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Non-alcoholic fatty liver/disease (NAFLD) is the most common chronic liver disease,
affecting more than 30% of.the global/population. It is characterized by excessive accumulation
of triglycerides in hepatocytes in the absence of other secondary causes of steatosis. The disease
encompasses a broad/histological spectrum and is histologically classified into simple steatosis
and non-alcoholic steatohepatitis (NASH). Within the NAFLD spectrum, only patients with non-
alcoholic'steatohepatitis progress to cirrhosis and hepatocellular carcinoma (HCC). Currently, HCC
is the, sixth most common cancer worldwide and the second leading cause of cancer-related
mortality. Projections indicate that the prevalence of HCC in certain regions of the world will
increase by up to 122% by 2030. This exponential rise in prevalence is associated with the global
pandemics of obesity and diabetes, which represent the two most significant risk factors for the
development and progression of NAFLD.The mechanisms underlying HCC development in NAFLD
have not yet been fully elucidated; however, metabolic dysregulation in the presence of visceral
obesity, hepatocellular lipid accumulation, systemic inflammation, insulin resistance, and

dysbiosis lead to oxidative stress, the release of reactive oxygen species in the steatotic liver,
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and mitochondrial dysfunction. These processes result in hepatocyte apoptosis, promoting
fibrogenesis. Advanced fibrosis in the steatotic liver represents the most important risk factor for
the development of HCC; nevertheless, in approximately 20% of patients with NAFLD, HCC

develops in the absence of fibrosis.
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Hepatocelularni karcinom povezan sa nealkoholnom masnom bolescu jetre
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Nealkoholna masna bolest jetre (NAFLD) je najceSéa hroni¢na bolest jetre, koja zahvata
vise od 30% populacije. KarakteriSe se ekcesivnom akumulacijom triglicerida u hepatocitima, u
odsustvu drugih sekundarnih uzrokassteatoze. Bolest je Sirokog histoloSkog spektra i histoloSki
se klasifikuje na_obi¢nu steatozu i nealkoholni steatohepatitis (NASH). Unutar NAFLD spektra
samo pacijenti sa nealkoholnim steatohepatitisom razvijaju cirozu i hepatocelularni karcinom
(HCC). Dbanas je HCC Sesti najcesc¢i karcinom Sirom sveta i drugi najcesc¢i razlog mortaliteta
povezanog sa karcinomima. Projekcije su da ¢e prevalenca HCC u pojedinim delovima sveta do
2030. 'godine porasti za 122%. Ovo eksponencijalno povecanje prevalence je povezano sa
pandemijom gojaznosti i dijabetesa, dva najznacajnija rizi¢na faktora razvoja i progresije NAFLD.
Nisu u potpunosti razjasnjeni mehanizmi razvoja HCC u NAFLD, ali metaboli¢ka disregulacija u
prisustvu visceralne gojaznosti, akumulacija hepatocelularne masti, sistemska inflamacija,
insulinska rezistencija, dizbioza vode oksidativnom stresu, oslobadanju slobodnih kiseoni¢nih
radikala u steatoti¢noj jetri, mitohondijalnoj disfunkciji, uzrokujuc¢i apoptozu hepatocita i
promovisudéi proces fibroze. Uznapredovala fibroza u steatoti¢noj jetri je najznacajniji faktor rizika

razvoja HCC, mada se kod 20 % pacijenata sa NAFLD HCC razvija u odsustvu fibroze.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) represents a growing global health problem and
encompasses a disease spectrum that includes non-alcoholic fatty liver (NAFL), non-alcoholic
steatohepatitis (NASH), associated cirrhosis, and hepatocellular carcinoma (HCC). The disorder
is characterized by excessive accumulation of triglycerides within hepatocytes, manifesting in
certain patients as hepatic steatosis in the absence of a history of chronic alcohol consumption
(140-350 g/week for women and 210-420 g/week for men) and other secondary causes of
hepatic steatosis, such as hepatitis C, hepatotoxic drugs, toxins, Wilson’s disease,_starvation,/or
secondary lipodystrophy. NAFLD is currently the most common chronic liver disease, affecting
approximately one quarter of the global population, with projections suggesting that its,incidence

may rise to 56% in the coming decades (1,2).

The prevalence of NAFLD increases progressively in parallel with the rising prevalence of
obesity and type 2 diabetes mellitus (T2DM), which represent.the principal risk factors for disease
development. More than 50% of patients with T2DM and over 90% of individuals with class 111
obesity are affected by NAFLD. Furthermore, 1.5% to 6% of the general population develops non-
alcoholic steatohepatitis, with 10% to 15%. of these patients exhibiting progression to fibrosis,
which may further advance to liver cirrhosis and hepatocellular carcinoma. NAFLD displays a
broad clinical spectrum; despite. this, a substantial proportion of affected individuals present with
asymptomatic hepatic steatosis and-asymptomatic fibrosis. Insufficient awareness of NAFLD-
associated HCC, together with these factors, contributes to delayed diagnosis and poor five-year

survival outcomes (3,4).

