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Abstract
Metabolic (dysfunction) associated fatty liver disease (MAFLD), previously known as non-alcoholic fatty liver disease, is the most
common cause of chronic liver disease worldwide. Many risk factors contribute to the pathogenesis of MAFLD with metabolic
dysregulation being the final arbiter of its development and progression. MAFLD poses a substantial economic burden to societies,
which based on current trends is expected to increase over time. Numerous studies have addressed various aspects of MAFLD from
its risk associations to its economic and social burden and clinical diagnosis and management, as well as the molecular mechanisms
linking MAFLD to end-stage liver disease and hepatocellular carcinoma. This review summarizes current understanding of the
pathogenesis of MAFLD and related diseases, particularly liver cancer. Potential therapeutic agents for MAFLD and diagnostic
biomarkers are discussed.
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Metabolic (dysfunction) Associated Fatty Liver Disease
(MAFLD): Risk Factors and Impact on Human Health

MAFLD, previously known as non-alcoholic fatty liver
disease, is the most common cause of chronic liver disease
affecting up to half the world’s population.[1-4] MAFLD is
an umbrella term encompassing a spectrum of liver disease
states ranging from steatosis to metabolic steatohepatitis
(MeSH) (previously non-alcoholic steatohepatitis) to
MAFLD-related cirrhosis and hepatocellular carcinoma
(HCC).[5] MAFLD comes with a set of positive diagnostic
criteria as recently espoused by Eslam et al,[6,7] and is
consistent with our current understanding of its patho-
physiology. MAFLD best describes the disease, which is
the hepatic manifestation of systemic metabolic dysregu-
lation.[2,4,7] The term also highlights the multifaceted and
heterogenous nature of this disease and prevents over
generalization as fatty liver disease in the absence of excess
alcohol consumption.[2,4]

Many risk factors are associated with the presence of
MAFLD [Figure 1A]. Systemic metabolic dysregulation is
the principal proximate cause for its development and
progression.[8] Indeed, MAFLD can be considered within
the spectrum of metabolic syndrome and its constellation
of associated abnormalities including elevated body mass
index (BMI), insulin resistance, high fasting plasma
glucose or diabetes mellitus, elevated systolic blood
pressure, atherogenic dyslipidaemia, and chronic kidney
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disease.[1,9] Age and gender are also risk factors for
MAFLD. The risk of MAFLD is lower in the pediatric
population but increases with age and there is a
considerable burden of MAFLD in children who are
overweight or diagnosed with obesity.[8] MAFLD is more
prevalent in males than in females in the younger
age groups, although the opposite trend is seen in the
oldest age groups (≥65 years).[10] It should be noted that
up to a quarter of people with MAFLD have a BMI within
the ethnic-specific health weight range.[11]

Race and genetics contribute to the development of
MAFLD. A sequence variant (I148 allele) in the Patatin-
like phospholipase domain-containing protein 3
(PNPLA3) is a well-known genetic risk factor for
MAFLD[8] and is most prevalent in Hispanics[7] and
lowest in African Americans.[8] African Americans, despite
their high rates of obesity and diabetes, possess the
protective variant (S453I allele).[8] Since this discovery,
many other genetic variants, such as in TM6SF2,
MBOAT7, APOC3, NCAN, GCKR, LYPLAL1, and
PPP1R3B, have been identified as risk factors for MAFLD
development and progression.[8]

MAFLD is characterized by liver lipid accumulation which
in a proportion can progress to inflammation and
subsequent hepatocyte injury.[5] Excess hepatic lipid
deposition is manifested as steatosis but this in fact only
has a minimal impact on liver-related mortality.[3,9,12]
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Figure 1: Disease progression from a healthy liver to HCC. (A) A sedentary lifestyle, unhealthy, energy dense diets, and reduced physical activity are major contributors to obesity. This leads
to insulin resistance and excess liver fat accumulation. Excess lipid storage in the liver in predisposed individuals triggers hepatic inflammation or MeSH. (B) Persistent MeSH leads to an
increase in ECM deposition and a decrease in matrix degradation resulting in liver fibrosis. Hepatic fibrosis is driven by a variety of inflammatory molecules. Cirrhosis is late-stage liver
fibrosis and is the substrate in most cases for the development of liver cancer, though in MAFLD, HCC can develop in the absence of cirrhosis. Adapted from “Non-Alcoholic Fatty Liver
Disease (NAFLD) Spectrum”, by BioRender.com (2021). Diagram retrieved from https://app.biorender.com/biorender-templates. a-SMA: Alpha-smooth muscle actin; ECM: Extracellular
matrix; HpSCs: Hepatic stem/progenitor cells; HCC: Hepatocellular carcinoma; IL-1: Interleukin-1; MAFLD: Metabolic (dysfunction) Associated Fatty Liver Disease; MEF2: Myocyte enhancer
factor 2; MeSH: Metabolic steatohepatitis; NAFLD: Non-alcoholic fatty liver disease; PDGF: Platelet-derived growth factor; ROS: Reactive oxygen species; TLR: Toll-like receptor; TGFb:
Transforming growth factor beta; TNFa, tumor necrosis factor alpha.
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However, hepatic steatosis is a marker for increased
extrahepatic disease-associated mortality from cardiovas-
cular diseases and cancer. Chronic liver inflammation and
hepatocyte injury induced by ectopic fat deposition in
some individuals progresses to the development of
steatohepatitis,[8] a major risk factor for cirrhosis and
HCC.[3] Indeed, progression of MeSH to hepatic fibrosis is
the main cause of end stage liver disease and related
mortality and is the most important risk factor for
MAFLD-related HCC.[8,13]
Epidemiology

