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Simple Summary: The global prevalence of metabolic-associated fatty liver disease (MAFLD) is
rising due to urbanization, obesity, poor diet, sedentary lifestyles, and genetic factors. We conducted
a narrative review on MAFLD and hepatocellular carcinoma (HCC) risk factors, pathogenesis, and
biomarkers using databases. Steatosis, an early stage of MASH progression, is linked to metabolic
syndrome factors like obesity and type 2 diabetes. Mechanisms such as increased lipolysis and
hepatic lipogenesis contribute to liver lipid accumulation, exacerbated by insulin resistance. Natural
compounds show promise in regulating lipid metabolism and inflammation. Liver fibrosis predicts
MASH and HCC development, emphasizing its importance in treatment strategies. Risk factors for
MASH-associated HCC include advanced liver fibrosis, older age, male gender, metabolic syndrome,
genetics, and dietary habits, highlighting the need for effective surveillance and diagnostics. Further
studies are needed to understand the biochemical impact of these risk factors for targeted therapies
to prevent HCC or reduce HCC risk.

Abstract: The prevalence of metabolic-associated fatty liver disease (MAFLD) is increasing glob-
ally due to factors such as urbanization, obesity, poor nutrition, sedentary lifestyles, healthcare
accessibility, diagnostic advancements, and genetic influences. Research on MAFLD and HCC risk
factors, pathogenesis, and biomarkers has been conducted through a narrative review of relevant
studies, with a focus on PubMed and Web of Science databases and exclusion criteria based on
article availability and language. Steatosis marks the early stage of MASH advancement, com-
monly associated with factors of metabolic syndrome such as obesity and type 2 diabetes. Various
mechanisms, including heightened lipolysis, hepatic lipogenesis, and consumption of high-calorie
diets, contribute to the accumulation of lipids in the liver. Insulin resistance is pivotal in the de-
velopment of steatosis, as it leads to the release of free fatty acids from adipose tissue. Natural
compounds hold promise in regulating lipid metabolism and inflammation to combat these con-
ditions. Liver fibrosis serves as a significant predictor of MASH progression and HCC develop-
ment, underscoring the need to target fibrosis in treatment approaches. Risk factors for MASH-
associated HCC encompass advanced liver fibrosis, older age, male gender, metabolic syndrome,
genetic predispositions, and dietary habits, emphasizing the requirement for efficient surveillance
and diagnostic measures. Considering these factors, it is important for further studies to deter-
mine the biochemical impact of these risk factors in order to establish targeted therapies that can
prevent the development of HCC or reduce progression of MASH, indirectly decreasing the risk
of HCC.
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1. Introduction

The incidence and prevalence of metabolic-associated fatty liver disease (MAFLD)
have steadily increased across the globe. Urbanization, obesity, nutrition, physical inactivity,
access to healthcare, and advancements in diagnostic methods and genetic factors might
have contributed to the disease burden. The estimated global prevalence of MAFLD among
adults is approximately 30%, more so in males than in females [1–4]. Meta-analyses from
Asia and Europe report an MAFLD prevalence of roughly 30% [1–4]. Most studies conclude
that continental South America has the highest prevalence of MAFLD, estimated to be as
high as 59%, while Africa has the lowest prevalence, reported at around 13.5% [3,5–7]. In
North America, the National Health and Nutrition Examination Surveys from 2017–2018
reported an overall prevalence of 56.7%, while Raizi et al. reported 47.8% [3,8]. MAFLD
is most frequent amongst Hispanics, followed by non-Hispanic whites, and least in non-
Hispanic blacks [3,8]. The estimated global incidence of MAFLD per 1000 person-years
ranges from 46.13 to 52.34 but varies across regions [1–3,7]. Parallel to MAFLD, metabolic
dysfunction-associated steatohepatitis (MASH) is also on the rise, with an estimated overall
prevalence of about 5.27%, while it is 5% in North America [9]. An estimated 80–100 million
Americans may have MAFLD, and MASH is the second most common indication to live
transplant in the United States [10]. Hepatocellular carcinoma (HCC) is considered the sixth
most common cancer, and owing to its dismal overall prognosis, the third most common
cause of cancer-related mortality worldwide [11]. A recent study from the United States
reported an HCC prevalence of 4.6 and 374.4 per 10,000 persons amongst non-cirrhotic and
cirrhotic MAFLD patients, respectively [12]. Younossi et al. estimate annual HCC incidence
rates of 0.44 and 5.29 per 1000 person-years, with MAFLD and MASH, respectively [11,13].
According to the American Gastroenterology Association, the incidence of HCC in MAFLD-
related cirrhosis is >1.5% per year, justifying HCC surveillance in this subset of patients [10].
Mathematical models predict MAFLD/MASH to be a significant health problem, with
a 122% increase in MAFLD-related HCC by 2030 [14]. The objective of the review is to
elaborate the possible mechanisms responsible for progression to HCC from MASH and
the associated risk factors.

2. Materials and Methods

A narrative review was conducted using PubMed and Web of Science using the
following keywords: “hepatocellular carcinoma”, “metabolic dysfunction-associated steato-
hepatitis”, “risk factors”, “non-alcoholic”, “pathogenesis”, and “biomarkers”. The studies
were screened using the abstract to retrieve full articles. Abstracts without a full article or
not in English were excluded. English translations were obtained for articles included that
were in different languages.

3. Review and Discussion

A summary of the pathogenesis and associated risk factors is illustrated in Figure 1.

