithm to
standardise the histological diagnosis of MASH/NASH and reduce inter-
observer variability. This diagnostic algorithm was informed by scores for
steatosis (So-S3), activity grade (Ao-A4 by adding scores for ballooning (0-2)
and lobular inflammation (0-2)) and fibrosis stage (Fo-F4).(Bedossa, Poitou
et al. 2012) Validated by pathologists from the Fatty Liver Inhibition of
Progression (FLIP) consortium, the SAF scoring system (Steatosis, Activity,
Fibrosis) includes the same categories as NAS for the semi-quantitation of
liver injury but the diagnostic FLIP algorithm requires the simultaneous
presence of steatosis, ballooning and lobular inflammation for MASH/
NASH diagnosis.(Bedossa and Consortium 2014)

The available elastrography devices calibrated on the different fibrosis
stages allow of fully non-invasive stratification of MASLD that is well
adapted to decision-making in clinical practice. However, the sensitivity
and specificity for early fibrosis stages is modest and a high rate of false
positive results limit the positive predictive value of these methods.

Recently, the LiverRisk score was prospectively developed from an
international cohort from six countries of individuals in the general
population without known liver disease who underwent assessment of liver
fibrosis by transient elastography. The score includes age, gender and six
standard laboratory variables. The overall AUC of the score for predicting
10-year liver-related mortality was 0-90 (0-88-0-91) compared to 0.84
(0-82-0-86) for the FIB-4 consisting of liver age and three laboratory values.
(Serra-Burriel, Juanola et al. 2023)

Histopathology as the gold-standard of fibrosis staging is still used
whenever exact fibrosis staging is needed, particularly in clinical trials.

Table 1. Calculation of non-invasive fibrosis scores

-1.675 + 0.037 x age (years) + 0.094 x BMI (kg/m?) + 1.13
x IFG/diabetes (yes = 1, no = 0) + 0.99 x AST/ALT ratio
- 0.013 x platelet (x10?/L) - 0.66 x albumin (g/dL)

Age (years) x AST (U/L)
Platelet counts (10%/L) x VALT(U/L)
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Notice

Ultrasound (US) should be used as primary imaging in patients with
suspected MASLD can be used, but does not allow a differentiation
between simple steatosis and MASH (steatohepatitis).

Magnetic resonance-based methods (MR-PDFF, MR-S) can
be performed to quantify fat in the liver, but are not suitable for
comprehensive diagnostics due to cost and availability.

Computed tomography (CT) should not be used in the primary
diagnosis of MASLD.

Non-invasive fibrosis scores such as FIB-4 or the NAFLD Fibrosis
Score (NFS) are used for risk assessment for the primary evaluation
of high-risk patients in whom fatty liver has been detected or who
have elevated liver values (GOT, GPT and/or yGT). Suitable as well are
ultrasound-based elastography methods.

Aliver biopsy should only be performed if fibrosis needs to be reliably
detected or ruled out (e.g. in the context of studies) or to rule out/prove
other liver diseases.

FIB-4 = [age (years) x AST (U/L)]/ [Platelets (109/L) x (ALT (U/L)"*]

Therapy
a) Diet, physical exercise and lifestyle recommendations

A decrease in body weight is accompanied by regression of steatosis in
overweight or obese MASLD patients.(2016) The decrease in steatosis and
ALT/GPTis proportional to weight loss; there is a clear relationship between
degree of weight loss and effect.(Parry and Hodson 2020) It is irrelevant
how the weight loss is achieved. The evaluation of paired liver biopsies
from MASH patients before and after weight reduction shows that a weight
reduction of at least 10% must be achieved in order to achieve regression of
fibrosis and complete resolution of MASH/NASH.(Vilar-Gomez, Martinez-
Perez et al. 2015) Systematic reviews and guidelines also come to this
conclusion. Less weight loss primarily leads to an improvement in steatosis
and transaminases. In normal-weight MASLD patients, a controlled study
showed 50% remission of steatosis if a weight reduction of 3-5% was
achieved.
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A combination of hypocaloric nutrition and exercise is recommended
based on existing evidence. A 16-week lifestyle intervention with
hypocaloric nutrition and aerobic exercise resulted in significant reductions
in weight and portal hypertension in overweight or obese patients with
liver cirrhosis; a weight reduction of at least 10% was associated with a 23%
reduction in hepatic venous pressure gradient (HVPG).(Berzigotti, Albillos
et al. 2017) No long-term results from studies on lifestyle intervention are
available to date on the question of regression of existing MASH cirrhosis or
prevention of disease progression including the development of HCC.