The progressive increase in the incidence of these complications parallels the rising
prevalence of NAFLD. NAFLD is currently the second most common indication for liver
transplantation; however, it is anticipated to become the leading cause of liver transplantation,

HCC development, and liver-related mortality in the coming years (5).

Recently, a new nomenclature has been proposed to define these entities as metabolic
dysfunction—associated steatotic liver disease (MASLD) and metabolic dysfunction—associated
steatohepatitis (MASH). The presence of hepatic steatosis, confirmed by imaging modalities or

liver biopsy, together with at least one cardiometabolic risk factor (obesity, diabetes mellitus, or



metabolic dysregulation) in the absence of other causes of hepatic steatosis, establishes the

diagnosis of MASLD (6).

MASLD represents the hepatic manifestation of metabolic syndrome and is a multifactorial
disease resulting from the interaction of cardiometabolic and environmental factors in genetically
predisposed individuals. Its incidence is rapidly increasing worldwide, and it constitutes a
significant risk factor for the development of hepatocellular carcinoma. MASH, first described as
a distinct entity in 1980, is characterized by steatosis, inflammation, hepatocellular injury, and

apoptosis (7,8).

Numerous risk factors are associated with the development of MAFLD, including insulin
resistance, elevated body mass index, atherogenic dyslipidemia,/ diabetes mellitus, systolic
hypertension, and chronic kidney disease, all of which contribute to.metabolic dysregulation,
disease onset, and progression. Currently, approximately two-thirds/of the global population is
overweight, and one-third is obese. In younger individuals, MAFLD is more prevalent among men;
however, with advancing age, the incidence increases overall, and the sex-related distribution of

the disease shifts (9).

Ethnicity and genetic background<also play important roles in the development of MAFLD.
Polymorphisms in the patatin-like phospholipase domain containing 3 (PNPLA3) gene are a well-
recognized predisposing factor, explaining the higher prevalence of the disease among Hispanic
populations compared with African Americans, who, despite a high prevalence of diabetes mellitus
and obesity, carry a protective gene variant (S453l allele) that reduces susceptibility to hepatic
steatosis.»Several other genetic variants, including TM6SF2, MBOAT7, APOC3, NCAN, GCKR,
LYPLAL1, and PPP1R3B, have been shown to predispose individuals to the development and

progression of MAFLD (10).

Despite substantial advances in the understanding of pathophysiological mechanisms—
particularly the central roles of insulin resistance and adipose tissue dysfunction—there remains
significant heterogeneity among patients with respect to clinical presentation, disease

progression, and response to therapy.



Epidemiology and Clinical Characteristics of NAFLD-Associated Hepatocellular

Carcinoma

According to statistics from 2020, hepatocellular carcinoma (HCC) represents the sixth
most frequently diagnosed malignancy worldwide and ranks third among causes of cancer-related
mortality. The most common etiological factors contributing to the development of HCC include
chronic hepatitis B and hepatitis C virus infections, excessive alcohol consumption, aflatoxin
exposure, and schistosomiasis. The annual incidence of HCC ranges from 1% to 4%, among
patients with cirrhosis of any etiology, while the five-year survival rate remains as low as 18%.
HCC occurs more frequently in men, with the highest incidence observed between the ages of 60
and 70 years. Since the year 2000, the global incidence of HCC related to viral hepatitis has
declined, largely due to the implementation of hepatitis B vaccination, programs and the
availability of highly effective antiviral therapies. Non-alcoholic fatty liver disease (NAFLD) is
associated with an increased risk of hepatocellular carcinema, particularly among patients with
cirrhosis or advanced fibrosis; however, 20-30% of NAELD-associated HCC cases occur in the

absence of advanced fibrosis (11,12).

Steatohepatitic hepatocellular carcinoma (SH-HCC) was first described in 2010 as a
histological variant of HCC characterized by<morphological features resembling non-neoplastic
steatohepatitis and a strong ‘clinical | association with metabolic syndrome (13,14). Early
observations demonstrated that patients with SH-HCC had a significantly higher burden of
metabolic syndrome risk factors (2.44 vs. 1.48, p = 0.01) and a greater proportion of individuals
with at least three components of metabolic syndrome (50% vs. 22.5%, p = 0.02) compared

with patients with conventional HCC (14).