The reported global incidence of MAFLD varies from 6%
to 35%.[14] MAFLD is more prevalent in Western (20%–
30%) than in Eastern countries (10%–20%),[15] probably
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a reflection of differential socioeconomic development.
Currently, MAFLD is the most common cause of chronic
liver diseases in Western nations.[3] In the US, MAFLD
affects one-third of the population,[8] while in Europe,
24% of the population has the disease.[16] In Australia, the
incidence of MAFLD is expected to increase from 22%
in 2019 to 23.6% by 2030.[17] Similarly, in Canada the
estimated incidence ofMAFLD is 21.1% and is expected to
increase by 20% by 2030.[18]

In the Asia-Pacific, the prevalence of MAFLD was
previously considered lower than in Western countries.
However, an increasing trend has been witnessed from
2009 to 2019.[7,8,19] In high-income regions of Asia such as
Hong Kong (China), Taiwan (China), Singapore, and
South Korea, the number of MAFLD cases and MAFLD-
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associated annual liver-related deaths is expected to
substantially increase by 2030.[10] Chinese mainland has
been the main contributor to the rapid rise in absolute
numbers of MAFLD cases in Asia.[19] In 2016, the
estimated prevalence of MAFLD in Chinese mainland
across all age groups was 17.6%.[20] In Japan, MAFLD
was reported to be present in 20% to 30% of the
population and 10% of them developed steatohepatitis.[14]

In Middle East and North Africa (MENA) countries, the
reported average rates for MAFLD incidence and related
deaths were 8.9% and 8.6%, respectively.[19] In some
MENA countries (eg, United Arab Emirates, Syria, and
Sudan) the incidence of MAFLD has increased between
2009 and 2019 by >25%.[19]

The higher prevalence of MAFLD inWestern countries can
be attributed to multiple factors including the consumption
of high-calorie, energy dense, nutritionally poor quality
diets, reduced rates of physical activity, increased sedentari-
ness, higher rates ofobesity, andgenetic factors.[14] Indeed, a
close association between the incidence of MAFLD and
obesityhasbeen reported:33%ofobesepatients and59.1%
of obese patients who underwent a liver biopsy were found
to have MAFLD whereas only 3% to 5% of the general
population have the disease.[14] However, obesity is not a
pre-requisite for MAFLD as approximately 20% of
MAFLD patients in the Asia-Pacific region are of healthy
weight by BMI criteria (BMI< 23 kg/m2)[7] or overweight
(BMI< 25 kg/m2) despite exhibiting the same character-
istics of obese MAFLD.[7,10]
Impact of Sex on MAFLD

The prevalence and severity of the MAFLD may vary with
sex with the largest difference seen in the 56 to 60 years age
group.[21] Generally, during the reproductive ages,
MAFLD is more common and tends to be more severe
in men than in women, whereas the opposite trend is seen
after menopause.[22-24] This can be attributed to differ-
ences in lifestyle, body composition, and distribution of
body fat, and sex hormone metabolism.[25] Interestingly,
as estrogen levels are higher during the reproductive years
and reach a nadir after menopause, estrogen is thought to
play a protective role inMAFLD development.[25] This has
clearly been demonstrated in several Asian countries
including South Korea, Hong Kong (China), Singapore,
and Taiwan (China) where MAFLD cases in men
outnumbered those in women through to late middle
age (�65 years) whereas female cases outnumbered males
in the oldest age groups (>65 years).[10] In other studies,
MALFD was shown to be more common in Asian or black
women after the age of 50 years.[8]
MAFLD in Children

MAFLD is closely linked to abnormal lipid and glucose
metabolism. With the increasing incidence of metabolic
abnormalities and diabetes amongst children and adoles-
cents, the incidence of MAFLD in this age bracket has also
increased.[26] Interestingly, the prevalence of MAFLD in
pediatric populations differs between regions with the
highest prevalence in Asia.[27] In Asia, the prevalence of
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pediatric MAFLD has been increasing, particularly in
obese male population over the age of 10.[28] In the US, as
reported in the “Study of Child and Adolescent Liver
Epidemiology (SCALE)”, MAFLD is present in 5% to
10% of children/adolescents aged 2 to 19 years.[26] A
meta-analysis by Anderson et al[27] found that MAFLD
prevalence in the general pediatric population ranged from
9% to 37%. Similar to the findings in adults, the
prevalence of MAFLD in children and adolescents is
higher in males than in females and incrementally increases
with BMI.[27] Of note, 30% of the MAFLD population
among children and adolescents are pre-diabetic or have
already been diagnosed with type 2 diabetes.[26] This
increased incidence of MAFLD was the leading cause of
liver-related morbidity and mortality in children in
developing countries.[27]
Financial and Social Impact of MAFLD