Overall, a weight reduction of at least 10% is extremely effective in the
treatment of MASH (90% cure rate), but in clinical practice a goal that has
only been achieved by 10% of patients. Concepts such as web-based training,
text messaging or increased motivation through donations for charitable
purposes are new approaches to solving this dilemma.

Exercise should be done to reduce fatty liver and increase the anti-
inflammatory effect of weight loss. An improvement in the necro-
inflammatory process has not yet been proven. Determinations of liver
fat using 1H-MRS show that aerobic exercise without changing body
weight resulted in a decrease in hepatic fat content. Meta-analyses show
that aerobic training and/or isometric training in MASLD patients even
improved transaminases and hepatic fat content independently of weight
loss.(Hashida, Kawaguchi et al. 2017) Both training concepts are apparently
equally effective. Aerobic or isometric training can reduce hepatic fat
content and insulin resistance. It therefore seems plausible to recommend
such training to normal-weight MASLD patients in order to improve
steatosis and insulin sensitivity. A meta-analysis came to an end, that
both forms of training are equally effective with regard to hepatological
endpoints, but that isometric training is less stressful for people with poor
cardiorespiratory fitness.(Hashida, Kawaguchi et al. 2017)

According to the WHO exercise guidelines of November 25th, 2020,
published at https://www.who.int/publications/i/item/9789240015128,
patients with MASLD and a BMI >20 and <25kg/m2 should exercise at least
150 to 300 minutes per week engage in moderate-intensity aerobic physical
activity or at least 75 to 150 minutes of vigorous-intensity aerobic physical
activity. Alternatively, an equivalent combination of moderate- and
vigorous-intensity activity during the week can also be considered.

The rationale for weight reduction is an improvement in comorbidity
risks, in transaminases and in liver histology (necroinflammation).
Mediterranean diet (ME) can improve steatosis and insulin sensitivity.
The results of seven interventional and four observational studies suggest
that ME has beneficial effects on body weight and insulin sensitivity and
hepatic steatosis.(Roeb, Canbay et al. 2022) However, the available data
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on the preventive effectiveness of ME with regard to the occurrence of
MASLD is less clear. Data from the Framingham study show a reduced risk
of developing MASLD in people with high adherence to ME; here, a high-
quality diet such as ME was effective, especially in the presence of genetic
risk factors.(Suarez, Boqué et al. 2017)

Overweight or obese MASLD patients should be advised on a hypocaloric
diet in accordance with the guidelines for the treatment of obesity (AWMF
Guideline Adiposity Prevention and Therapy 050-001).(Garvey, Mechanick
et al. 2016) The caloric target is 1200 kcal/d for women and 1400-1500
kcal/d for men, corresponding to a reduction of -500 to -1000 kcal/d. The
combination of hypocaloric nutrition with aerobic or isometric training
acts synergistically and increases the effectiveness in improving steatosis
and necroinflammatory activity.(Vilar-Gomez, Martinez-Perez et al. 2015)
When energy balance was altered to the same extent by either a hypocaloric
diet alone or a combination of less restrictive nutrition and exercise,
participants in a systematic study each achieved the same weight loss
(-10%) and the same improvement in transaminases, liver fat, and insulin
sensitivity. Both interventions are also effective on their own if the other
variable — weight or physical activity - is held constant.

The study situation shows no advantage for a specific composition of the
macro nutrients fat or carbohydrates of a hypocaloric diet with regard to
weight reduction or improvement of transaminases or histological changes
in MASLD. This also applies to the use of formula diets, so-called very low
energy diets (VLED), as a meal replacement.(Deibert, Lazaro et al. 2019)
Using a VLED (800 kcal/d), more than 80% of a Munich cohort achieved
a weight loss of at least 10% in 52 weeks, accompanied by significant
improvements in transaminases, Fatty Liver Index and NAFLD Fibrosis
Score.(Hohenester, Christiansen et al. 2018) A high-protein diet may be
beneficial. In obese patients with T2DM, an isocaloric high-protein diet led
to an improvement in steatosis, insulin sensitivity, and BMI after 6 weeks.
(Markova, Pivovarova et al. 2017)

The rapidly increasing obesity prevalence in recent decades has been
associated with the increasing consumption of fructose and fructose-
containing corn syrup in processed foods and beverages.(Stricker, Rudloff
etal. 2021) However, meta-analyses did not show that fructose consumption
as part of a normocaloric diet promotes the development or progression of
MASLD. In a double-blind study in obese subjects, excess caloric intake,
but not fructose versus isocaloric amounts of glucose, was associated with
increases in hepatic fat content and transaminases.(Johnston, Stephenson
et al. 2013)