The rising incidence of NAFLD-associated HCC in Western countries has been attributed
to increasing rates of childhood obesity, early onset of NASH, and higher alcohol consumption
during early adolescence. The annual incidence of non-cirrhotic HCC among patients with NAFLD
ranges from 0.1% to 1.3 per 1,000 individuals, while the incidence of HCC in NASH-related
cirrhosis ranges from 0.5% to 2.6%. Younossi and colleagues, using registry data and Medicare-
linked files to monitor HCC in the United States, reported that during a six-year follow-up period
involving 4,929 patients with HCC and 14,937 controls, 14.1% of HCC cases were associated with

NAFLD, with an annual increase in newly diagnosed cases of 9% between 2004 and 2009. Patients



with NAFLD-associated HCC tend to be older and have a higher prevalence of metabolic and
cardiovascular comorbidities, as well as diabetes mellitus, compared with patients with HCC
arising from other chronic liver diseases. These factors contribute to a poorer prognosis, reduced

survival, and a diminished response to immunotherapy (15,16).

A retrospective study conducted in Japan involving more than 6,500 patients with
ultrasound-confirmed NAFLD reported cumulative incidence rates of NAFLD-associated HCC of
0.02% at 4 years, 0.19% at 8 years, and 0.51% at 12 years of follow-up. Advanced fibrosis was
identified histologically in 184 patients, who demonstrated a significantly higher cumulative
incidence of HCC (hazard ratio [HR] 25.03; 95% confidence interval [CI] 9.02=69.52). The annual

incidence of newly diagnosed HCC in this cohort was 0.043% (17).

In a study involving more than 10 million Medicare beneficiaries; the prevalence of NAFLD
was estimated at 5.7%, with cirrhosis identified in 30% of ‘affected patients. The calculated
cumulative risks of progression from NAFLD to compensated, cirrhosis and decompensated
cirrhosis were 39% and 45%, respectively, while the cumulative risk of developing HCC reached
76.2% over eight years of retrospective follow-up. Independent predictors of disease progression

included cardiovascular disease, renal impairment, dyslipidemia, and diabetes mellitus (3).

Available evidence suggests that NAFLD-associated HCC constitutes the predominant
category of non-cirrhotic HCC, with 58.3% to 77.2% of NAFLD-related HCC cases developing in
a non-cirrhotic liver, in.contrast/,to HCC arising from alcoholic liver disease or chronic hepatitis C

(12).

NAFLD-associated HCC exhibits morphological features reminiscent of non-neoplastic
steatohepatitis, " including macrovesicular steatosis, inflammation, ballooning of malignant
hepatocytes, fibrosis, and Mallory—Denk bodies (18). For a diagnosis of NAFLD-related HCC, at
least 5% to 50% of the tumor area must demonstrate steatohepatitic features. Phenotypically,
NASH-related HCC differs from HCC of other etiologies. Histologically, NASH-HCC tends to be less
aggressive, follows a more indolent course, exhibits a more pronounced inflammatory response,
consists of well-differentiated tumors of larger diameter, shows a lower frequency of satellite
nodules, and is associated with a reduced likelihood of extrahepatic metastases and less frequent

intravascular invasion. At the time of diagnosis, patients with NAFLD-associated HCC generally



exhibit less severe underlying liver dysfunction compared with patients with HCC related to
hepatitis C. In the cirrhotic stage, steatosis and necroinflammatory activity may disappear,
resulting in a condition known as “burned-out NASH,” with cirrhosis histologically classified as

cryptogenic, thereby contributing to delayed recognition of the increased risk of HCC (19,20).

Since the beginning of the millennium, the progressive increase in NAFLD prevalence has
led to an eightfold rise in the proportion of HCC cases attributable to NAFLD. Compared with other
chronic liver diseases, HCC in NAFLD develops five times more frequently in the pre-cirrhotic
stage; however, from another perspective, patients with NAFLD without cirrhosis have a100-fold

lower risk of developing HCC (21,22).

A meta-analysis of 19 studies including approximately 170,000 patients with NASH
demonstrated a prevalence of HCC of 38% in the absence of cirrhosis, compared with 14% in

other liver diseases (23).

In 2002, Bugianesi and colleagues followed 641 patients with HCC, among whom 6.9%
developed HCC in the setting of cryptogenic cirrhosis. These patients were compared with
individuals who developed HCC on the background of hepatitis C virus—related cirrhosis, hepatitis
B virus—related cirrhosis, and alcoholic cirrhosis. Comparative analysis revealed that obesity,
diabetes mellitus, dyslipidemia, and .insulin resistance—metabolic disturbances commonly
associated with NASH—were significantly associated with the presence of cryptogenic cirrhosis

(20).

Risk Factors for the Development of NASH and Hepatocellular Carcinoma

Given the global trend of increasing NAFLD incidence, the identification of high-risk

subgroups among patients with NAFLD for the development of HCC is of paramount importance.

Demographic characteristics (age, sex, and ethnicity), metabolic syndrome, obesity,
diabetes mellitus, alcohol consumption, and the severity and activity of liver disease—particularly
the presence of inflammation and fibrosis—significantly contribute to the risk of HCC development

(12).