3.1. Pathogenesis

Steatosis, characterized by fat accumulation in liver cells, occurs when the intake or
production of fat surpasses its breakdown or elimination. This marks the initial stage in
the progression of MASH, often associated with metabolic syndrome features like obesity,
type 2 diabetes, dyslipidemia, and hypertension [13]. Three main mechanisms contribute
to excessive lipid buildup in the liver: increased lipolysis in visceral adipose tissue (AT),
activation of hepatic de novo lipogenesis (DNL), and consumption of high-calorie/fat
diets [15]. Insulin resistance (IR) plays a pivotal role in hepatic steatosis development by
rendering AT resistant to insulin’s antilipolytic effects, leading to increased release of free
fatty acids (FFAs) that accumulate as TGs in the liver [16].
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Figure 1. Hypothetical model of a hepatocyte showing possible pathogenic mechanisms. 

3.1. Pathogenesis 
Steatosis, characterized by fat accumulation in liver cells, occurs when the intake or 

production of fat surpasses its breakdown or elimination. This marks the initial stage in 
the progression of MASH, often associated with metabolic syndrome features like obesity, 
type 2 diabetes, dyslipidemia, and hypertension [13]. Three main mechanisms contribute 
to excessive lipid buildup in the liver: increased lipolysis in visceral adipose tissue (AT), 
activation of hepatic de novo lipogenesis (DNL), and consumption of high-calorie/fat diets 
[15]. Insulin resistance (IR) plays a pivotal role in hepatic steatosis development by ren-
dering AT resistant to insulin’s antilipolytic effects, leading to increased release of free 
fatty acids (FFAs) that accumulate as TGs in the liver [16]. 

Additionally, dietary factors exacerbate IR and contribute to MAFLD progression. 
Sugary foods, particularly those high in fructose, also promote steatosis by directly influ-
encing lipid metabolism [17]. Furthermore, IR is linked to hepatocellular carcinoma 
(HCC) development, as evidenced in animal models and human studies. Insulin and in-
sulin-like growth factor (IGF)-1 stimulate cell proliferation and inhibit apoptosis, fostering 
carcinogenesis [18]. High glucose levels and sustained hyperglycemia further contribute 
to HCC development through inflammatory signaling cascades and the generation of re-
active oxygen species (ROS) [18]. Moreover, IR can accelerate hepatocarcinogenesis by 
promoting hepatic neovascularization [19]. 

While triglycerides are a predominant component of liver lipids in both MASH and 
simple steatosis, they pose minimal lipotoxicity risk, as they serve as safe storage lipids. 
However, other lipid molecules such as cholesterol, free fatty acids (FFAs) and their de-
rivatives, diacylglycerols, and ceramides are implicated in lipotoxicity [20]. Lipotoxicity 
exerts cellular damage through three main mechanisms. Firstly, harmful lipids disrupt the 
function of intracellular organelles like the endoplasmic reticulum and mitochondria; sec-
ondly, they directly alter intracellular signaling pathways, such as by increasing ceramide 
levels, thereby affecting metabolic and inflammatory pathways; thirdly, interactions be-
tween lipids in the cell surface or cytoplasm and cellular kinases indirectly modify signal-
ing, leading to inflammation and other biological effects [21]. 

Lipotoxicity-induced hepatocyte death correlates with the severity of MAFLD. In-
creased lipid peroxidation can activate macrophages by generating ligands for scavenger 

Figure 1. Hypothetical model of a hepatocyte showing possible pathogenic mechanisms.

Additionally, dietary factors exacerbate IR and contribute to MAFLD progression.
Sugary foods, particularly those high in fructose, also promote steatosis by directly influ-
encing lipid metabolism [17]. Furthermore, IR is linked to hepatocellular carcinoma (HCC)
development, as evidenced in animal models and human studies. Insulin and insulin-like
growth factor (IGF)-1 stimulate cell proliferation and inhibit apoptosis, fostering carcino-
genesis [18]. High glucose levels and sustained hyperglycemia further contribute to HCC
development through inflammatory signaling cascades and the generation of reactive
oxygen species (ROS) [18]. Moreover, IR can accelerate hepatocarcinogenesis by promoting
hepatic neovascularization [19].

While triglycerides are a predominant component of liver lipids in both MASH and
simple steatosis, they pose minimal lipotoxicity risk, as they serve as safe storage lipids.
However, other lipid molecules such as cholesterol, free fatty acids (FFAs) and their deriva-
tives, diacylglycerols, and ceramides are implicated in lipotoxicity [20]. Lipotoxicity exerts
cellular damage through three main mechanisms. Firstly, harmful lipids disrupt the func-
tion of intracellular organelles like the endoplasmic reticulum and mitochondria; secondly,
they directly alter intracellular signaling pathways, such as by increasing ceramide levels,
thereby affecting metabolic and inflammatory pathways; thirdly, interactions between
lipids in the cell surface or cytoplasm and cellular kinases indirectly modify signaling,
leading to inflammation and other biological effects [21].

Lipotoxicity-induced hepatocyte death correlates with the severity of MAFLD. In-
creased lipid peroxidation can activate macrophages by generating ligands for scavenger
receptors like oxidized low-density lipoprotein (ox-LDL) [22]. Additionally, saturated fatty
acids stimulating TLR4 is another mechanism of macrophage activation, further exacerbat-
ing the hepatic inflammatory response [23]. Crucially, macrophage-mediated stimulation of
surviving hepatocytes through pathways like NF-kB and other cell proliferation pathways
is a significant aspect of hepatocarcinogenesis [23].

