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Abstract: Non-alcoholic fatty liver disease (NAFLD) is the most prevalent chronic liver disease
that affects approximately one-quarter of the global adult population, posing a significant threat
to human health with wide-ranging social and economic implications. The main characteristic of
NAFLD is considered that the excessive fat is accumulated and deposited in hepatocytes without
excess alcohol intake or some other pathological causes. NAFLD is a progressive disease, ranging
from steatosis to non-alcoholic steatohepatitis (NASH), cirrhosis, hepatocellular carcinoma, liver
transplantation, and death. Therefore, NAFLD will probably emerge as the leading cause of end-stage
liver disease in the coming decades. Unlike other highly prevalent diseases, NAFLD has received
little attention from the global public health community. Liver biopsy is currently considered the gold
standard for the diagnosis and staging of NAFLD because of the absence of noninvasive and specific
biomarkers. Due to the complex pathophysiological mechanisms of NAFLD and the heterogeneity
of the disease phenotype, no specific pharmacological therapies have been approved for NAFLD at
present, although several drugs are in advanced stages of development. This review summarizes the
current evidence on the pathogenesis, diagnosis and treatment of NAFLD.
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD) represents a serious liver pathology, which
requires high health care costs, causes economic losses and reduces health-related quality
of life [1–3]. The main feature of NAFLD is hepatic steatosis, which is currently defined in
the NAFLD management’s guidelines as steatosis with ≥5% liver fat detected by imaging
techniques or histology in patients with no other chronic liver disease consuming little to
no alcohol [4,5]. NAFLD is a general term utilized for a wide range of clinicopathological
findings. Histologically, NAFLD is a disease continuum including steatosis accompanied by
mild inflammation or not (non-alcoholic fatty liver, NAFL) and NASH, which in addition
features hepatocellular damage (hepatocyte ballooning) [6]. With the rising prevalence
rates of metabolic disorders, including diabetes, obesity, dyslipidemia and metabolic
syndrome, NAFLD incidence is growing year by year, which further increases the odds
of cardiovascular disease and death. Meanwhile, NAFLD also increases the odds of liver
cancer, and is considered the primary cause of liver cancer in the Western world [7].
Therefore, the early detection, diagnosis and treatment of NAFLD has become urgent.
The present review describes current findings about the pathogenesis of NAFLD and
highlights progress in its diagnosis and treatment, which may help improve the outcomes
of NAFLD cases.

2. Definition

NAFLD begins with ectopic fat buildup in the liver and further manifests as an
impaired stress response resulting from an excessive supply of nutrients, mainly com-
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prising glucose, fructose and fatty acids. Under normal conditions, fatty acid supply to
the liver relies on the degradation of triglycerides (TGs) in fat tissue. Subsequently, the
liver eliminates fatty acids to generate inert TGs that enter the circulation in the form of
very low-density lipoprotein or transiently remain in liver cells as lipid droplets. During
this process, fatty acids can provide energy through β-oxidation in the mitochondria or
peroxisomes [8]. However, de novo lipogenesis (DNL) converts excess carbohydrates (e.g.,
fructose, glucose) into fatty acids and excess energy is stored as lipids in a disorderly
manner in the liver, which is approximately the main fatty acid supply to the liver in
NAFLD cases [6,9,10]. Once fatty acids are excessively produced via DNL or adipose
lipolysis, or in the case of impaired or overwhelmed fatty acid oxidation, they can generate
lipotoxic substances, including lysophosphatidylcholine, lysophosphatidic acid, ceramides,
and diacylglycerols [11,12]. Prolonged lipotoxicity induces endoplasmic reticulum stress,
inflammation, mitochondrial dysfunction, hepatocyte damage, and the production of profi-
brogenic stimuli to hepatic stellate cells. [13,14]. Jointly, these events finally induce the
histological features of NAFLD, including progressive liver NASH, fibrosis, cirrhosis, and
hepatocellular carcinoma (Figure 1). Interestingly, based on the diverse metabolic events in-
volved in NAFLD development and progression, several expert panels recently suggested
to change the disease name from NAFLD to metabolic (dysfunction)-associated fatty liver
disease (MAFLD) [15–18]. This novel definition of NAFLD may increase awareness and
research of the disease, and effectively accelerate the translational path to new treatments.
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Figure 1. Pathophysiology and management options in NAFLD.