Obesity has well-established implications in the pathogenesis of multiple malignancies,
including colorectal, endometrial, renal, esophageal, gastric, pancreatic, and gallbladder cancers,
and, in conjunction with insulin resistance (IR), represents a major risk factor for HCC. Individuals
with a body mass index (BMI) greater than 40 kg/m2 exhibit a 50—-60% higher risk of malignancy
compared with normal-weight individuals (24,25). Obesity (BMI =30 kg/m?2) doubles the risk of
HCC, while individuals with a BMI exceeding 35 kg/m2 have a fourfold increased risk of developing

HCC (3).

Obesity induces insulin resistance in adipose tissue, promotes enhanced lipolysis,
inflammatory cell infiltration, and alterations in adipocytokine secretion. Specific adipocytokines
link metabolic syndrome, T2DM, and NAFLD, and imbalance in their expression plays a central

role in disease progression toward NASH and cirrhosis (26).

Assessment of visceral obesity is particularly importantin estimating HCC risk, with waist
circumference serving as a reliable anthropometric measure of visceral adiposity, given its strong

association with increased all-cause mortality.

In a prospective study by Williams et al."in. 2011, a markedly higher prevalence of NAFLD
and NASH was observed among patients with diabetes compared with the general study
population (74% vs. 46% and 22% vs. 12%, respectively). Insulin resistance was identified as
an independent risk factor‘for.the development of NASH across the entire cohort, and patients
with advanced fibrosis demonstrated a higher degree of insulin resistance compared with those

with moderate fibrosis (27).

Prospective studies have consistently shown that T2DM is an independent risk factor for
NAFLD progression, fibrosis development, HCC occurrence, and overall mortality (28). Diabetes
mellitus doubles the risk of HCC and increases HCC-related mortality by approximately 1.5-fold.
When combined with metabolic syndrome, T2DM confers a fivefold increased risk of developing

HCC (3).

Younossi et al., in a prospective study of patients with histologically confirmed NAFLD,
demonstrated that individuals with diabetes had a higher prevalence of cirrhosis (25% vs. 10%,
p = 0.04), greater overall mortality (56.8% vs. 27.3%, p = 0.001), and increased liver-related

mortality (18.2% vs. 2.3%, p = 0.02) compared with patients without diabetes (29).



Patients with HCC arising in the setting of cryptogenic cirrhosis exhibit a high prevalence
of obesity and diabetes compared with those with HCC secondary to alcoholic or viral cirrhosis,
suggesting that NAFLD represents the underlying cause of cryptogenic cirrhosis complicated by

HCC in this patient population (20).

A systematic review and meta-analysis of 29 studies by Guo et al., aimed at identifying
the risk factors for HCC development in patients with NAFLD, demonstrated a strong association
between diabetes mellitus and HCC, a weaker association with hypertension and obesity; and no
significant association with dyslipidemia. The oncogenic effects of diabetes and obesity are
mediated through the induction and promotion of inflammatory cascades, increased production
of pro-inflammatory cytokines and reactive oxygen species, genomic instability, and hepatocyte
apoptosis. Collectively, these processes lead to continuous cycles (of hepatocellular injury and
regeneration, promoting replication-associated mutations, ultimately facilitating
hepatocarcinogenesis. Additional risk factors identified for,HCC development in NAFLD included
older age, male sex, alcohol consumption, smoking, elevated liver enzymes, reduced platelet

count and serum albumin levels, and PNPLA3 gene polymarphisms (30).

Consistent with these findings,/a meta-analysis of eight cohort studies by Chen et al.
concluded that diabetes mellitussmand overweight/obesity are strong risk factors for HCC
development in individuals with NAFLD, whereas hypertension and dyslipidemia do not exert a

significant influence (31)4

Among all'identified factors, the most potent risk factor for NAFLD-associated HCC is the
presence of advanced fibrosis, as assessed by histology, non-invasive scoring systems, and

elastography (32).

Pathogenesis of Hepatocellular Carcinoma in NAFLD

Metabolic dysfunction—associated fatty liver disease (MAFLD) represents the phenotypic

manifestation of metabolic dysregulation and may exhibit heterogeneous clinical presentations



depending on the interplay between genetic predisposition and environmental factors. The
mechanisms underlying HCC development in the steatotic liver have not yet been fully elucidated.
Currently, the “multiple parallel hits” hypothesis is widely accepted to explain the progression
from NAFLD to non-alcoholic steatohepatitis (NASH) and fibrosis (33). Over the past decade,
adipose tissue and the gastrointestinal tract have been recognized as key drivers of inflammation
and fibrosis in NAFLD. Insulin resistance constitutes the central pathogenic mechanism underlying
hepatic steatosis, while hepatic insulin resistance and lipotoxicity represent additional hallmarks

of NAFLD (33).

Disease progression is believed to be driven by a combination of factors; including genetic
variants, oxidative stress, abnormal lipid metabolism, altered immune_responses; mitochondrial

and endoplasmic reticulum dysfunction, and dysregulation of the gut microbiota.