Disruption of protein folding processes induces ER stress, where unfolded or mis-
folded proteins accumulate, triggering the unfolded protein response (UPR) to restore ER
homeostasis [24]. However, prolonged ER stress activates apoptotic pathways, leading
to cell death. The UPR involves three signaling pathways mediated by PERK, IRE1, and
ATF6 [24]. These pathways regulate lipid metabolism, with XBP1 and eIF2α influencing
lipid regulation. ER stress can induce hepatic steatosis by reducing VLDL synthesis and
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promoting lipid droplet formation [24]. Furthermore, ER stress-associated apoptosis in-
volves pathways like CHOP activation, IRE1-mediated JNK signaling, and altered calcium
homeostasis. ER stress also exacerbates liver inflammation through activation of inflam-
matory pathways like NF-κB, JNK, and IKK. Importantly, ER stress has been linked to the
development of HCC in MAFLD, suggesting its role in malignant transformation [24].

Mitochondria, key ROS producers, are susceptible to damage, exacerbating ROS pro-
duction and affecting ATP production [24]. In MAFLD, mitochondrial ROS production is
heightened due to reduced glutathione levels, impaired mitochondrial respiratory chain,
and increased cytochrome P450 2E1 activity [24]. This contributes to liver injury and steato-
sis. Kupffer cells and hepatic stellate cells are also affected by oxidative stress, leading to
inflammation and fibrosis. The resultant inflammatory response further damages hepato-
cytes, promoting fibrotic cell proliferation and potentially fostering liver tumor growth.

Compounds like luteolin, tomatidine, oxymatrine, and oleanolic acid regulate glucose
homeostasis and lipid synthesis by decreasing the expression of key adipogenesis-related
genes [24]. Betaine activates AMPK and downregulates SREBP-1c, thereby improving
hepatic steatosis, while nuciferine, baicalein, puerarin, and emodin also exhibit promising
effects in mitigating lipid accumulation through various mechanisms such as inhibiting
adipogenic transcription factors or enhancing fatty acid oxidation [24]. Additionally,
compounds like nordihydroguaiaretic acid and schizandrin A may reduce obesity by
increasing fatty acid oxidation, presenting potential therapeutic avenues for conditions like
MAFLD and MASH [24].

Natural products with anti-inflammatory properties hold promise for treating MASH.
Compounds like resveratrol, celastrol, nuciferine, and emodin exhibit anti-inflammatory
effects by targeting various pathways such as NF-κB and TLR4 signaling [24]. Isoorientin,
geraniol, astaxanthin, schisandrin B, kukoamine B, genistein, naringenin, and scopolamine
also demonstrate anti-inflammatory properties by modulating cytokine levels and oxidative
stress markers in animal models of MASH [24]. These findings underscore the potential
of natural compounds as therapeutic agents against MASH-related inflammation and its
associated complications.

Liver fibrosis is a critical factor in the progression of MASH and significantly impacts
patient outcomes, often leading to cirrhosis and other severe liver diseases. Excessive fibro-
sis, primarily regulated by hepatic stellate cells (HSCs), signifies advanced disease stages
and increases the risk of hepatocellular carcinoma (HCC) and mortality [24]. Preventing and
controlling liver fibrosis are thus crucial in managing MASH progression. Various natural
compounds, such as isorhamnetin, astragaloside, salvianolic acid B, pycnogenol, caly-
cosin, glycyrrhetinic acid, xanthohumol, thymoquinone, and isochlorogenic acid B, exhibit
promising anti-fibrotic effects by targeting oxidative stress, inflammation, and fibrosis-
related pathways [24]. These compounds hold potential as therapeutic interventions to
attenuate liver fibrosis and mitigate the progression of MASH-related liver diseases.

3.2. Risk Factors

MASH, a widely acknowledged contributor to cirrhosis, is progressively linked to the
onset of HCC. MASH, a clinical syndrome sharing pathological features with alcoholic
hepatitis but without significant alcohol consumption, represents a distinct manifestation of
metabolic-associated fatty liver disease (MAFLD). Marked by hepatocellular inflammation
related to steatosis, MASH, if aggravated, can advance to cirrhosis, potentially culminating
in HCC. HCC in the context of MASH is linked to various risk factors, including advanced
liver fibrosis, older age, male gender, and the presence of metabolic syndrome. Genetic
factors and dietary patterns are additional factors associated with the development of
MASH-related HCC. Consequently, a systematic approach to HCC surveillance, akin to
protocols for chronic liver diseases from other causes, may be necessary for individuals
with MAFLD. It is important to highlight that the identification of MASH-related HCC
demands the creation of rapid, specific, and straightforward diagnostic markers. Thus, the
key challenge lies in identifying the risk factors for HCC development in MAFLD patients



Cancers 2024, 16, 1214 5 of 17

and implementing cost-effective strategies for screening and diagnosis. The risk factors for
MASH can be classified as either genetic or non-genetic [25].

3.2.1. Genetic Risk Factors

Extensive research has established a connection between genetic polymorphisms and
the onset of MAFLD and MASH. However, few studies have investigated the genetic
factors associated with MAFLD-related HCC. Initial investigations into MAFLD revealed
variations across ethnic groups in terms of disease prevalence, with Hispanics exhibiting
the highest incidence, followed by Caucasians and African Americans [26–28]. In the
past few years, extensive genome-wide investigations have significantly advanced our
understanding of MAFLD and MASH, potentially shedding light on the risk of developing
HCC. Romeo and colleagues [29] launched the first genome-wide association study in
the Dallas Heart Study. The only genetic variation identified with a strong correlation to
hepatic steatosis was Patatin-like phospholipase domain 3, PNPLA3 (rs738409). Despite
the unclear mechanism through which PNPLA3 contributes to the accumulation of hepatic
steatosis, it has been demonstrated to be involved in the remodeling of lipid droplets within
hepatocytes and the secretion of very low-density lipoproteins [30,31]. In subsequent
investigations, the transmembrane 6 superfamily member 2, TM6SF2 (rs58542926), emerged
as another significant finding and was recognized in an exome-wide association study
focusing on fatty liver and serum aminotransferases [32]. While the connection between
TM6SF2 and MAFLD is firmly established, debates persist regarding its association with
the development of HCC [33].