3. The Mechanism of NAFLD
3.1. Pathogenesis

NAFLD features a buildup of fats such as TGs in hepatocytes. The occurrence of
hepatic steatosis in most individuals depends on ingested dietary fats [19]. A reasonable en-
largement of visceral fat tissue co-occurs with free fatty acid (FFA) secretion into the portal
circulation, from which FFAs translocate into the liver to exert lipotoxicity [20]. Therefore,
NAFLD features excessive TG buildup in hepatocytes both because of enhanced inflow of
FFAs and DNL [21]. When the supply of fatty acids surpasses the ability of β-oxidation,
accumulated acyl-CoA is utilized for TG biosynthesis, inducing liver steatosis. Indeed,
fatty acid or fatty acyl-CoA buildup is more detrimental to the liver compared with TG ac-
cumulation [22]. Usually, about 60% of the liver TG content in NAFLD cases isderived from
circulating non-esterified fatty acids, and the remaining accounts for 40% from DNL or the
diet [23]. Thus, DNL is substantially important in the pathogenetic mechanism of NAFLD.
In DNL, glucose is transformed into acetyl CoA via glycolysis and pyruvate oxidation.
Acetyl-CoA is next transformed into malonyl-CoA by acetyl-CoA carboxylase (ACC). Fatty
acid synthase (FAS) catalyzes palmitic acid generation from malonyl-CoA and acetyl-CoA.
Glucose and insulin induce lipogenesis by activating carbohydrate-response element-



Int. J. Mol. Sci. 2023, 24, 2844 3 of 23

binding protein (ChREBP) and sterol regulatory element-binding protein-1c (SREBP-1c),
respectively (Figure 2). Furthermore, ChREBP enhances its interaction with carbohydrate
responsive element in the promoter regions of glycolytic and lipogenic genes such as
liver-pyruvate kinase, ACC, and FAS [9,24].
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increased inflow of both FFAs and DNL. Additionally, NASH and fibrosis is also present.

Fatty acid-binding proteins (FABPs) belong to the superfamily of lipid-binding pro-
teins [25]. In addition to FABPs, fatty acid translocation mostly utilizes three additional
fatty acid transporters, i.e., fatty acid transport proteins (FATP), fatty acid translocase
(FAT/CD36) and caveolin-1. Subsequently, fat buildup as lipid droplets in hepatocytes
causes hepatic steatosis [26]. Lipid droplets in cells comprise the molecular machinery for
synthesizing, storing, utilizing, and degrading diverse lipid derivatives from the enzymatic
activity of ACC [27]. Additionally, lipid droplets’ proteins also affect the pathophysiology
of fatty liver disease. Therefore, high fat diet-associated peroxisome proliferator-activated
receptor-gamma (PPAR-γ) enhances and develops fatty liver [28]. Liver lipase activity
shows a positive correlation with intra-abdominal fat levels; thus, hyperinsulinemia cor-
relates with insulin receptor substrate-2 (IRS-2) downregulation in the liver [29]. First,
insulin-dependent induction of tyrosine phosphorylation of IRS-2 is reduced. Subsequently,
IRS-2-associated phosphatidylinositol 3-kinase (PI3K) activity is decreased and Akt phos-
phorylation is seriously repressed (Figure 2). Despite IRS-2 downregulation, insulin con-
tinuously increases SREBP-1c amounts. Eventually, glucose overproduction combined
with induced fatty acid biosynthesis further increases insulin secretion and resistance in a
vicious cycle [30].