MAFLD results in a substantial economic burden to
society. In the US, the direct cost for managing MAFLD-
related complications reaches $103 billion/year.[16] In the
UK, managingMAFLD and related complications incurs a
cost of £5.24 billion/year. In France, Italy, and Germany
combined, €27.7 billion/year is spent on managing
MAFLD-related complications.[16] As the incidence of
MAFLD increases, the 10-year economic burden of
MAFLD and related conditions is predicted to increase
to $908 billion in the US and to €302 billion in Europe.[16]

If the increase in financial burden parallels the annual
growth in obesity prevalence, the 10-year burden of
MAFLD is predicted to reach approximately $1.005
trillion in the US and €334 billion in Europe.[16] Notably,
the total economic burden of MAFLD is highest in adults
aged 45 to 65 years, mirroring disease prevalence and
duration in the same age group.[16] In 2019, the total
lifetime cost of Thai MeSH patients was estimated to be
$15.2 billion.[29]

Apart from a heavy financial burden, MAFLD poses a
significant social burden. The estimated annual societal
cost from MAFLD and its complications was $292.19
billion in the US and €227.84 billion in Europe.[16]

In 2017, MAFLD-related disease-adjusted life years
(DALYs) in Asia accounted for 66% of the global liver-
related DALYs.[30] The MAFLD-related DALYs reached
3.3 million in Sub-Saharan Africa, 3 million in Eastern
Europe, 2.7 million in Western Europe, and 2.5 million in
high-income North America.[30] In most of Asia and
MENA countries, a worsening trend of MAFLD-related
DALYs was seen from 2009 to 2019[19] with highest
DALYs reported in Cambodia, Egypt, Indonesia,
Mongolia,Myanmar, Seychelles, Thailand, Turkmenistan,
and Uzbekistan.[19]

A Brief Overview of MAFLD Pathogenesis and Natural
History

MAFLD is the phenotypic manifestation of systemic
metabolic dysregulation on a background of genetic
predisposition and external environmental cues and is
therefore heterogenous in its presentation.[4,12] In the now
out dated “two-hit”model, insulin resistance coupled with
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a sedentary lifestyle and unhealthy dietary patterns is
responsible for the excess hepatic accumulation of lipid.[31]

Insulin resistance increases serum free fatty acid levels,
de-novo lipogenesis from glucose and protein, and there
is a relative reduction in hepatic lipid export.[12] The net
effect is excess lipid storage in the liver.[12] The build-up of
triglycerides promotes increased fatty acid oxidation and
oxidative stress, otherwise known as the “second-hit”
which results in steatohepatitis.[12] In simplistic terms,
oxidative stress triggers lipid peroxidation, mitochondrial
damage, and release of proinflammatory molecules which
promotes progression of steatosis to steatohepatitis and
fibrosis.[12,31] It is now appreciated however that MAFLD
pathogenesis is best considered as arising from multiple,
simultaneous hits, the outcome of systemic homeostatic
dysregulation. The exact mechanisms for MAFLD pro-
gression have not been fully elucidated. It is believed that a
combination of factors including genetic variations,
oxidative stress, abnormal lipid metabolism, altered
immune responses, mitochondrial and endoplasmic retic-
ulum dysfunction, and an imbalance in gut microbiota (the
so-called “multiple parallel hits” theory) is involved.[12]

There is growing evidence that steatohepatitis especially
that associated with fibrosis has a greater risk of adverse
outcomes including cirrhosis and HCC.[32]
Clinical Aspects of MAFLD

Clinical features of MAFLD

MAFLD is usually asymptomatic. A clinical diagnosis is
entertained when the newly proposed diagnostic definition
is met.[33] In persons with imaging- or histologically-
confirmed steatosis, a diagnosis of MAFLD is made if the
following criteria are met: overweight/obesity, type 2
diabetes or in health weight individuals, and evidence of
metabolic dysregulation with at least two of the following
conditions: increased waist circumference, hypertriglycer-
idemia, hypertension, low serum high-density lipoprotein-
cholesterol levels, prediabetes, insulin resistance, or
chronic subclinical inflammation.[33]

In diagnosing MAFLD, serum biomarkers are useful but
may not be pathognomic, since approximately 80% of
patients have serum alanine aminotransferase (ALT) levels
within laboratory reference ranges.[34,35] Of note, the
serum level of ALT does not correlate with the severity of
liver histology and therefore the ALT level cannot be used
as a diagnostic or monitoring tool for MAFLD.[34,36]

Other alternative serum biomarkers such as cytokeratin 18
fragments, adiponectin, thioredoxin, and manganese
superoxide dismutase have been reported with varying
diagnostic accuracies, but none are specific for MAFLD.[3]