3.2.2. Non-Genetic Risk Factors
Diabetes

Diabetes plays a detrimental role in individuals with liver diseases, mainly contribut-
ing to the progression of cirrhosis in MASH patients and elevating the likelihood of liver
cancer in those with MASH and MASH-related cirrhosis [34]. Observational research indi-
cates a substantial elevation in the risk of developing HCC, ranging from two to four times,
in individuals with type 2 diabetes. Several studies have considered possible confounding
factors, including alcohol consumption and viral hepatitis, when investigating the link be-
tween diabetes and HCC. The influential VA study led by El-Serag et al. [35] revealed, over
a 10-year follow-up of 173,643 veterans, a substantial increase in the risk of HCC associated
with type 2 diabetes (T2D). Subsequent studies not only confirmed these findings [36,37]
but also indicated a heightened HCC risk with an increasing number of metabolic syn-
drome (MetS) features [37]. In a prospectively collected cohort from the Nurses’ Health
Study and Health Professionals’ Health Study, Simon et al. [37] reported adjusted haz-
ard ratios (HRs) for HCC in diabetes patients at 5.8 (95% CI: 3.49–9.64) for women and
5.49 (95% CI: 3.16–9.51) for men, compared to their non-diabetic counterparts, after account-
ing for baseline characteristics. In a retrospective study involving 6508 Japanese individuals
diagnosed with MAFLD through ultrasonography and a median follow-up of 5.6 years,
16 new cases of HCC (0.25%) were identified. The multivariate analysis highlighted dia-
betes (HR: 3.21; 95% CI: 1.09–9.50; p = 0.035), serum AST level ≥ 40 IU/L (HR: 8.20; 95% CI:
2.56–26.26; p < 0.001), platelet count < 150 × 103/µL (HR: 7.19; 95% CI: 2.26–23.26; p = 0.001),
and age ≥ 60 years (HR: 4.27; 95% CI: 1.30–14.01; p = 0.017) as independent risk factors for
HCC [38]. Patients with good glycemic control (defined as HbA1c < 7% for >80% time)
were associated with a 32% lower risk of HCC than patients who had suboptimal glycemic
control (HR, 0.68; 95% CI, 0.60–0.77; p < 0.0001). Patients with diabetes complications had a
24% higher risk of HCC than patients without diabetes complications (HR, 1.24; 95% CI,
1.12–1.38; p < 0.0001) [39].

Obesity

There are several reasons why obesity poses a risk for HCC. Evidence indicates that obe-
sity is associated with insulin resistance and elevated insulin-like growth factor, which triggers
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cell growth as a mitogen. A meta-analysis established that being overweight independently
contributes to the risk of liver cancer. Among the eleven cohort studies considered, seven
involved overweight individuals (n = 5037), and ten included obese individuals (n = 6042) [40].
In comparison to those with normal weight, the relative risks for HCC were 1.17 (95% CI:
1.02–1.34) for those with overweight and 1.89 (95% CI: 1.51–2.36) for those classified as
obese [40]. In a distinct study involving 25,337 individuals diagnosed with hepatocellular
carcinoma (HCC) in 26 prospective studies, overweight and obesity were linked to an 18%
and 83% heightened risk of HCC, respectively. This association was consistent regardless of
gender and geographical location. While the incidence appeared to be greater in men than
in women, this contrast might be explained by differences in the distribution of adipose
tissue, particularly a higher prevalence of visceral obesity in men [41]. Certain studies have
utilized BMI as a criterion for diagnosing obesity, overlooking cirrhosis and disregarding
the presence of ascites. In these investigations, potential confounding factors such as
advanced chronic liver disease and obesity should be considered and controlled for during
analysis, as biases may arise. Another study examined 19,271 patients, with an overall
hepatocellular carcinoma incidence of 3.4% (n = 659). Obesity emerged as an independent
predictor for liver cancer in individuals with alcoholic cirrhosis (OR 3.2; 95% CI, 1.5–6.6;
p = 0.002) and cryptogenic cirrhosis (OR, 11.1; 95% CI, 1.5–87.4; p = 0.02) [42]. Notably, it
has been observed that some individuals with cryptogenic cirrhosis have MAFLD as an
underlying etiology [43].

Body Mass Index (BMI)

BMI has traditionally been a measure of obesity in epidemiological studies. While
easily accessible in clinical settings, BMI lacks information on adipose distribution, particu-
larly distinguishing between visceral and peripheral fat, each carrying distinct metabolic
health implications. Early studies in cirrhotic patients revealed a higher risk of mortality in
those with visceral adiposity compared to those with peripheral adipose tissue. Ioannou
et al. [44] skillfully demonstrated these associations using the National Health and Nutri-
tional Examination Survey, categorizing patients based on central or peripheral adipose
distribution. Among those with central adipose distribution, individuals in the obese group
(BMI ≥ 30 kg/m2) exhibited higher rates of cirrhosis-related death and hospitalizations (ad-
justed HR = 2.2, 95% CI: 1.1–4.6) compared to normal-weight counterparts (BMI < 25 kg/m2),
a trend not observed in those with increased peripheral adipose distribution. In the context
of MAFLD and MAFLD-associated HCC, central obesity, a prominent feature of metabolic
syndrome (MetS), provides more meaningful insights into metabolic health [45,46].