Compared to metabolically healthy people, also people of normal weight
who are metabolically ill have a more than three-fold increased risk of
mortality or cardiovascular events. A controlled study of normal-weight
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(BMI 22.7 kg/m2) MASLD patients in Hong Kong showed that a hypocaloric
diet with a weight reduction of 3-5% led to remission of MASLD in 50%
(measured by determining hepatic fat content using tH-MRS). (Wong, Wong
et al. 2018)

b) Alcohol and coffee, stimulants

Retrospective studies that show a beneficial effect of moderate alcohol
consumption on health must be evaluated critically, since they only
examined associations and not causalities. In addition, prospective data
from animal experiments clearly showed a negative influence of alcohol on,
for example, diet-induced fatty liver. This observation could also be made in
MASLD patients who showed accelerated fibrosis progression due to alcohol
consumption.(Ajmera, Terrault et al. 2017) Finally, a retrospective study
showed that patients with MASH cirrhosis who consume alcohol, even in
small amounts, had a significantly higher risk of developing HCC.(Ascha,
Hanouneh et al. 2010) Alcohol consumption is a significant risk factor for
the development of liver cirrhosis, and social alcohol consumption should
be avoided completely, especially in advanced stages of the disease. Absolute
abstinence is recommended here. Due to the relevant and significant
damaging mechanisms of alcohol in metabolic dysfunction associated fatty
liver disease, the new nomenclature provides for a separate group for these
patients, the metALD.(Rinella, Lazarus et al. 2023)

Systematic reviews and meta-analyses suggest that drinking coffee
reduces disease progression and HCC risk. Higher doses of coffee resulted in
ahigherrisk reduction. The protective agents from coffee and the molecular
mechanisms of HCC prevention have so far remained unclear. Positive
effects related to coffee consumption can be derived from epidemiological
studies.(Poole, Kennedy et al. 2017) A protective effect of coffee consumption
was shown here in relation to the risk of suffering from MASLD and also in
relation to the fibrosis stage, although there are no controlled studies on
the subject. In a pooled meta-analysis with a total of 11 studies, people who
drank coffee had a relative risk of 0.77 (95% CI 0.60-0.98) of suffering from
MASLD. In addition, there was a significantly reduced risk of advanced liver
fibrosis compared to patients who did not drink coffee (RR 0.68). (Hayat,
Siddiqui et al. 2021)

Figure 2 summarises the diet, physical exercise and lifestyle
recommendations in case of MASLD diagnosis.
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Figure2.Recommendationsforlife style changes, cornerstone of medicalrecommendations. All
recommendations are discussed intensively within the text.

c) Pharmacological treatment

At the time this text was written, there was no medication approved for
the MASLD indication.(Rau and Geier 2021) The general use of drugs such as
ursodeoxycholic acid, pioglitazone, metformin, silymarin or pentoxifylline
as well as dietary supplements such as vitamin E or omega-3 fatty acids
should not take place based on the current data for the treatment of NAFLD.
(Roeb, Canbay et al. 2022)

However, this does not imply that no pharmacological therapy would
be available at all. The therapy of MASLD is currently based on the
comorbidities where several drugs are approved with additional benefit an
MASLD. Figure 3 gives an overview of these available drug therapies based
on the fibrosis stage according to (Roeb, Canbay et al. 2022).
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+ Obesity
Comorbidity + Typ 2 Diabetes BMI >30 kg/m? In every case
NAFLD GLP-1 GLP-1 Agonists* | Clinical studies
without Agonists*** (e.g. Liraglutide**, in case of
cirrhosis (e.g. Liraglutid, Semaglutide**) andvanced
(FO-F3) Semaglutid s.c.) Orlistat** fibrosis (F3)
SGLT2
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(e.g. Empagliflozin, Bariatric
Dapagliflozin) surgery
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intervention
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cirrhosis (F4) for LTX
v

Figure 3.Recommendationstotreat MASLD with regard of the fibrosis stage and accompanying
comorbidities. *in case of GFR >30ml/min; **currently not reimbursable in statutory health
insurance; ***approvedincombinationwith metformin; *approvalforliraglutideand semaglutide
so far. Modified with regard to (Roeb, Canbay et al. 2022).

Due to the beneficial effects on MASH, non-cirrhotic MASLD patients
with type 2 diabetes should be given (metformin plus) glucagon-like peptide
I (GLP-1) agonists, e.g. liraglutide or semaglutide can be used. The use of
sodium glucose dependent transporter 2 (SGLT2) inhibitors, e.g. drugs such
as empagliflozin and dapagliflozin or the thiazolidinedione pioglitazone
may be considered in these patients. Patients with MASH-associated
cirrhosis and type 2 diabetes with compensated Child A cirrhosis and
normal renal function may receive metformin.