NASH features steatosis with diffused lobular inflammation, hepatocellular damage
(hepatocyte ballooning as a hallmark), and fibrosis to diverse extents. Liver inflammation
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drives disease progression, and up to one-third of NASH cases may progress to advanced
fibrosis or cirrhosis, which increases liver disease-associated death because of cirrhosis
complications, e.g., HCC. At present, the prognostic value of inflammation in NASH con-
sidering liver-associated morbidity or mortality remains controversial. A systematic review
of trials with paired biopsy specimens indicated that histological inflammation in the first
biopsy sample independently predicts the progression to advanced fibrosis in NASH [31].
However, retrospective longitudinal trials reported liver fibrosis, not inflammation, as
the major prognostic factor of liver-disease associated mortality [32]. This does not nec-
essarily suggest inflammation and hepatocyte ballooning have no prognostic value, as
the natural course of NAFLD may span decades; therefore, detecting the association of
NASH with long-term prognosis may require larger and optimally powered long-term
trials with strict histological definitions. Inflammation induces the secretion of diverse
inflammatory factors, including cytokines, chemokines and eicosanoids, which orchestrate
cell defense mechanisms and tissue regeneration. However, inflammation persistence may
induce chronic inflammatory alterations, which exacerbate tissue damage and may trigger
an abnormal wound-healing response contributing, in NAFLD cases, to the etiology of
NASH and liver fibrosis.

Correlating with liver disease progression, organ fibrosis is a characteristic of dis-
ease progression in chronic inflammatory disorders, which represents an important factor
determining liver disease outcome and HCC occurrence. In the same manner, in the
liver, fibrosis greatly affects the patient’s quality of life and prognosis [33]. Liver fibro-
sis features a continuous extracellular matrix (ECM) buildup that alters the normal liver
features. Pathogenetically, liver metabolic disorders damage hepatocytes and alter the
infiltration of immune cells that induce the trans-differentiation of hepatic stellate cells
(HSCs) into collagen-producing myofibroblasts (Figure 2). In NASH, an impaired bal-
ance of pro-fibrogenic and anti-fibrogenic mechanisms results in continuous induction
of proliferating, contractile and migrating myofibroblasts, which excessively produce the
ECM. The liver’s fate to progress to an anti-fibrotic scar-dissolving phase or an unsup-
pressed fibrosis-promoting phase is hereby mostly controlled by non-parenchymal cells
(NPCs), e.g., Kupffer cells and other immune cells. Therefore, hepatocyte apoptosis and
damage-associated pattern (DAMP) release by liver cells both induce HSCs directly and
enhance the infiltration and activation of lymphocytes and macrophages, promoting HSC
trans-differentiation and myofibroblast activation by generating pro-inflammatory and
pro-fibrogenic cytokines [34,35]. At the molecular level, interconnected cytokine-induced
signaling pathways are responsible for pro-fibrogenic cell interactions. Indeed, transform-
ing growth factor beta (TGF-β), platelet derived growth factor (PDGF), the inflammasome
(NLRP3)-caspase1 pathway, and Wnt/β-catenin signaling are considered the major path-
ways controlling HSC activation and fibrosis progression.