The most important triggers of chronic inflammation ‘leading to hepatocyte injury and
subsequent HCC development are insulin resistance, acecumulation of lipids and toxic lipid

metabolites, and infiltration of pro-inflammatory cells with cytokine release.

Insulin resistance promotes peripheral lipolysis, resulting in increased delivery and
hepatic uptake of free fatty acids. Chronic hyperinsulinemia stimulates lipogenesis through the
regulation of lipogenic transcription factors, such as peroxisome proliferator—activated receptor
gamma (PPAR-y) and sterol regulatory element—binding protein-1c (SREBP-1c) in the liver
(34,35). Hepatic lipid-accumulation results from increased lipogenesis, enhanced portal influx of
fatty acids, or impaired B-oxidation of fatty acids. Insulin resistance also induces adipocyte
dysfunction, leading ta increased secretion of adipocytokines—peptides derived from visceral
adipose tissue—including tumor necrosis factor alpha (TNF-a), interleukin-6 (IL-6), and leptin.
Imbalance in the secretion of these cytokines represents an additional mechanistic link between
obesity and NAFLD. Pro-inflammatory cytokines promote the migration of inflammatory cells into
the liver and activate hepatic stellate cells, resulting in increased extracellular matrix protein
production.These processes induce structural and morphological alterations in hepatocyte
mitochondria and stimulate the synthesis and release of hepatotoxic reactive oxygen species

(ROS) (9,26).



Excessive ROS production within a lipid-rich hepatic environment leads to lipid
peroxidation, further impairment of mitochondrial respiratory chains, and enhanced release of
pro-inflammatory cytokines, including tumor necrosis factor alpha (TNF-a), transforming growth
factor beta (TGF-B), interleukin-6 (IL-6), leptin, and adiponectin. IL-6 represents a key mediator
of ROS-induced liver injury. Elevated ROS levels cause mitochondrial and DNA damage in
hepatocytes, activate caspases 3 and 9, and induce hepatocyte apoptosis. In parallel, k=6
stimulates cellular proliferation and activates anti-apoptotic pathways through signal.transducer
and activator of transcription 3 (STAT3) signaling, a well-established oncogenic transcription
factor. TNF-a contributes to disease progression and hepatocarcinogenesis through the activation

of the JAK2/STAT signaling pathway (36,37).

Alterations in cellular redox status impair the protein-folding capacity of the endoplasmic
reticulum and trigger the unfolded protein response (UPR). In NAFLD, UPR promotes activation
of c-Jun N-terminal kinase (JNK) and nuclear factor kappa:B_(NF-kB), which are actively involved
in hepatocyte inflammation and apoptosis. Oxidative stress—mediated activation of NF-kB results
in increased production of pro-inflammatory cytokines, further driving neutrophil chemotaxis,
hepatocyte apoptosis, and stellate cell activation:81 Chronic inflammation in the context of hepatic
steatosis, together with sustained NF-KB _activation, plays a pivotal role in carcinogenesis and

HCC development.

Persistent hyperinsulinemia “in. the setting of insulin resistance, along with increased
secretion of insulin-like growth factor 1 (IGF-1), further contributes to hepatocarcinogenesis.
Binding of insulin and IGF-1 to their respective receptors activates the phosphoinositide 3-kinase
(PI13K) and mitogen-activated protein kinase (MAPK) signaling pathways, which play central roles
intumorigenesis. Activation of MAPK pathways induces transcription of proto-oncogenes such as
c-fos and. c-jun, promoting cellular proliferation and subsequent activation of the Wnt/B-catenin

pathway, both of which are critically involved in fibrosis and tumor development (36,37).

Patients with NAFLD-associated HCC generally exhibit a poor prognosis. Therefore,
accurate risk stratification of patients with hepatic steatosis and an increased risk of HCC—based
on clinical parameters, disease activity and stage, and genetic information—is essential for early

detection and improved outcomes (11).



The Role of the Microbiota in the Pathogenesis of NASH-Related Hepatocellular

Carcinoma

An increasing body of evidence supports the role of intestinal barrier dysfunction in
initiating hepatic inflammation, promoting NAFLD progression, and driving fibrogenesis.
Alterations in gut permeability facilitate the translocation of bacteria and bacterial membrane
components—such as lipopolysaccharides (LPS)—uvia the portal circulation to the liver, where they

activate immune responses and induce hepatocellular injury.

Kupffer cells, through their Toll-like receptors (TLRs), recognize LPS and other pathogen-
associated molecular components. Through the expression of numerous cytokines, including TNF-
a, IL-1B, IL-6, IL-12, and IL-18, they mobilize the inflammatory (ells. This'cytokine release
promotes the recruitment and activation of inflammatory® cells »suech as neutrophils, T

lymphocytes, and monocytes, thereby amplifying hepatic inflammation (38).