Hypertension

The evidence regarding hypertension, a component often included in various defini-
tions of metabolic syndrome (MetS), is inconclusive, with some studies identifying it as a
risk factor and others not [47,48]. Additionally, many studies assess the combined features
of MetS to gauge associated risks. Consequently, the specific impact of hypertension in
isolation, without the presence of other MetS features, remains uncertain. Numerous
epidemiological investigations have identified a bidirectional and reciprocal relationship
between hypertension (HTN) and metabolic-associated fatty liver disease (MAFLD), in-
dicating that the likelihood of developing MAFLD is elevated in individuals with HTN
and vice versa [49,50]. In a meta-analysis conducted by Ciardullo et al. [51], which encom-
passed 11 longitudinal studies, it was revealed that individuals with MAFLD faced a 66%
increased risk of developing HTN (HR: 1.66, CI: 1.38–2.01), with variations in prevalence
associated with age and BMI of the patients. Patients with hypertension also exhibited
an increased prevalence of advanced fibrosis, ranging from 3% to 9%, depending on the
specific biomarker employed [51]. Ciardullo et al. [51] employed information from the
National Health and Nutrition Examination Survey in the 2017–2018 cycle to conduct a
cross-sectional examination. The findings revealed a gradual increase in the risk of steatosis
associated with blood pressure.
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Hyperlipidemia

Dyslipidemia stands out as a critical risk factor for cardiovascular diseases, intimately
linked to both metabolic syndrome and obesity [52]. Liver cells are notably impacted
by the ectopic accumulation of lipids, considering the liver’s pivotal role in regulating
systemic lipid and glucose levels. Fatty liver is intricately associated with dyslipidemia
and dysglycemia, independently of visceral fat presence [53]. Consequently, MAFLD and
MASH emerge as prevalent liver disorders in the context of dyslipidemia, exhibiting strong
connections with insulin resistance, an increased risk of progressing to liver cirrhosis, and
the potential development of HCC [54]. Within the tumor microenvironment, adipocytes
assume a vital role through the secretion of various molecular mediators. Adipose tissue
releases adipokines such as leptin, adiponectin, resistin, and inflammatory mediators like
ANGPTL2. These compounds regulate insulin sensitivity and trigger persistent low-grade
inflammation. The imbalanced release of adipokines by adipocytes plays a substantial role
in the emergence of metabolic disorders linked to obesity [55].

Obstructive Sleep Apnea (OSA)

OSA has become a noteworthy consideration, particularly in the current discussion on
whether OSA is an independent factor that contributes to the development of MASH. While
a limited number of previous trials have identified OSA as a risk factor for MASH, there are
contrasting viewpoints, with some studies characterizing this association as coincidental
rather than a substantial correlation. Another study proposed that severe OSA could
potentially be a risk factor for MASH, independent of the patient’s body weight [56–59].

A notable discovery from these studies emphasizes the link between Obstructive Sleep
Apnea (OSA) and metabolic-associated fatty liver disease (MAFLD), particularly concerning
the degree of nocturnal hypoxemia associated with OSA. Animal models have primarily
concentrated on intermittent hypoxia, a key characteristic of OSA, to uncover how OSA
might play a role in the complex metabolic disruptions observed in MAFLD. Intermittent
hypoxia induces tissue hypoxia and can lead to oxidative stress, mitochondrial dysfunction,
inflammation, and heightened activation of the sympathetic nervous system, among other
maladaptive effects. In these models, intermittent hypoxia has been demonstrated to induce
insulin resistance, impair key steps in hepatic lipid metabolism, promote atherosclerosis,
and contribute to hepatic steatosis and fibrosis, all of which are relevant to MAFLD initiation
and/or progression [60].

Cardiovascular Disease

Clinical presentations linked to metabolic-associated fatty liver disease (MAFLD),
including steatosis and inflammation, represent supplementary elements that contribute
to the susceptibility to cardiovascular disease (CVD) [61]. Those experiencing new CVD
events had a significantly higher estimated 10-year CVD risk (17% vs. 10%) as determined
by the Framingham risk score (FRS) compared to MAFLD patients without such events [62].
Over an 8-year follow-up period, the mortality rate among patients with MAFLD was
higher than that observed in the general population. In another study involving biopsy-
diagnosed MAFLD patients followed for 18 years, CVD emerged as one of the leading
causes of death, surpassing the collective mortality from all types of cancers combined [63].
Individuals with metabolic-associated fatty liver disease (MAFLD) exhibit elevated occur-
rences of clinical coronary artery disease (CAD) and experience poorer outcomes following
coronary events. In a prospective investigation conducted by Patel et al., which involved
228 patients undergoing coronary angiography as part of a liver transplant assessment,
individuals diagnosed with metabolic dysfunction-associated steatohepatitis (MASH) ex-
hibited notably higher rates of severe coronary artery disease (CAD) after adjusting for
conventional CAD risk factors. This was in comparison to individuals with hepatitis C or
alcohol-related cirrhosis. Moreover, patients with metabolic-associated fatty liver disease
(MAFLD) demonstrated an increased prevalence of coronary lesions requiring percuta-
neous coronary intervention, heightened in-hospital mortality during episodes of acute
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coronary syndrome, and elevated 3-year mortality following acute ST-segment elevation
myocardial infarction [64,65].