An increased ferritin level is observed in MAFLD patients
and correlates with the degree of hepatic fibrosis.[14] It is
important, once a diagnosis ofMAFLD has been made, for
concomitant liver diseases to be excluded and treated
appropriately (eg, hepatitis B or C).
Imaging features for MAFLD

Conventional imaging techniques detecting liver fat
accumulation are used when MAFLD is suspected.[37,38]
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Ultrasound is the first-line imaging tool and is widely used
because of its availability, affordability, and lack of
invasiveness.[37,38] Ultrasound of a suspected MAFLD
liver will appear “bright” with increased echotexture,
together with other radiological features.[36] Unenhanced
computed tomography is generally more specific for
MAFLD than ultrasound. As the degree of steatosis
increases, the liver becomes hypo-attenuated on CT scan,
appearing darker when compared to the adjacent fat free
tissues such as the spleen.[37] Magnetic resonance imaging
or magnetic resonance spectroscopy is the most sensitive
and specific imaging technique for diagnosing the presence
of liver fat as it identifies the difference in resonance of
protons in fat and water.[37,38]
Histological features

Liver histology is the most accurate albeit invasive tool for
MAFLD diagnosis.[8] Histological features of MeSH
include the presence of hepatic steatosis, lobular inflam-
mation, and the presence of ballooning.[8] Steatosis is
generally most intense around the central veins, predomi-
nantly in zones 2 and 3.[39] Since many liver diseases
manifest similar histology, at least 5% of the hepatocytes
showing fatty change is needed to make a MAFLD
diagnosis.[40,41] Steatosis is usually macrovesicular, com-
posed of small or large vacuoles. Microvesicular steatosis
may result in a foamy cytoplasmic appearance and is often
seen in single hepatocytes or in patches.[40] Smaller lipid
droplets set the nucleus in the center of the cell while larger
lipid droplets (macrovesicular) can displace the nucleus to
the periphery.[39]

MeSH if it persists is the harbinger of progressive liver
disease and is usually associated with a degree of
fibrosis.[39] Macrovesicular steatosis, ballooning degener-
ation of hepatocytes, scattered inflammation, apoptotic
bodies, Mallory-Denk bodies (MDB), and zone 3
hepatocellular injury are typically seen in MeSH.[39,40]

With the progression ofMeSH, fibrosis worsens, leading to
the development of bridging fibrosis and cirrhosis.

Interestingly, in children and adolescents, the typical
histological changes of MeSH are seen in zone 1 rather
than in zone 3.[39] The fat vacuoles are largest in
hepatocytes around the portal regions. Mild lobular
inflammation, portal inflammation, and MDBs are diffi-
cult to find, and fibrosis usually begins around the portal
regions.[39] MAFLD-related cirrhosis is the end stage of the
disease and histologically may lack perisinusoidal and
pericellular fibrosis and other features of the disease.[39]
Management

Many guidelines have been published to provide guidance
to clinicians for the management of patients with MAFLD
[Table 1]. The guidelines are more for adult patients,
whereas guidelines for pediatric patients are limited. Since
most patients with early MAFLD have a good prognosis,
management should focus on treating the underlying
metabolic comorbidities,[42] which will reduce not only
cardiovascular and cancer risk but also liver disease
progression.[43]
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Table 1: Comparison of common guidelines for the management of MAFLD.

Interventions AASLD Practice Guideline[36]
EASL-EASD-EASO Clinical
Practice Guideline[38]

The Asian Pacific Association
for the Study of the Liver

Clinical Practice Guideline[39] AISF[40] NICE[41]

Lifestyle intervention
Exercise 200 min/week, moderate

intensity
Aerobic exercise and

resistance training
Aerobic exercise and

resistance training
Aerobic exercise and

resistance training
Recommended

Diet Low-calorie diet Dietary restrictions Energy restriction and
exclusion of processed
foods; avoid foods or
drinks high in fructose.
A Mediterranean-pattern
composition is
recommended.

Low-calorie, low-carb,
low-fat and high fiber
diet.
Gold standard is the
Mediterranean dietary
pattern.

No specific outline

Target weight loss 3% to 5% of body weight 7% of body weight 7% to 10% of body
weight

Not recommended Recommended

Pharmacological intervention
Metformin Not recommended Insufficient evidence May be beneficial for

treating MAFLD-HCC
patients with Type 2
diabetes

Not recommended Not recommended

Pioglitazone Only for biopsy proven
MeSH

To treat diabetes in patient
with concurrent
MAFLD

Improves histological
features of MAFLD

Could be beneficial but
insufficient evidence

Only for adults with
advanced fibrosis with
or without diabetes

Vitamin E Could be used for biopsy
proven steatohepatitis

Could be beneficial but
insufficient evidence

May improve liver
histology; however,
some concerns about
safety

Not beneficial Not mentioned

GLP-1 Agonists Insufficient evidence Insufficient evidence Not mentioned Insufficient evidence Insufficient evidence
OCA Insufficient evidence Insufficient evidence Awaiting study results Awaiting study results Not mentioned
Silymarin Not mentioned Not mentioned Not mentioned Not mentioned Potential for use but

insufficient evidence
Statins Safe but not beneficial Safe but not beneficial Reduces cardiovascular

morbidity and mortality
Safe but not beneficial Safe but not beneficial

Surgical intervention
Bariatric Surgery Can consider foregut

bariatric surgery for
eligible obese patients
with confirmed
steatohepatitis

An option for patients that
do not respond to
lifestyle or
pharmacological
interventions