GLP-1 agonists and SGLT2 inhibitors are only approved in combination
with metformin (or as monotherapy in the case of metformin intolerance).
The German guideline for type 2 diabetes from 2020 provides for a
combination therapy of metformin + SGLT2 inhibitors or GLP-1 agonists
for type 2 diabetes with risk factors; without risk factors even metformin
monotherapy:

https://www.leitlinien.de/mdb/downloads/nvl/diabetes-mellitus/
dm-2aufl-konsultation.pdf. In the current European recommendations,
metformin is only listed as the drug of first choice for T2DM therapy if
there are no cardiovascular complications.(Cosentino, Grant et al. 2020) A
placebo-controlled study with 52 MASH/NASH patients, in which 33% had
T2DM, showed more frequent resolution of MASH/NASH and less frequent
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progression of fibrosis after one year of liraglutide therapy.(Armstrong,
Gaunt et al. 2016) Therapy with semaglutide for MASH and MASH fibrosis
in stages F1-F3 was also associated with more frequent resolution of
MASH/NASH, but without significant improvement in fibrosis. However,
the daily injections tested in this phase 2 study correspond to a higher
dosage than is currently approved in Germany for the treatment of T2DM
(in combination with metformin). In addition, GLP-1 analogues showed
positive effects in cardiovascular endpoint studies and have comparatively
few contraindications. Therapy with sodium glucose dependent transporter
2 (SGLT2) inhibitors showed a significant improvement in liver fat content
in patients with MASLD and T2D in proof-of-concept (phase 2a) studies.
Data from randomised controlled studies on the effect of SGLT2 inhibitors
on liver histology (phase 2b) are currently not available. SGLT2 inhibitors
also show positive effects in cardiovascular and renal endpoint studies.
The side effects mainly concern urogenital infection, dehydration and the
masking of the symptoms and findings of diabetic ketoacidosis.

Furthermore, there are a number of older studies on the use of
pioglitazone in patients with MASH who have either impaired glucose
tolerance or T2DM. In an 18-month placebo-controlled study using a
hypocaloric diet in patients with MASH and prediabetes or T2DM, followed
by 18 months of open-label follow-up, therapy with pioglitazone showed
greater reductions in liver fat content, more frequent resolution of MASH/
NASH and also a greater improvement in fibrosis.(Cusi, Orsak et al. 2016)
However, pioglitazone is contraindicated, particularly in heart failure
(NYHA I-IV) and bladder carcinoma. Caution is also advised in those with
an increased risk of bone fractures and higher degrees of obesity, since
pioglitazone promotes weight gain. These safety concerns explain the
overall lower strength of recommendation for pioglitazone.

There is currently insufficient experience with the possible use of
GLP1 agonists, SGLT2 inhibitors or pioglitazone in patients with MASH-
associated liver cirrhosis. SGLT2 inhibitors should be reduced in dose at
GFR <60 mL/min and discontinued at <45 mL/min.

Other antidiabetics such as metformin, dipeptidyl peptidase IV
inhibitors or insulin have so far not shown any specific advantages with
regard to the therapy of MASLD . However, large retrospective studies have
reported that there is a reduced risk of developing HCC in MASLD patients
taking metformin. Also in patients with MASH-associated compensated
liver cirrhosis Child A, taking metformin for diabetic treatment is
associated with a reduced risk of hepatic decompensation and HCC. Thus,
metformin can be used as the basis of T2D treatment even in compensated
liver cirrhosis (up to a dose of 2 g/d with normal renal function).(Vilar-
Gomez, Calzadilla-Bertot et al. 2021) Metformin is contraindicated at GFR
below 30 mL/min. However, there are no prospective controlled studies on
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the use of metformin in liver cirrhosis.

A placebo-controlled study of patients with MASH and T2DM showed
that vitamin E (800 IU/day) resulted in a greater reduction in liver fat
content and more frequent MASH/NASH reduction without improvement
in fibrosis.(Bril, Biernacki et al. 2019) The risk of increased mortality and
morbidity with supplementation with vitamin E (see above) limits its use,
particularly in patients with diabetes mellitus.

If a lipid metabolism disorder is present in MASLD patients, this should
be treated effectively. In view of the overall beneficial effects, statins can
also be used in MASLD patients with compensated liver cirrhosis.

The drug orlistat, which is approved for the treatment of obesity, also
showed positive effects on the course of MASH. Such data (beneficial
influence on MASLD) are not available for other approved weight reduction
medicinal products.

d) Novel pharmacological approaches

Given the epidemic increase, regulatory agencies have defined an unmet
medical need and implemented initiatives to expedite the development of
drugs for MASH treatment (US Food and Drug Administration. Noncirrhotic
Non-Alcoholic Steatohepatitis with Liver Fibrosis: Developing Drugs for
Treatment Guidance for Industry. https://wwwfdagov/media/119044/
download. December 2018).