Cerebrovascular Accidents

Metabolic-associated fatty liver disease (MAFLD) seems to elevate the occurrence
of ischemic stroke, although conflicting evidence exists regarding its potential role as a
causative factor. Earlier, smaller studies did not present a definitive association between
these two conditions [66,67]. Distinct ischemic stroke patterns associated with metabolic-
associated fatty liver disease (MAFLD) have been under scrutiny. Among stroke patients
with MAFLD, occurrences of large artery atherosclerosis and small vessel occlusions are
more prevalent, whereas a cardioembolic origin is less frequently identified [68]. Addition-
ally, this patient population may experience a higher incidence of brainstem infarctions,
with an elevated risk of progression even after adjusting for comorbidities [69]. Elevated
levels of aminotransferases and gamma-glutamyl transferase (gGT), primarily linked to
metabolic-associated fatty liver disease (MAFLD), have been shown to be associated with
an increased occurrence of ischemic stroke in several investigations. In a case–control
study involving 103 individuals with acute ischemic stroke and 200 controls, both alanine
and aspartate aminotransferase levels were independently associated with an elevated
odds ratio for ischemic stroke. [70]. In a larger prospective study with 6997 men without
established cardiovascular disease (CVD) or type 2 diabetes mellitus (T2DM), gGT lev-
els, a more specific marker of MAFLD, were independently associated with a higher risk
of ischemic stroke, even among individuals at low or moderate cardiovascular risk [71].
In the EUROSTROKE study, a nested case–control study carried out in three European
countries (Finland, the Netherlands, and the United Kingdom), the correlation between
gGT levels and the likelihood of ischemic stroke seemed more prominent in individuals
without type 2 diabetes mellitus (T2DM) [72]. Significantly, gGT appears to contribute
to atherogenesis [73], as it has been identified in atheromatic plaques, macrophages, and
foam cells [74]. Its role in atherosclerosis is proposed to involve the induction of oxidative
stress [75]. individuals with MAFLD fibrosis, identified through the FIB-4 index, showed
higher rates of stroke compared to those without fibrosis, according to data from the United
States National Health and Nutrition Examination Survey (NHANES) spanning from 2005
to 2014 (odds ratio 1.87, 95% confidence interval 1.00–3.50) [76].

Chronic Kidney Disease

Patients with MASH exhibit a higher incidence of chronic kidney disease (CKD)
compared to other causes, leading to MASH emerging not only as a primary indication
for LT [51,77] but also for simultaneous liver–kidney transplantation (SLKT) in the United
States. This is attributed to the significance of serum creatinine and dialysis status in the
model for end-stage liver disease (MELD) score [78]. With the rising incidence of renal
dysfunction at LT due to prioritization under the MELD allocation system in the United
States, the rates of SLKT have increased from 2.7% of all LT in 2000 to 9.3% in 2016.

The association between metabolic-associated fatty liver disease (MAFLD), particularly
its necro-inflammatory form (MASH), and kidney disease remains not fully understood.
The liver, a central controller of glucose and lipid metabolism, significantly impacts the
emergence of cardiovascular and kidney diseases. Recent findings indicate that MAFLD,
specifically MASH, may not just indicate kidney damage but might actively participate in its
onset. Possible mechanisms include the release of pathogenic mediators from the inflamed
liver, such as reactive oxygen species, advanced glycation end products, and inflammatory
molecules. Pro-inflammatory and pro-fibrogenic substances released by the liver may
promote kidney injury. The presence of hepatorenal syndrome in cirrhotic patients further
supports the interconnected pathways between the liver and kidneys. Although evidence
links MAFLD to chronic kidney disease (CKD), a definitive causal relationship has not
been conclusively established. MAFLD may exacerbate insulin resistance, contribute
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to atherogenic dyslipidemia, and release pathogenic mediators that play a role in CKD
pathophysiology [79,80].

Alcohol Consumption

Several epidemiological studies suggest a protective influence of light to moderate
daily alcohol consumption against the development of metabolic-associated fatty liver
disease (MAFLD). However, while these modest ethanol amounts may deter fatty liver,
they might pose a risk for other conditions like breast and colon cancer. Individuals with
underlying hepatic steatosis or metabolic dysfunction-associated steatohepatitis (MASH)
are advised against chronic ethanol use, as current data do not endorse a favorable im-
pact of alcohol in such cases. Exceptionally, overweight and obese individuals may be
more vulnerable to the effects of alcohol, even at moderate levels [81]. The analysis of
the relationship between alcohol consumption and the occurrence of HCC and mortality
from liver disease revealed a significant association [82]. Specifically, consumption of more
than three alcoholic drinks daily was significantly linked to both the incidence of HCC
(HR: 1.92; 95% CI: 1.42–2.60) and mortality from liver disease (HR: 5.84; 95% CI: 4.81–7.10),
compared to those consuming up to one drink per day [82]. An approximate intake of more
than 80 g alcohol per day leads to the RR ranging between 4.5 and 7.3 for hepatocellular
carcinoma (HCC), compared with abstinence or consumption of less than 40 g per day [83].
In metabolic-associated fatty liver disease (MAFLD), the accumulation of fat in hepatocytes
is primarily driven by the metabolic syndrome, marked by hyperinsulinemia and elevated
levels of circulating free fatty acids [84,85]. This set of conditions is marked by obesity,
diabetes mellitus (DM), hypertension, and disturbances in fat metabolism. Notably, moder-
ate alcohol consumption has been shown to positively affect peripheral insulin resistance,
providing benefits for individuals with type II DM [86].

Smoking

Smoking has been linked to a higher risk of developing HCC [87,88], although there
have not been specific studies exploring the connection between smoking and HCC related
to MAFLD. The liver metabolizes tobacco carcinogens, and the creation of DNA adducts
could serve as a crucial factor initiating hepatocarcinogenesis [89].