Ponziani et al. investigated alterations in gut microbiota composition, intestinal
permeability, inflammatory markers, and circulating mononuclear cells in patients with NAFLD-
related cirrhosis and HCC, patients with.cirrhosis without HCC, and healthy controls (39). They
demonstrated an increased abundance of Bacteroides and Ruminococcaceae in patients with HCC,
accompanied by a reduction ingBifidobacteria. Intestinal permeability was comparable between
the two cirrhotic groups; however, fecal calprotectin levels were significantly higher in patients
with cirrhosis andHCC. Moreover, the HCC group exhibited elevated plasma levels of IL-8, IL-13,
and chemokines including C—C motif ligand (CCL) 3, CCL4, and CCL5. These findings underscore
the importance of gut microbiota dysbiosis and systemic inflammation in hepatocarcinogenesis

(39).

A key gut bacterial metabolite implicated in obesity-associated HCC is deoxycholic acid
(DCA), which induces DNA damage and plays a critical role in hepatocarcinogenesis. Experimental
mouse models have demonstrated that increased enterohepatic circulation of DCA is associated
with enhanced secretion of inflammatory cytokines (such as IL-8) and tumor-promoting factors

in the liver, thereby facilitating HCC development.

Dietary fiber fermentation by intestinal bacteria produces short-chain fatty acids (SCFAs),

primarily acetate, butyrate, and propionate. Among these, butyrate exhibits the most potent anti-
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inflammatory properties through the activation of regulatory T cells. Diets rich in fats and
carbohydrates promote gut dysbiosis, characterized by reduced colonization with beneficial
bacteria (Bifidobacterium, Lactobacillus, Bacteroides) and predominance of Prevotella and
Firmicutes. Dysbiosis leads to decreased SCFA production, increased inflammation, dyslipidemia,
and obesity.Reduced butyrate levels are associated with increased intestinal permeability,
enhanced translocation of bacterial endotoxins, and hepatic steatosis. In addition, SCFAs regulate
host metabolism by activating free fatty acid receptors that stimulate the secretion of hormones
such as glucagon-like peptide-1 (GLP-1) and peptide YY, which modulate glucose homeostasis,
appetite, and energy metabolism. Beneficial effects of sodium butyrate on increased intestinal
GLP-1 expression and release, along with upregulation of hepatic GLP-1 receptors and attenuation

of NAFLD progression, have been demonstrated in animal models (40;41,42).

As early as 2001, Wigg et al. reported a higher prevalence of small intestinal bacterial
overgrowth (SIBO) and elevated TNF-a levels in patients, with NASH compared with controls,
supporting the role of SIBO and endotoxemia in NASH pathogenesis (43). TNF-a and IL-8 play
key roles in the induction and progression of NAFLD to NASH and cirrhosis, as evidenced by their

elevated serum concentrations in affected patients.

Activation of TLR-4 and TkR-9 receptors secondary to gut dysbiosis stimulates Kupffer
cells to secrete IL-1B, promoting. lipid accumulation and hepatocyte apoptosis, thereby driving
steatosis and inflammation. Hepatic stellate cells produce fibrogenic mediators that contribute to

fibrosis.

Gut dysbiosis also alters bile acid metabolism, with a predominance of deoxycholic acid,
which exerts'its effects via hepatic stellate cells and the production of inflammatory and tumor-

promaoting factors, further facilitating the development of hepatocellular carcinoma (44).

PNPLA3 1148M and NAFLD-Associated Hepatocellular Carcinoma

The strongest genetic variant predisposing to MASLD and its progression to HCC is the
rs738409 C>G polymorphism of the PNPLA3 gene, corresponding to the 1148M variant. This

polymorphism involves a cytosine-to-guanine nucleotide substitution, resulting in an amino acid

11



change at position 148, with methionine replacing isoleucine. The PNPLA3 gene encodes a protein
belonging to the patatin-like phospholipase family, whose progenitor, patatin, exhibits non-
specific lipid acyl hydrolase activity, catalyzing the conversion of lysophosphatidic acid to

phosphatidic acid (45).

It is postulated that the 1148M variant of PNPLA3 reduces its enzymatic activity toward
glycerol lipids, leading to subsequent hepatic fat accumulation. Valenti et al. were the first to
demonstrate, in two independent cohorts of patients with histologically confirmed NAFLD, that
homozygosity for the 1148M allele confers a 3.3-fold increased risk of developing NASH and
fibrosis (46). The association between the PNPLA3 1148M polymorphism and-fibrosis.severity has
been further confirmed in a meta-analysis, which showed that GG homozygotes exhibit a 3.24-
fold higher necroinflammatory score and a 3.2-fold increased risk of fibrosis compared with CC

homozygotes (47).