3.2. Insulin Resistance

Insulin resistance (IR) represents the main mechanism underlying the development
and progression of NAFLD; IR progression results in continuous lipolysis from insulin-
resistant intraabdominal visceral fat accumulation. Consequently, the therapeutic effects
of insulin sensitizers on NAFLD/NASH are very important. Indeed, IR is caused by
progressive mitochondrial dysfunction, likely constituting the primary event triggering
obesity-related NAFLD [36]. IR in NAFLD features decreased whole-body, liver, and fat
tissue insulin sensitivity, which might induce liver injury and liver disease progression.
According to the “two-hit” hypothesis, the second hit encompasses metabolic oxidative
stress-, autophagy- and inflammation-induced NASH progression [37]. Obesity induces
chronic inflammation and cytokine release from adipocytes or macrophages infiltrating the
fat tissue. As depicted in Figure 2, IR with deficient insulin receptor substrate-2 (IRS-2)-
related PI3K activity increases the cell amounts of fatty acid-derived metabolites, including
diacylglycerol (DAG), fatty acyl CoA or ceramides [38,39]. A progressive elevation of the
mean TG/DAG ratio was detected in normal livers progressing to NAFLD and eventu-
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ally developing NASH. Since NAFLD has demonstrated associations with obesity and
peripheral IR, IR enhances lipolysis and induces FFA delivery to the liver. The last step of
liver TG biosynthesis is catalyzed by acyl-coenzyme A:DAG acyltransferase (DGAT) [40].
Thus, overexpression of liver DGAT induces hepatic steatosis. Conversely, DGAT inhibi-
tion prevents fat-associated hepatic IR by decreasing hepatic DAG amounts and protein
kinase C (PKC) activation via reduced SREBP1c-related lipogenesis and elevated liver fatty
acid oxidation [41]. PKC family members control IR occurrence in the liver. An increase
in hepatic DAG content has been reported that may activate PKC-ε and repress insulin
signaling. In addition, hepatic IR involves ceramide-related atypical protein kinase C
(aPKC) activation that specifically alters Akt-associated forkhead box O1 protein (FOXO1)
phosphorylation [42]. Liver aPKC activation involves IRS-2/PI3K and is sustained under
high-fat diet and obesity. Increased liver aPKC activation in the hyperinsulinemic state may
upregulate SREBP-1c [43]. Meanwhile, mammalian target of rapamycin (mTOR) activa-
tion also increases SREBP-1c expression, enhancing intrahepatic TG accumulation. In this
process, insulin-associated SREBP-1c upregulation and PEPCK downregulation are both
inhibited by PI3K and Akt suppressors. Recently, remarkably decreased protein amounts
of cyclin-dependent kinase 8 (CDK8) and Cyclin C (CycC) were detected in obesity in com-
parison with normal livers. In addition, SREBP-1c and CDK8-CycC complex proteins are
inversely correlated in human NAFLD. Downregulated CDK8–CycC complex formation
by SREBP-1c is a critical factor in liver DNL in NAFLD and hyperinsulinemia [44].

3.3. Mitochondrial Dysfunction

Mitochondrial respiratory chain complexes show reduced activities in liver samples
from NASH cases, which depicts a negative correlation with serum TNF-α, IR, as well as
an elevated body mass index (BMI) [45]. The amounts of hepatic TGs are readily changed
due to TGs/FFA partitioning and TGs-FFA metabolism by mitochondrial β-oxidation. The
key regulator of fatty acid transport from the cytosol into the mitochondria and the hepatic
mitochondrial β-oxidation flux is malonyl-CoA-sensitive carnitine palmitoyl transferase-
1 (CPT-1), which oxidizes fatty acids. ACC, an important regulator of DNL, generates
malonyl-CoA. In Figure 2, impairment of mitochondrial β-oxidation due to increased PPAR-
γ, FABP, activator protein-2 (ap2) and suppressed PPARα and CPT-1α highly contributes to
the pathogenetic mechanism of hepatic steatosis [46]. However, PPARα and PPAR-γ have
opposite effects on hepatic steatosis, suppressing and favoring lipogenesis, respectively.
Hepatic IR contributes to alterations in mitochondrial oxidative capacity, while reduced
liver ATP synthesis causes IR [47]. Primary defects in mitochondrial β-oxidation ability are
believed to enhance DAG buildup, PKC-ε activation, and hepatic IR, which can also result
in excessive reactive oxygen species (ROS) accumulation [48]. Subsequently, ROS-related
release of TNFα and FAS induces mitochondrial membrane permeabilization and apoptosis.
The generation of ceramides can be mediated by TNFα, which promotes hepatic IR and
attenuates Akt signaling. This is critical for the activation of major pathways regulating
steatosis, fibrosis and lipotoxicity.