Gut Microbiome

In recent years, there has been an increased understanding that the microbiota, a
diverse ecosystem comprising bacteria, archaea, protists, fungi, and viruses residing in
the human gut, is not a passive observer but an active participant in human physiology.
Various factors, including host-related aspects such as diet, physical activity, medication,
circadian rhythm, and geographical location, influence the composition and function of
the microbiota. This intricate community of microorganisms possesses a significantly
greater amount of genetic information compared to the human genome. For instance, it
contains enzymes capable of biochemical functions absent in the human host, such as
deconjugating primary bile acids or the breakdown of indigestible carbohydrates. The
unique configuration of an individual’s microbiota collaborates with their specific genetic
makeup, contributing to personalized traits and phenotypes.

Several possible mechanisms through which the gut microbiota influences MAFLD
and MASH have been explored in recent studies. Proposed mechanisms involve dysbiotic
bacteria and their byproducts moving to the liver due to a compromised gut barrier. This
migration triggers an inflammatory response in the liver, and there are also interactions
between commensal microbes or metabolites and dietary factors that contribute to the
development of steatosis [90].

Patients with MAFLD and especially MASH have been shown to exhibit an increased
number of Bacteroidetes and differences in the presence of Firmicutes [91]. Apart from
this difference, patients with MAFLD have also been demonstrated to exhibit an increased
proportion of species belonging to Clostridium, Anaerobacter, Streptococcus, Escherichia,
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and Lactobacillus, whereas Oscillibacter, Flavonifaractor, Odoribacter, and Alistipes spp.
are less prominent [92]. Furthermore, there is a relative abundance of potential pathogens,
such as Gram-negative Proteobacteria, Enterobacteriaceae, and Escherichia spp. among pa-
tients with MASH, when compared to healthy controls, while Faecalibacterium prausnitzii,
and Akkermansia muciniphila are relatively diminished [93,94]. Changes in gut microbiota
are associated with increased fecal concentrations of 2-butanone and 4-methyl-2-pentanone,
metabolites that can induce liver cell toxicity in individuals with metabolic liver diseases,
as compared to healthy individuals [95]. Furthermore, the gut microbiota in patients with
MAFLD contains a higher concentration of ethanol-producing bacteria, such as E. coli,
which can produce ethanol without oxygen [96]. This leads to a suggestion that the gut
microbiota in these patients may generate more ethanol than that of healthy individuals, as
indicated by higher levels of intrinsically produced ethanol in the bloodstream and breath.
Ethanol is known to trigger Nuclear-Factor-kappa-B signaling molecules, causing tissue
damage by impairing gut barrier function and thereby increasing portal lipopolysaccha-
ride concentrations. It has been noted that the detoxification process is compromised in
the liver of patients with MAFLD, leading to a rise in the production of reactive oxygen
species (ROS) [96]. These ROS can cause oxidative damage to liver cells, increasing liver
inflammation and contributing to MASH [96].

Iron Overload

Patients with HCC have been noted to exhibit iron overload, and hepatic iron over-
load associated with MAFLD could contribute to carcinogenesis through oxidative stress.
Additionally, elevated serum ferritin levels, indicative of hyperferritinemia, might be a
factor that increases the risk of liver fibrosis progression and HCC in MASH. As a result,
individuals with heightened serum ferritin levels may require screening for HCC. While
there is evidence suggesting iron overload as a risk factor for HCC, it remains unclear
whether this condition is a cause or consequence of advanced liver disease [97,98]. Hy-
perferritinemia, specifically in patients with HFE hemochromatosis, is associated with a
high risk of developing hepatocellular carcinoma [99]. In these patients, the morbidity and
mortality of patients in whom phlebotomy is initiated before the development of cirrhosis
and diabetes are significantly reduced [99]. However, in patients without HFE hemochro-
matosis and solely MAFLD, the data are limited. Phlebotomy has been observed in studies
to significantly decrease insulin resistance and increase levels of alanine transaminase and
triglycerides [100]. While phlebotomy might be an effective way to reduce iron storage in
the liver of MAFLD patients, there is no significant correlation between serum ferritin levels
and inflammation or erythrocyte sedimentation rate [101]. Additionally, serum ferritin
levels do not necessarily predict the severity of MAFLD.

3.2.3. Clinical Features

MAFLD is frequently asymptomatic and is typically discovered incidentally during
medical assessments, mainly through liver ultrasonography conducted for other pur-
poses. Alternatively, it can be identified based on clinical indicators of the metabolic
syndrome [102,103]. Consequently, it is understandable how cardiovascular complications,
primarily arising from atherosclerosis, valvular calcifications, and heightened intimal arte-
rial thickness, constitute the primary causes of mortality and morbidity in individuals with
MAFLD [104,105]. Diagnosing metabolic-associated fatty liver disease-related hepatocel-
lular carcinoma (MAFLD-HCC) often occurs at a more advanced stage when compared
to HCC, stemming from other causes [106]. A sizable Italian cohort revealed that at the
presentation of MAFLD-HCC, Barcelona Clinic Liver Cancer (BCLC) C tumors were signifi-
cantly more prevalent than those in HCV-HCC cases (21% vs. 4%, p < 0.0001) [47]. Both
insufficient HCC surveillance practices and the occurrence of MAFLD-HCC in the absence
of cirrhosis, leading to the absence of surveillance practices, are likely contributing factors.
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3.2.4. Pharmacological Therapies

Metformin is a medication commonly used to manage type 2 diabetes mellitus (T2DM).
It has been linked to a lower risk of cirrhosis and hepatocellular carcinoma (HCC) in
T2DM patients with chronic liver disease. Metformin may also inhibit cancer invasion and
metastasis, potentially improving patient outcomes, but more research is needed [107].