A study by Liu et al. confirmed a strong association<between the PNPLA3 rs738409 C>G
polymorphism and HCC in patients with NAFLD (p < 0.0001). The strength of this association was
proportional to the number of G alleles present and was independent of established risk factors
such as age, sex, obesity, diabetes mellitus, and the presence of cirrhosis. Carriers of the GG
genotype exhibited up to a fivefolddincreased.risk of developing HCC and were, on average, up to

four years younger at diagnosis than carriers of the CC genotype (48).

Patients carrying the /mutant G allele tend to develop more aggressive, poorly
differentiated tumors’ and experience worse clinical outcomes. The impact of the PNPLA3
rs738409 variant on HCC risk and prognosis is particularly pronounced in homozygous carriers.
Homozygosity for the PNPLA3 1148M variant has been associated with shorter median survival,
and this effect appears to be consistent across different etiologies of liver disease. In the study
by Valenti et al., PNPLA3 1148M homozygosity emerged as the only independent negative
prognostic factor for survival in patients with metabolic- and alcohol-related liver disease in Cox

regression analysis (hazard ratio [HR] 1.87; 95% confidence interval [CI] 1.12—-2.78) (49).

A longitudinal prospective study by Trifo et al. identified a potential synergistic interaction
between the PNPLA3 rs738409 polymorphism and environmental and metabolic factors—such as

obesity and alcohol consumption—in modulating the risk of HCC (50).
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Incorporation of PNPLA3 into validated predictive models may substantially improve risk
stratification for HCC development. Furthermore, combining PNPLA3 with other genetic variants
associated with progressive liver disease has facilitated the development of polygenic risk scores

(PRS) (51).

Screening of Patients with NAFLD: Whom and When?

Patients with NAFLD-associated hepatocellular carcinoma (HCC) generally have a poor
prognosis. Therefore, risk stratification of patients with hepatic steatosis and aniincreased risk of
HCC—based on clinical characteristics, disease activity and stage, and genetic/information—is

crucial (11).

In high-risk populations, such as patients with{chrenic hepatitis B infection and those with
cirrhosis of any etiology, HCC surveillance is recommended in order to increase the proportion of
tumors detected at an early stage. Among patients with decompensated NASH-related cirrhosis,
the incidence of HCC is higher than in those with compensated cirrhosis. Additional risk factors
for HCC in patients with NASH-related cirrhosis include male sex, the presence of diabetes
mellitus, obesity, dyslipidemia, alecohoel.consumption, and, in the United States Hispanic ethnicity.
Patients with stage F3 fibrosis are considered to be at intermediate risk for HCC development. In
contrast, patients with NAFLD and lower stages of fibrosis (F1 and F2), as determined by a
combination of the FIB-4 index and transient elastography, have a low incidence of HCC, and

routine screening is not recommended in this group (52).

ldentifying patients at high risk remains a major challenge. Screening for HCC in patients
with NAFLD without cirrhosis is costly and not cost-effective. Given the projected global incidence
of more than one million HCC cases by 2025, it is estimated that excluding patients with non-
cirrhotic NAFLD from surveillance programs could result in missing approximately 60,000 new
HCC cases. The primary risk stratification tool for HCC development in NAFLD is the assessment
of cirrhosis or advanced fibrosis using non-invasive techniques. To reduce the likelihood of
misclassification, current recommendations favor the combination of at least two non-invasive
fibrosis assessment methods from different categories (i.e., serum-based tests and imaging-

based techniques). Concordant findings indicating advanced fibrosis or cirrhosis support the

13



initiation of HCC surveillance.The FIB-4 index can be easily calculated using online calculators
based on age, alanine aminotransferase (ALT), aspartate aminotransferase (AST), and platelet
count. Patients with a FIB-4 score greater than 2.67, irrespective of cirrhosis status, have an
increased risk of developing HCC and should be considered for screening (52). Additionally,
mathematical models named NAFLD fibrosis score, incorporating six variables—age, body mass
index (BMI), AST/ALT ratio, fasting glucose, platelet count, and serum albumin—can identify
patients with advanced fibrosis; values greater than 0.675 suggest advanced fibrosis, while values
<1.455 exclude it (3). Transient elastography (FibroScan) is an inexpensive, painless bedside
method with acceptable accuracy and reproducibility for the diagnosis of liver fibrosis. However,
its diagnostic performance may be limited by obesity, the presence of ascites, ‘and narrow

intercostal spaces.

Current guidelines of the American, European and Japanese associations for the study of
liver diseases recommend HCC surveillance in patients with advanced fibrosis, particularly those
older than 65 years, individuals with diabetes mellitus® and retinopathy, and patients with
persistently elevated transaminases. The cost<effectiveness of HCC surveillance is greatest in
patients with NAFLD and Child—Pugh class A cirrhosis. In contrast, the benefit of surveillance in
patients with more advanced liver dysfunction is,questionable, given the competing risks of liver-

related and cardiovascular mortality (53).