Taking the prognostic value of the fibrosis stage into account, the FDA
encourages sponsors to focus futuredrugdevelopment onthe area of greatest
need and potential effect on health, which is the stage of non-cirrhotic
MASH with liver fibrosis (US Food and Drug Administration. Noncirrhotic
Non-Alcoholic Steatohepatitis with Liver Fibrosis: Developing Drugs for
Treatment Guidance for Industry. https://wwwfdagov/media/119044/
download. December 2018).

New drugs for MASH treatment in clinical phase 2 and 3 development
act on different pathophysiological processes such as metabolism/steatosis,
inflammation or fibrosis. However, monotherapy with these drugs led to a
histological resolution of MASH/NASH at the maximum of 32% of patients
compared to a 10-15% response in placebo.(Dufour, Caussy et al. 2020)
Therefore, the future in MASH therapy will putatively be a combination
therapy of two different drug classes with complementary effects. Current
drug classes for MASH treatment include agonists of nuclear receptors
such as FXR agonists (including FGF19), PPAR agonists, thyroid hormone
receptor-f agonists as well as analogues of enterohepatic hormones such
as GLP-1, FGF21(Loomba, Sanyal et al. 2023) or SGLT2 inhibitors.(Rau and
Geier 2021) Therapeutic targets for MASH are summarised in figure 4.
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Figure 4. Emerging therapeutic targets and substances which are already available (off label
use in case of MASLD) adapted from [85].

Obeticholic acid (OCA*) as agonist of the bile acid receptor farnesoid X
receptor (FXR) is currently investigated in two phase 3 studies in MASH
patients. Interim analysis after 18 months of the ongoing phase 3 study
for MASH patients with F2-F3 fibrosis or F1 fibrosis with at least one
accompanying comorbidity (REGENERATE) showed an improvement in
fibrosis in both treatment groups compared to placebo (18 and 23% with
OCA 10/25mg vs. 12% placebo), but without amelioration of the particular
histological features of MASH/NASH.(Younossi, Ratziu et al. 2019, Sanyal,
Ratziu et al. 2023) However, OCA treatment has some limitations, as a dose-
dependent pruritus occurred in all studies, e.g. in 51% of patients in the
high-dose group of OCA 25mg in the REGENERATE trial. Furthermore, a
change in lipid parameters with increase of LDL-cholesterol and decrease
of HDL-cholesterol can be observed during OCA treatment and requires a
lipid-lowering therapy with statins in half of the patients in the OCA group.

* OCA has been withdrawn and is no longer developed.
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Tropifexor is another potent oral FXR agonist, which is structurally
not related to bile acids. Anti-inflammatory and anti-steatotic effects
were observed in an adaptive phase 2a/b trial (FLIGHT-FXR). Decreases
from baseline in ALT and hepatic fat fraction measured by MRI-PDFF
were sustained from week 12 up to week 48.(Sanyal, Lopez et al. 2023)
Interestingly, pruritus was also observed for compound despite its non-
steroidal nature.

Cilofexor is another non-steroidal FXR agonist with dose-dependent,
anti-steatotic effect in MRI-PDFF in a phase 2 study. Pruritus was also
observed in the high dose treatment arm.(Patel, Harrison et al. 2020)

Nor-Ursodeoxycholic acid (norUDCA), a synthetic bile acid characterised
by anti-inflammatory properties without relevant FXR agonistic effects, is
currently investigated in a phase 2b study (EudraCT 2018-003443-31).

Aldafermin (NGM282) is a nontumourigenic variant of the FXR target
gene fibroblast growth factor FGF19 inhibits de novo lipogenesis, improves
insulin sensitivity, corrects mitochondrial dysfunction, and reduces hepatic
inflammation and fibrosis. In a phase 2a study over 12 weeks Aldafermin
treatment led more often to a 5% or more reduction of hepatic fat fraction
(MRI-PDFF) compared to placebo (74% for NGM282 3mg, 79% for NGM282
6mg and 7% for placebo).(Harrison, Neff et al. 2021) However, in phase 2b, no
significant dose response onimprovementin liver fibrosis with noworsening
of MASH/NASH has been detected (19% in the placebo group, 31% 0.3 mg
aldafermin, 15% 1.0 mg and 30% 3.0 mg; p=0.12).(Harrison, Abdelmalek et al.
2022) The most common adverse events were gastrointestinal (e.g. diarrhoea,
nausea, frequent bowel movements and abdominal pain).