Decision should be
individualized due to
risk of post-operative
complications

Not mentioned Not mentioned

AISF: Italian Association for the Study of the Liver; GLP-1: Glucagon-like peptide-1; HCC:Hepatocellular carcinoma;MAFLD:Metabolic (dysfunction)
Associated Fatty Liver Disease; MeSH: Metabolic steatohepatitis; NICE: National Institute for Health and Care Excellence; OCA: Obeticholic acid.
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The AASLD Practice Guidelines[40] for managing pediatric
obesity was proposed as part of the MAFLD management
plan, but no specific guidelines on diet and exercise related
interventions are provided. Vitamin E (800 IU/day) is
recommended for MAFLD patients with advanced fibrosis
regardless of diabetes. However, the benefit of Vitamin E in
pediatric patients with MeSH requires further evidence.
Metformin is either not recommended or shows no
evidence of benefit for the treatment of MeSH.[40]
Mechanisms of MAFLD Development and Progression

Critical role of inflammation

Hepatic inflammation occurs in stressed, de-differentiated
adipose tissues in obese patients.[44] Inflammation in these
tissue exacerbates hepatic steatosis and instigates innate
inflammatory responses causing recruitment and activation
of immune cells to the liver.[45] Activation of immune cells
leads to the release of numerous pro-inflammatory chemo-
kines (eg, macrophage chemokines, which are responsible
for the recruitment of neutrophils and monocyte-derived
macrophages) and cytokines (eg, monocyte chemoattrac-
tant protein-1 and tumor necrosis factor-a [TNF-a]).[44]

The liver is composed of multiple cell types including
hepatocytes (60% of total cell mass), and other non-
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parenchymal cell types that comprise about 35% and
consist of liver sinusoidal endothelial cells (LSECs, 44%),
Kupffer cells (KCs) (33%), hepatic stellate cells (HSCs,
10%–25%), and NK cells (5%).[46-48] These cell types
work synergistically during the transition to MeSH.
During steatohepatitis, hepatocytes initially undergo “lipid
mobilization and droplet remodeling”.[47] This is a
protective mechanism. However, excess fat can turn the
process into a toxic event resulting in decreased lipid
droplet remodeling, disease progression, and death of
hepatocytes via multiple mechanisms including apoptosis,
necrosis, necroptosis, pyroptosis, and ferroptosis.[47]

Injured or dead hepatocytes not only recruit macrophages
but also release cellular components including damage-
associated molecular pattern to trigger the innate immune
response. Hepatocytes are capable of detecting pathogens
and metabolic molecules via cytoplasmic pattern recogni-
tion receptor (PRR), which adds to the inflammatory
response.

LSECs represent approximately 50% of non-parenchymal
liver cells[49] and function as gatekeepers of liver
homeostasis involved in the maintenance of HSC quies-
cence.[47] During the early stages of MAFLD, LSEC
fenestrae are lost, affecting the transfer of chylomicron
remnants to hepatocytes for very low density lipoprotein
synthesis. Insulin resistance and dyslipidaemia also impair
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the ability of LSECs to synthesize nitric oxide, which is
considered a hepato-protective factor as it controls
lipogenesis and enhances b-oxidation of fatty acids.[47]

The inflammatory response and associated gut microbiota
signals can activate the NF-kB pathway in LSECs causing
the release of pro-inflammatory mediators like MCP-1,
Interleukin-1 (IL-1), IL-6, and TNF-a with subsequent
increases in the production of adhesion molecules
(eg, intercellular adhesion molecule-1, vascular adhesion
protein-1), and vascular cell adhesion.[47] Collectively,
these events increase the activation of macrophage and
neutrophils, amplifying inflammation and liver injury.
Affected LSECs lose their ability to maintain HSC stability,
thereby promoting fibrosis.

KCs are liver resident macrophages involved in the innate
immune response and are sensitive to gut-derived
endotoxins.[44,47] KCs are involved in the activation of
the NF-kB pathway via CD14, Toll-like receptor (TLR) 2,
TLR4, and adaptor proteins.[44] Lymphocyte accumula-
tion is thought to contribute to inflammation in MeSH.
The liver has many types of lymphocytes such as NK cells,
NK T cells, and T cells. Cytokines released from KCs,
mainly IL-1 and IL-18, regulate hepatic NK cell activity. In
turn, NK cells produce IFN-g which modulates T cell
activity.[44]

Apart from KCs and lymphocytes, neutrophils are
involved in the innate immune response and contribute
to inflammation by secreting cytokines and bio-active
molecules. Neutrophils are capable of releasing neutrophil
extracellular traps (NETs) to capture pathogens and
control infection.[45] In steatohepatitis, excess production
of NETs coupled with their decreased clearance results in
a chronic sterile inflammatory state.[45] However, the
specific role of neutrophils in the pathogenesis of
steatohepatitis is unclear.