As a primary sudrveillance ‘strategy, both AASLD and EASL recommend abdominal
ultrasonography/every six months, with or without measurement of alpha-fetoprotein (AFP). The
advantages of ultrasonography include wide availability, non-invasiveness, low cost, and safety,

without exposure to ionizing radiation or contrast agents (54,55).

Patients with NAFLD-related cirrhosis and liver stiffness values exceeding 15 kPa on
elastography should undergo semiannual HCC surveillance. However, surveillance in this
population is complicated by the reduced diagnostic accuracy of semiannual ultrasonography due
to steatosis-related deep ultrasound attenuation. Increased BMI further compromises ultrasound
sensitivity and accuracy. Emerging evidence indicates that ultrasonographic visualization may be
inadequate to reliably exclude liver lesions in approximately one-fifth of patients. Consequently,
the diagnostic accuracy of ultrasound for HCC detection in NAFLD-related cirrhosis is

approximately threefold lower than in cirrhosis due to other chronic liver diseases (56).
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A study involving 941 patients with cirrhosis demonstrated that ultrasound was
inadequate as a screening modality in 20% of cases, with elevated BMI and NASH-related
cirrhosis identified as the two main contributing factors. Although repeated ultrasound
examinations may improve Vvisualization, patients with persistently poor imaging quality—
particularly those with NAFLD—require alternative imaging modalities such as computed

tomography (CT) or magnetic resonance imaging (MRI).

Similar to ultrasonography, AFP measurement offers advantages of low cost and wide
availability, but it has limited sensitivity for detecting early-stage HCC. A recent meta-analysis
demonstrated that AFP significantly improves the sensitivity of ultrasound forearly HCC detection
in patients with NAFLD-related cirrhosis, with sensitivity increasing from'45% using ultrasound

alone to 63% when combined with AFP (57).

These limitations highlight the need for alternative imaging/modalities, particularly CT
and MRI. However, the use of CT for surveillance is limited by cumulative radiation exposure and
the risks associated with contrast agents. The prospective PRIUS study conducted in South Korea
demonstrated significantly higher sensitivity @nd specificity of MRl compared with ultrasound for
early HCC detection in high-risk cirrhotic patients (58). Nevertheless, the cost-effectiveness of

MRI and limitations in radiological.capacity.must be carefully considered.

The integration of«demographic and clinical variables with blood-based biomarkers has
led to the development of /biomarker panels aimed at identifying patients at increased risk of
NAFLD-associated HCC. One such model, the HCCrisk score, combines age, sex, diabetes status,

platelet count, aminotransferase levels, and serum albumin to stratify HCC risk (59).

The GALAD score, proposed by Best et al., is currently undergoing phase 1l validation
following encouraging results demonstrating high accuracy for early-stage HCC detection in
patients with NASH, with or without fibrosis. In a case—control study of patients with NAFLD, a
GALAD cutoff value of —0.63 yielded a sensitivity of 68% and a specificity of 95% for early-stage
HCC detection. The GALAD score incorporates age, sex, serum AFP, AFP-L3 isoform, and des-y-
carboxy prothrombin (60). However, despite its promise, the GALAD score still requires validation

in phase Il and IV studies before it can be routinely adopted for HCC screening.

Conclusion
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The growing contribution of non-alcoholic fatty liver disease to the global prevalence of
HCC is largely driven by the pandemics of obesity and diabetes mellitus. The prevalence of
cirrhosis among patients with NAFLD-associated HCC is lower than that observed in HCC arising
from other etiologies. When cirrhosis is present, it is frequently classified histologically as
cryptogenic due to the absence of steatosis and necroinflammatory activity. Owing to its
prolonged and indolent course, non-alcoholic steatohepatitis is often overlooked, leadingsto
delayed diagnosis. Consequently, patients typically present at advanced stages of disease, 'with
multiple comorbidities, larger tumor size, late-stage tumor detection, and significantly reduced

survival.

The high proportion of HCC developing in the pre-cirrhotic stage of NAFLD,/combined with
underdiagnosis of advanced fibrosis—the principal risk factor for HCC—and insufficient awareness
of the importance of regular surveillance in patients with NAFLD-related cirrhosis, represent major
contributors to the failure of effective HCC screeningfin this population. Efforts should therefore
be focused on the prevention of NAFLD and NASH, proactive identification of advanced fibrosis
among obese individuals and patients with diabéetes mellitus, and increasing global awareness of

the clinical significance of NAFLD.

Incorporating patients with,, NAFLD<and multiple risk factors into structured HCC
surveillance programs may substantially enhance HCC prevention strategies. There is an urgent
need for improved non-invasive biomarkers to enable accurate risk stratification and precise
identification ofdindividuals at<high risk for HCC, including the development and validation of

clinical and polygenic risk scores, as well as integrated models combining these approaches.
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