Efruxifermin (EFX) is a long-acting fibroblast growth factor FGFza1
analogue based on a human IgG1 Fc-fusion protein with beneficial effect
on glucose- and lipid metabolism. It mimics the balanced potency of
endogenous FGF21 over the three FGF receptors Ic, 2¢ and 3c. In the phase
2a BALANCED study all Efruxifermin dose groups (28mg, 5omg, 70mg)
met the primary endpoint with absolute changes in hepatic fat fraction of
-12.3% from baseline compared to 0.3% in the placebo group.(Harrison,
Ruane et al. 2021) Consistent with reduced hepatic fat fraction, 78% of
Efruxifermin-treated patients in this study were NAS responders (>2
points without worsening of fibrosis) and 48% had MASH/NASH resolution
without worsening of fibrosis. Beneficial effects on cholesterol and glucose
metabolism have been confirmed. In the recently published phase 2b
HARMONY study, both somg and 28mg doses of Efruxifermin led to at
least a one stage improvement in liver fibrosis with no worsening of MASH/
NASH by week 24 (41% and 39%, respectively) compared to 20% for placebo
(Press Release Akero December 8, 2022). Based on these data, Efruxifermin
has received a Breakthrough Therapy Designation from the FDA.

As outlined above, Glucagon-like peptide-1 (GLP-1) analogues are
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established drugs in diabetes and obesity therapy with beneficial metabolic
effects particularly on glucose metabolism. Semaglutide, a new generation
GLP-1 agonist, has been investigated in a phase 2b trial for MASH patients
(NCT02970942). In this study involving 230 patients with MASH/NASH F2-3
fibrosis, the primary endpoint of MASH/NASH resolution was achieved
by a significantly greater proportion of patients with doses of 0.1, 0.2 and
0.4 mg in 40%, 35% and 58%, respectively, versus placebo (17%).(Newsome,
Buchholtz et al. 2021) Although there was a reduction in the proportion of
patients with fibrosis progression, no significant improvement in fibrosis
has been observed due to a very high rate of fibrosis resolution in the
placebo group. A phase 3 study is now further investigating the long-term
effects of Semaglutide in MASH patients (currently ongoing).

Resmetirom (MGL-3196) is a highly selective thyroid hormone receptor
3 (THR3) agonist. THRf3 agonists target dyslipidaemia but have also been
shown to reduce hepatic steatosis, improving insulin sensitivity, promoting
liver regeneration and reducing apoptosis in preclinical studies. In a phase
2 study Resmetirom has significantly reduced liver fat content after 12
weeks of treatment by MRI-PDFF (-32% for Resmetirom vs -10% in placebo).
(Harrison, Bashir et al. 2019)

In the phase 2 MAESTRO trial, 955 MASH F2-F3 patients were analysed
in the interim analysis that showed a significant effect of both doses of
Resmetirom 8omg and 100mg on fibrosis improvement by at least one
stage without worsening of MASH/NASH (24% and 26%, respectively) as
compared to placebo (14%; p<0.000I) after 52 weeks of treatment.(Harrison,
Taub et al. 2023) (Madrigal Pharmaceuticals, Press Release December
19, 2022). Similarly, a significant improvement in MASH/NASH without
worsening of fibrosis has been detected (26% and 30% for Resmetirom
80/100mg compared to 10% in placebo; p<0.000I1). A decrease in LDL
cholesterol could be observed as secondary endpoint. Resmetirom was
generally well tolerated with mild, transient diarrhoea and nausea as the
most common gastrointestinal adverse events. Results of the recently
published phase 3 study show that Resmetirom was safe and well tolerated
in adults with NASH, which favours further clinical development.(Harrison,
Taub et al. 2023).

VK2809 is another THRM3 agonist in clinical development (Phase 2b
VOYAGE study ongoing).