Bone-marrow derived monocytes are recruited during the
inflammatory process and are also critical for MAFLD
progression.[45] KC-derived factors trigger the infiltration
of these monocytes which later differentiate into liver
macrophages, contributing to the inflammatory response.
This suggests that the liver and bone-marrow communi-
cate to maintain hepatic inflammation in MeSH.[45]
Fibrosis, a critical stage in the progression of MAFLD

Fibrosis is a wound healing response to persistent injury. It
arises through increased deposition and decreased degra-
dation of the extracellular matrix (ECM)[50] and is the
precursor to cirrhosis.[51] The majority ofMAFLD patients
have simple steatosis with little or no fibrosis. In a minority
(5%–10%), the disease will evolve to steatohepatitis with
subsequent fibrosis, cirrhosis, and in some, HCC.[32,52]

Mechanistically, the activation ofHSCs plays a pivotal role
in liver fibrosis.[53] In MAFLD, HSC activation releases
pro-fibrogenic and inflammatory cytokines and mediators
that drive fibrosis.[54] At the molecular level, hepatic
fibrosis is driven by cytokines including platelet-derived
growth factor (PDGF), transforming growth factor beta
(TGF-b), TNF-a, and IL-1 secreted as part of the
inflammatory response.[51] These cytokines injure HSCs
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and trigger their transformation from a quiescent to an
activated state.[51] Activated HSC transdifferentiate into
pro-fibrogenic myofibroblast-like cells promoting hepatic
fibrosis.[50,51] These activated cells are characterized by
increased expression of fibrogenic markers such as Alpha-
smooth muscle actin, c-myb, and myocyte enhancer factor
2.[50] They also acquire features such as increased
contractility and inflammatory properties and accumulate
at sites of injury, producing excess ECM and collagen.[50]

PDGF produced by KCs is the dominant mitogen for
activating HSCs and hence is an important driver of
fibrosis.[51] PDGF upregulates the expression of matrix
metallopeptidase 2 (MMP2), MMP9, and TIMP metal-
lopeptidase inhibitor 1 (TIMP1) while it inhibits collage-
nase activity thereby increasing ECM deposition and
decreasing degradation. In addition, PDGF activates
various other signaling pathways such as extracellular
signal-regulated kinase 1/2, mitogen-activated protein
kinase (MAPK), c-Jun N-terminal kinase, and protein
kinase B.[51] TGF-b is the strongest driver of fibrosis in the
liver and is produced by activated HSCs, KCs, LSECs, and
hepatocytes.[51] The level of TGF-b is elevated in fibrosis
and is highest in cirrhosis. Similar to PDGF, TGF-b1 up-
regulates the expression of matrix producing genes and
inhibits matrix degradation.[51] TGF-b1 also induces
hepatocyte apoptosis in fibrotic livers and is partly the
explanation for tissue loss and a smaller liver size seen in
patients with cirrhosis.[51] TNF-a is another pro-inflam-
matory mediator that is produced by HSCs, KCs,
monocytes, and macrophages.[51] During hepatic fibrosis
TNF-a contributes to the overproduction of ECM in the
liver. Similarly, IL-1 activates HSCs, initiating ECM
production.[51] All these contribute to the development
of hepatic fibrosis, cirrhosis, and eventual loss of liver
function.[51]
MAFLD-related HCC

An overview

MAFLD patients with advanced fibrosis and cirrhosis are
at increased risk of HCC, thoughHCC can also arise in the
absence of advanced fibrosis[8] [Figure 1B]. The increasing
trend of MAFLD-induced HCC mirrors the increase in the
incidence of obesity and metabolic syndrome.[1,13,14] HCC
incidence is 12 times higher in patients with severe
steatohepatitis than in the general MAFLD population and
most cases occur in older males with the metabolic
syndrome.[8] Cancer related mortality amongst MAFLD
patients is among the top three causes of death and the
third most common cause of HCC in the US.[55]

Interestingly, MAFLD-related HCC can occur in the
absence of cirrhosis.[14] The HCC incidence in MeSH
patients with cirrhosis is lower than in hepatitis C (HCV)
or hepatitis B (HBV) related cirrhosis.[13]

Most MAFLD-induced HCCs are at early/immediate
stages. Approximately 43% of the cancers present with
microinvasion.[5] Interestingly, MAFLD-HCC patients
have less severe liver damage and dysfunction than
HCV-related HCC patients as indicated by a higher serum
albumin, lower serum bilirubin, and lower rates of
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ascites.[8] Pathologically, MAFLD-HCCs seem to be
phenotypically different from HCCs of other etiologies
and are generally well-differentiated with solitary lesions,
with more inflammatory infiltration and less likelihood of
extrahepatic metastases.[8] Interestingly, the size of
MAFLD-HCC is generally larger than the HCCs originat-
ing from other chronic liver diseases.[8]
Role of oxidative stress and related injury