PPARα agonists, like glitazones, have shown beneficial effects in patients with MAFLD
and MASH. Pioglitazone, for instance, has been found to improve liver function and liver
fat content, and can lead to the resolution of MASH in patients, regardless of their T2DM
status. However, its effect on liver fibrosis is modest. Rosiglitazone, on the other hand,
has shown limited effects and its trials were discontinued due to increased cardiovascular
risk [107]. Despite these promising results, the use of pioglitazone for MASH is currently
not approved beyond the treatment of T2DM due to potential side effects like weight gain,
fluid retention, and risk of bone fractures or bladder cancer. However, pioglitazone has
been found to lower the risk of myocardial infarction and stroke in patients with T2DM or
prediabetes, making it a potential treatment for MASH patients at risk of cardiovascular
disease [107]. Other agents, like PPARα/δ and PPARα/γ agonists, are currently being
studied for their ability to safely metabolize substrates. Elafibranor, a PPARα/δ agonist,
improves insulin resistance and inflammation, and has shown promise in early clinical
trials. Saroglitazar, a PPARα/γ dual agonist, has shown potential benefits in animal models
of MASH and may decrease serum ALT concentrations and improve cardiometabolic
profiles. However, larger clinical trials are needed to confirm these results [107]. Sodium-
glucose cotransporter-2 (SGLT-2) inhibitors have been found to have a positive effect on
liver steatosis, inflammation, and fibrosis, making them a potential treatment for MASH.
However, most of the randomized controlled trials (RCTs) conducted so far have been
small and have not tested the impact of SGLT-2 inhibitors on liver histology [108].

Statins and other lipid-lowering agents are often used to manage conditions associated
with MAFLD, such as type 2 diabetes mellitus (T2DM), hypertension, obesity, and dyslipi-
demia [108]. Statins inhibit a key enzyme in cholesterol synthesis and have been shown
to reduce cardiovascular morbidity in MAFLD patients without causing significant liver
damage [108]. They may also improve liver steatosis, inflammation, and fibrosis. Other
lipid-lowering agents, such as ezetimibe, fenofibrate, and omega-3 polyunsaturated fatty
acids, have varying effects on liver histology in MAFLD patients [108].

Inhibitors of angiotensin converting enzyme (ACEi) or angiotensin II receptor blockers
(ARBs) may have anti-fibrotic effects on the liver, but results from clinical studies have
been inconsistent [108]. Anti-platelet aggregation agents, like aspirin, have been associated
with less severe histological features of MAFLD and MASH and a lower risk of progression
to advanced fibrosis [108]. Vitamin E, a potent antioxidant, has shown potential in the
treatment of MAFLD in preclinical studies and in a trial involving non-diabetic patients
with MASH [108].

Several new drugs are being tested for MAFLD, including synthetic ligands that acti-
vate the farnesoid X receptor (FXR), thyroid hormone receptor (THR)-β-selective agonists,
inhibitors of Diacylglycerol-O-acyltransferase 2 (DGAT2), and agents that modulate the
immune system or inhibit apoptosis [108]. However, results from clinical trials have been
mixed, as seen for a few interventions in Table 1, and more research is needed to determine
the effectiveness and safety of these agents.
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Table 1. Recent trials and systematic review about treatment approaches.

Author Study Participants Objectives Outcomes

Ramai et al. [109]
Systematic
Review and
Meta-analysis

19,514,750 patients
(18,423,546 controls
and 1,091,204
bariatric patients)

To determine
whether bariatric
surgery reduces the
risk of HCC.

The pooled rate/1000 person-years was
0.05 (95% CI: 0.02–0.07) in bariatric
surgery patients and 0.34 (95% CI:
0.20–0.49) in the control group with an
incidence rate ratio of 0.28 (95% CI:
0.18–0.42).

Harrison et al. [110] Randomized
Controlled Trial

38 participants
divided to placebo
or treatment group

To assess the
performance of a
structurally
optimized FXR
agonist in patients
with MASH.

MET409 lowered LFC over 12 weeks in
patients with MASH and delivered a
differentiated pruritus and LDL-C
profile at 50 mg, providing the first
clinical evidence that the risk–benefit
profile of FXR agonists can be enhanced
through structural optimization.

Jiang et al. [111] Randomized
Controlled Trial

48 participants
30 received MET409
and 18 received a
placebo.

To investigate
potential early
predictors of the
12-week treatment
response with
MET409

The relative change in the MRI-based
proton density fat fraction (PDFF) at
week 4 was highly predictive of the
treatment response estimated by using
the week 12 MRI-based PDFF.

FXR: farnesoid X receptor, LFC: liver fat content.

4. Conclusions

MAFLD is often asymptomatic and is typically detected incidentally during medical
examinations, often through liver ultrasonography conducted for other reasons or based
on clinical signs of metabolic syndrome. However, the prevalence of the condition is on
the rise. Diagnosis of MAFLD-related hepatocellular carcinoma (MAFLD-HCC) frequently
occurs at a more advanced stage compared to HCC from other causes. Symptoms of MASH-
related HCC may include fatigue, abdominal pain, weight loss, jaundice, swelling, and
easy bruising. Insufficient HCC surveillance and the occurrence of MAFLD-HCC without
cirrhosis, resulting in a lack of surveillance, are likely contributing factors. Additionally,
understanding the pathogenesis of the disease might provide profound treatment therapies
that are targeted and might aid in reducing the development of HCC.
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