PPAR (peroxisome proliferator-activated receptor) agonists exert
beneficial effects in glucose as well as lipid metabolism and are therefore
an interesting drug class for NASH treatment. As outlined above for
Pioglitazone, PPAR agonists have traditionally been used for the treatment
of patients with metabolic syndrome to lower serum triglyceride and
glucose levels. Lanifibranor (IVA337) is a pan-PPAR agonist with activation
of three different receptor isoforms o, 8 and y. In a phase 2b NATIVE study
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involving 247 NASH patients with F1-F3 fibrosis, Lanifibranor has met the
primary endpoint with a reduction of the steatosis activity fibrosis score
(SAF) by at least 2 points in SAF-A with no worsening of fibrosis (1zoomg
versus placebo, 55% vs. 33%, P=0.007; 80oomg versus placebo, 48% vs.
33%, P=0.07).(Francque, Bedossa et al. 2021) As a key secondary endpoint,
improvement in fibrosis of at least one stage without worsening of MASH/
NASH also favoured both Lanifibranor doses over placebo (48% and
34%, respectively, vs. 29%). As expected for this pan-PPAR agonist, lipid,
inflammatory and fibrosis biomarkers were improved in the Lanifibranor
groups. Lanifibranor showed an overall favourable tolerability profile.
However, it is worth to note that weight gain occurred more frequently with
Lanifibranor than with placebo. These findings support further assessment
of Lanifibranor in the ongoing phase 3 trial (NATIV3). Elafibranor (GFT505),
adual PPAR a/8 agonist, did not demonstrate a statistically significant effect
on the primary endpoint of MASH/NASH resolution without worsening
of fibrosis in the respective phase 3 study (RESOLVE-IT), which has been
terminated early.

Aramchol is a liver-targeted steroyl-CoA desaturase (SCD-1) inhibitor.
SCD-1 represents a key enzyme in hepatic lipogenesis that converts
saturated fatty acids into monounsaturated fatty acids. In a 52-week phase
2b study (ARREST), Aramchol showed liver fat reduction, biochemical
improvement, MASH/NASH resolution and fibrosis reduction in a dose
dependent manner.(Ratziu, de Guevara et al. 2021) Aramchol is currently
being evaluated in an ongoing phase 3 programme ARMOR clinical trial
(open-label phase followed by a randomised, double-blinded and placebo-
controlled phase). As announced in a recent press release, histological
improvement in fibrosis by at least one stage was demonstrated in 39% of
subjects in the open-label part (Galmed Pharmaceuticals, Press Release
January 4 2023).

TVB-2640 represents a novel, first-in-class, fatty acid synthase (FASN)
inhibitor which has recently been tested in a phase 2 study in MASH
patients over 12 weeks.(Loomba, Mohseni et al. 2021) Following the same
approach as Aramchol to target a key enzyme hepatic lipogenesis, a dose-
dependent reduction of liver fat fraction (-9.6% and -28.1% at 25mg and 50mg
respectively) has been observed with MRI-PDFF together with favourable
metabolic effects in serum.

Given the complex pathogenesis of MASH, it is intuitive that multiple
mechanistic pathways could be targeted to achieve an optimal treatment
response. Several treatment combinations are currently tested in MASH.
Most combination therapies include an FXR agonist as therapeutic
backbone. In a phase 2 study (ATLAS trial) the safety and efficacy of
monotherapy and dual combination regimens of Cilofexor 30mg,
Firsocostat 20mg and Selonsertib 18 mg in patients with advanced MASH
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fibrosis and cirrhosis (F3-F4) were evaluated. The monotherapy arm
with Selonsertib was discontinued shortly after the negative results of
Selonsertib monotherapy. In the ATLAS trial a >1-stage improvement in
fibrosis without worsening of MASH/NASH after 48 weeks of treatment
was numerically higher in the combination therapy group (Cilofexor and
Firsocostat) compared with placebo (21% vs 11%, p=0.17), respectively. The
primary endpoint was not met probably due to a small sample size.(Loomba,
Noureddin et al. 2021) Subsequently, the two active compounds from this
trial (Cilofexor 30-100mg, Firsocostat 20mg) have been combined with
Semaglutide 0.24-2.4mg in a phase 2 study in F2-3 MASH patients over 24
weeks.(Alkhouri, Herring et al. 2022) Despite similar reductions in body
weight like in Semaglutide alone, combination regimens resulted in greater
improvements in hepatic steatosis as assessed by MRI-PDFF (-9.8 to -11.0%
vs. -8.0%).(Loomba, Noureddin et al. 2021) Side effects in combination were
similar to the single compounds. Other trials are currently testing the
combination of Tropifexor with the SGLT1/2 Inhibitor Licogliflozin or with
the Leukotriene A4 hydrolase inhibitor LYSoo06.

At this point, approval of first drugs for the indication treatment of
MASH cannot be predicted but it appears unlikely that a drug will become
available before 2024.

e) Madification of the intestinal microbiome

In a randomised study, the supplementation of a combination of pro-
and prebiotics showed a change in the microbiome, but no effect on liver fat
content or liver stiffness as a surrogate for liver fibrosis.(Scorletti, Afolabi
et al. 2020) In lean MASLD patients (n=50), synbiotics showed a benefit in
terms of improving non-invasive surrogates of fatty liver and fibrosis over
28 weeks.(Mofidi, Poustchi et al. 2017) Data on the transfer of microbiota are
not available.