Oxidative stress and related injury play important roles in
the pathogenesis of MAFLD-related HCC. Hyperinsuli-
nemia, chronic inflammation, and insulin resistance are the
major drivers for reactive oxygen species (ROS) produc-
tion and subsequent oxidative stress.[56] Excess ROS
injures mitochondria and DNA in hepatocytes[57] leading
to hepatocyte apoptosis via activating caspase 3 and 9.[12]

ROS also induces the secretion of inflammatory cytokines
such as IL-6, TNF-a, leptin, and adiponectin,[58] all of
which contribute to hepatic inflammation and cancer. Of
particular note, IL-6 is a key signal for ROS-induced liver
injury and HCC.[12,58-60] In the liver, the increased
production of IL-6 stimulates cell proliferation and drives
anti-apoptotic pathways via activating STAT3 signaling, a
well-established oncogenic transcription factor[12,59,60];
TNF-a is involved in disease progression and hepatocar-
cinogenesis via activating the JAK2/STAT pathway.[12]

Uncontrolled cell proliferation is a feature of cancer
development. In the pathogenesis of MAFLD-HCC,
insulin resistance stimulates the expression of insulin
and insulin-like growth factor-1 (IGF-1).[12] Binding of
insulin and IGF-1 to their respective receptors provokes a
signaling cascade via insulin receptor substrate 1 which in
turn activates the phosphoinositide 3-kinase (PI3K) and
MAPK pathways[12,56,61]; all of these are key pro-
proliferative pathways implicated in tumorigenesis.[12] It
has been shown that activation of PI3K pathway induces
Mdm2/p53-dependent apoptosis and mTOR dependent
cell proliferation,[12] while activation of MAPK pathway
induces the transcription of proto-oncogenes such as c-fos
and c-jun for cell proliferation and subsequent activation
of theWnt/b-catenin pathway.[12] These play a pivotal role
in fibrosis and tumor development.[12]
Role of gut microbiota

Gut microbiota is an integral part of the host immune
system[12,62,63] and gut-derived bacterial metabolites and
by-products contribute to MAFLD development and
progression.[12,62,64] Altered intestinal flora in MAFLD
including in pediatric MAFLD has been reported.[65]

However, no single bacterium has been isolated but rather
there is a change in the relative abundance of multiple types
of microbiota including Escherichia, Prevotella, Strepto-
coccus, Coprococcus, Faecalibacterium, and Ruminococ-
cus.[66]

Gut microbiota influence insulin sensitivity and cholesterol
metabolism.[67] Indeed, as the liver is constantly exposed to
gut-derived toxins via the portal circulation, it is the
frontline defense against gut-derived bacterial toxins.[12,63]

Alterations of the gut microbiota profile are common in
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obese patients[12] and the resultant dysbiosis induces a
breakdown in gut endothelial barrier function allowing
bacteria and related metabolites (eg, lipopolysaccharide
[LPS], bile acids, ethanol, and short chain fatty acids) to
translocate to the liver, triggering inflammatory responses
and immune cell infiltration.[62] Alterations in gut micro-
biota result in the release of pathogen-associated molecular
patterns that are recognized by PRRs, and this further
exacerbates the inflammation induced by the innate
immune response.[12]

The effect of gut microbiota in MAFLD development is
supported by animal studies. For example, germ-free mice
colonized with microbiota extracted from MAFLD mice
develop macrovesicular steatosis, higher levels of liver
triglycerides, and increased expression of lipogenesis
related genes.[68] In obese mice, there is a change in gut
microbiota resulting in the accumulation of gut metabo-
lites such as deoxycholic acid, which causes DNA
damage.[69] The gut metabolites stimulate the secretion
of pro-inflammatory and tumorigenic factors from affected
HSCs.[69] Alterations of gut microbiota as a result of a
high-fat diet have also been thought to facilitate
hepatocarcinogenesis in chronically injured livers via
TLR signaling.[70] Altered gut flora activate TLR signaling,
resulting in the increased in expression of epiregulin which
prevents apoptosis.[70] In the latter stages of HCC
progression in mice, gut sterilization reduces tumor size
and growth, suggesting that TLR signaling and microbiota
play a pivotal role in HCC development.[70]

Direct evidence for the role of gut microbiota in the
development of MAFLD-related HCC in humans is
lacking. However, the above data[64] and the findings
that high-fat diet fed mice develop a fatty liver phenotype
with a greater abundance of lactobacillus gasseri and/or
lactobacillus taiwanensis[71] clearly indicate a causal link
between the microbiota and HCC in MAFLD. More
studies are needed to clarify the impact of gut microbiota
on the pathogenesis of human MAFLD-related HCC.
Role of liver stem cells