A recent work investigated the role of the gut-liver axis in MASLD
hepatocarcinogenesis. The study suggests that the gut microbiotain MASLD
-HCC is characterised by a distinct microbiome or metabolomic profile and
can modulate the peripheral immune response (Behary, Amorim et al. 2021).

f) Bariatric Surgery

An increasing number of studies are investigating endoscopic and
laparoscopic methods of bariatric surgery for the treatment of MASLD
/MASH. Bariatric surgery improves the serological, imaging, and
histological markers of MASLD.(Schmid, Arians et al. 2022, Verrastro,
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Panunzi et al. 2023) In obesity and MASLD, sleeve gastrectomy, Roux-Y
gastric bypass and single-anastomosis gastric bypass can be recommended
or performed as metabolic surgical procedures. The adjustable gastric
band should not be used in obesity and MASLD due to inferior efficacy.
(Roeb, Canbay et al. 2022) Because of the risk of progressive liver failure,
the severity of MASLD should be critically considered when an indication
for malabsorptive procedures (e.g. biliopancreatic diversion, distal gastric
bypass and single anastomosis bypass with a biliopancreatic loop longer
than 200 cm)is made. Ifliver cirrhosis is present, sleeve gastrectomy should
preferably be used. Endoscopic procedures can also be used in MASLD and
obesity if conservative therapy fails and if bariatric surgery is rejected or
contraindicated. Here, the endoscopicintragastric balloon application orthe
endoscopic gastric sleeve (ESG) may still come into question.(Roeb, Canbay
et al. 2022) At the end, it is important to point out that surgical methods
represent an ultimate approach after failure of conservative treatment
strategy and is reserved to patients with morbid obesity (BMI >40 kg/m2 or
BMI >35kg/m2 with serious concomitant disease).

g) Liver transplantation for MASH

Liver transplantation is the final option for patients with end-stage liver
disease due to NASH cirrhosis with decompensation or complications of
portal hypertension. Due to the increase in the prevalence of MASH, this
disease entity is the second most frequent reason for liver transplantation
listing in the North-American UNOS network.(Younossi, Stepanova et al.
202I) In the US, it is currently the second most common LTX indication,
with an increase of 167% over the period 2003-2014; in Germany the
trend is constantly increasing.(Rademacher, Aehling et al. 2021) However,
MASH as underlying disease for liver transplantation is also increasing
but not exceeding 10% of cases in the European ELTR registry so far.
(Haldar, Kern et al. 2019) MASH can recur after liver transplantation, since
this does not cure the metabolic defect that causes MASH. Postoperative
outcomes may even worsen in the future with an increasing proportion
of steatotic (and therefore marginal) donor organs. Furthermore, it can be
emphasised that preexisting MASH-related comorbidity like nephropathy
and cardiovascular disease in organ recipients with MASH cirrhosis may
further limit the long-term outcomes after transplantation.(Canbay, Sowa
et al. 2016) Unfavourable metabolic effects of calcineurin inhibitors further
impact on this dilemma.

Follow-up of MASLD and MASH patients
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Patients with MASH should undergo clinical follow-up and ultrasound
surveillance according to their individual risk.(Roeb, Canbay et al. 2022)
The intervals of clinical follow-up are based on the progression risk and are
therefore stratified by presence of MASH, fibrosis stage and comorbidities.
While patients with bland steatosis can be followed on a more liberal
basis in 2 to 3 years intervals, those with advanced fibrosis, particularly
cirrhosis, should undergo follow-up with tumour surveillance every 6
months. (bouzas 2016, Roeb, Canbay et al. 2022) Although hepatocellular
carcinoma may occur even in MASH patients without cirrhosis, the relative
incidence of such an event does probably not justify to screen non-cirrhotic
MASH patients for HCC on a regular basis.(Kanwal, Kramer et al. 2018,
Roeb, Canbay et al. 2022) The HCC incidence in MASH patients without
liver cirrhosis is given as 0.02% per year and increases to 1.5% per year
in the presence of liver cirrhosis.(Kanwal, Kramer et al. 2018) An elevated
FIB-4 score predicts liver cancer development and may be used for risk
stratification in MASH patients.(Loosen, Kostev et al. 2022) Follow-up
examinations using non-invasive laboratory based tests or elastography
allow to monitor for fibrosis progression. Patients with cirrhosis should
be screened for gastro-oesophageal varices according to current practice
guidelines.(bouzas 2016, Roeb, Canbay et al. 2022) Current evidence does
not support to routinely repeat liver biopsy in patients with MASLD or
MASH (Chalasani, Younossi et al. 2018).
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