Hepatic stem/progenitor cells (HpSCs) are bipotent
progenitor cells characterized by the expression of
multiple markers including cytokeratin 7 and 19, biliary
cytokeratins, SOX9, CD44, CD133, EpCAM, and neural
cell adhesion molecule (NCAM).[72] Under physiological
conditions, HpSCs are quiescent. Under pathological
conditions HpSCs can be activated in response to liver
injury.[72] Activation of HpSCs triggers the proliferation
of reactive bile ducts, a condition termed “ductular
reaction.”[72-74] The function and activation status of
HpSCs, including their ability to produce humoral
factors, is supported by a stem cell niche consisting of
HSCs, KCs, portal myofibroblasts, Wnt/b-catenin, and
Notch signaling genes. HPSCs regulate non-parenchymal
cells by secreting hedgehog ligands, TGF-b1, and
osteopontin.[72,73]

In patients with MeSH, chronic inflammation and
associated persistent oxidative stress facilitates the activa-
tion and proliferation of HpSCs.[72,73] Activation of
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HpSCs and the associated ductular reaction contribute to
HSC activation, ECM deposition, and MAFLD progres-
sion by secreting multiple factors such as TGF-b1, TNF-
related weak inducer of apoptosis, PDGF and hedgehog
ligands, thereby promoting fibrosis and angiogenesis.[72,75]

These events increase fibrosis and inflammation in livers
with steatohepatitis. Advanced fibrosis is a known risk
factor for hepatocarcinogenesis. In a recent study, LPS
infiltration as a result of gut-liver crosstalk was shown to
activate TLR4 and NF-kB in HpSCs and macrophages
leading to hepatocarcinogenesis.[72,76]
Potential Biomarkers and Therapeutics for MAFLD
Treatment: Some Unmet Challenges

A number of unmet challenges exist for MAFLD. First, less
invasive approaches for effective identification of MAFLD
are needed. Fortunately, with technology advancements
especially in high-throughput technologies such as
“omics”, studies are underway to discover novel biomark-
ers specific for MAFLD detection.[77,78] Using a multi-
plexed proteomic assay, a few proteins including
aminoacylase-1 receptor (MET), gelsolin (GSN), galec-
tin-3 binding protein (LGALS3BP), NCAML1-like protein
(CHL1), and antithrombin III (SERPINC1) are associated
with the development of steatosis.[78] In another study, 18
microRNAs have been linked to the development of
MAFLD and nine of these 18 biomarkers could predict the
severity of MAFLD better than aspartate aminotransferase
(AST).[79] Recently, plasma proteome profiling of 48
MAFLD patients revealed significant changes in six
proteins including fructose-1,6-bisphosphate aldolase,
apolipoprotein M, LGALS3BP, polymeric immunoglobu-
lin receptor, vitronectin, and afamin.[80] These representa-
tive plasma proteomic studies have the capacity to identify
potential novel biomarkers for precise and early detection
of MAFLD.[80]

Second, more effective therapies are needed for MAFLD.
As of now, several classes of agents have shown promising
effects. Obeticholic acid (OCA), a synthetic bile acid, is a
Farnesoid X receptor (FXR) agonist shown to reduce
MeSH.[81] The phase II (FLINT) study in non-cirrhotic,
biopsy proven MeSH patients showed an improvement in
MeSH and fibrosis in the OCA treated group.[81] The
efficacy of OCA is currently being studied in a Phase III
trial (REGENERATE) and another in those with compen-
sated cirrhosis (REVERSE). Of note, adverse effects
including pruritus and increased serum cholesterol levels
in OCA treated patients have been reported.[81] Although
the implications of the increased serum cholesterol level
during OCA therapy for cardiovascular events is unclear,
this adverse effect can be managed by statin therapy.[81]

OCA is the most likely first candidate for approval as a
therapeutic agent for MAFLD.[82] It is believed that FXR
agonists, like OCA, will be beneficial for MAFLD patients;
but the major challenge will be to find the optimal dose for
efficacy with minimum side effects.[83] OCA monotherapy
leads to histological steatohepatitis resolution in less than
one-third of patients and other agents in combination will
likely therefore be required.[82]
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Another promising class of agents is the glucagon-like
peptide-1 (GLP-1) receptor agonists such as Liraglutide, an
incretin mimetic approved by the FDA for the treatment of
type 2 diabetes mellitus.[84] Liraglutide improves liver
histology in MeSH patients,[84] but semaglutide, another
GLP-1 agnoist is being taken forward for the Phase III
trial.[84] Semaglutide has proven benefits for patients with
cardiac risk factors.[84] Resmetirom, a thyroid hormone
receptor agonist resolved MeSH in a phase IIb trial.[84]

A Phase III study is underway in non-cirrhotic MeSH
and fibrosis stages 2 or 3.[84] Finally, arachidyl amido
cholanoic acid (Aramchol), a partial inhibitor of hepatic
stearoyl-CoA desaturase 1, significantly reduced liver fat
content and improved metabolic parameters in a Phase IIa.
A Phase III study is underway.[84]

Looking to the future, studies to identify better biomarkers
and to contribute to the development of novel therapeutics,
as well as studies to unveil the molecular mechanisms
linking MAFLD to end stage liver disease and particularly
HCC, are warranted.
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