3.4. Hepatocyte Lipoapoptosis

Liver cell lipoapoptosis represents an essential property of NASH. Despite similar cell
steatosis, treatment with saturated FFAs causes more pronounced apoptosis compared with
exposure to unsaturated counterparts [49]. Saturated FFAs activate protein phosphatase
2A through FOXO3a activation. The direct interaction of FOXO3a with the promoter
of the intracellular death mediator Bim increases its expression and lipoapoptosis [50].
Additionally, saturated FFAs enhance c-Jun N-terminal kinase (JNK)-associated hepatocyte
lipoapoptosis via the activation of proapoptotic Bcl-2 proteins, Bcl-2-interacting mediator of
cell death (Bim) and Bax. Of the latter proteins, Bax triggers the intrinsic apoptotic pathway.

An important pro-apoptotic protein, p53 upregulated modulator of apoptosis (PUMA),
is involved in FFA-associated lipoapoptosis in hepatocytes via the JNK1/activator protein-1
(AP-1) complex. PUMA enhances Bax translocation to the mitochondria, triggering pro-
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apoptotic events. JNK1/c-Jun-related PUMA transcriptional upregulation with further
Bax activation represents a step in the induction of saturated FFA-mediated apoptosis
(Figure 2). Therefore, mitochondria constitute the main regulators of fatty acid removal and
induce changes that help hepatocytes counteract excessive fat accumulation. Mitochondrial
function impairment is involved in diverse pathogenetic mechanisms of NASH. In this
case, ROS-mediated mitochondrial permeability transition might enhance mtDNA release
that compromises oxidative phosphorylation and initiates a vicious cycle leading to mito-
chondrial collapse. Defective mitochondrial oxidative phosphorylation, e.g., via decreased
respiratory chain complexes, is prominently found in NASH. In addition, mitochondrial
dysfunction influences lipid deposition in liver cells and induces lipid peroxidation, ROS
accumulation and cytokine release, promoting inflammation and cell death [51].

3.5. Oxidative Stress and Endoplasmic Reticulum Stress

Oxidative stress degrades lipids, proteins and DNA by inducing inflammation, which
induces steatosis progression to NASH. It is commonly found in chronic liver disorders
and highly contributes to NASH progression [52]. In addition, oxidative stress biomarkers
correlate with neutrophil numbers and liver injury extent in human NASH [53]. ROS also
induce lysosomal membrane disruption, causing lysosomal membrane permeabilization
and protease release into the cytosol, which induces apoptosis as well as necrosis [54]. In
the liver, Kupffer cells are the key cells involved in ROS production, which often relies
on NADPH oxidase [55]. DAMPs, including ATP, activate Kupffer cells and induce ROS
synthesis [56]. Some lipid peroxidation products can activate hepatic stellate cells. In turn,
hepatic stellate cells can produce ROS, possessing phagocytotic activity and expressing
NADPH oxidase. Further, cytochrome P450 2E1 (CYP2E1) is a microsomal enzyme in-
volved in fatty acid oxidation and ROS production. Besides, its expression is elevated in
NASH models, promoting oxidative damage in hepatocytes [57]. It was reported that in-
creased oxidative stress causes apoptosis, inflammation and fibrogenesis, due to increased
auto-oxidation of excess cholesterol-generating oxysterols in clinical biopsy-confirmed
NAFLD [58]. Endoplasmic reticulum (ER) stress signaling highly contributes to lipogenesis
attenuation and cell protection by enhancing transcription factor 6 (ATF6) expression and
transcription factor 4 (ATF4) activation, respectively (Figure 2). During ER stress, Ca2+ from
the ER is taken up by mitochondria and mitochondrial ROS accumulation increases. Ca2+

uptake triggers the opening of transition pores and cytochrome c release, which results
in defective mitochondrial oxidative function and increased ROS production [59]. JNK
signaling is activated by both oxidative stress and ER stress, as a major mediator of IR and
fatty acid-related hepatotoxicity.

4. Diagnosis of NAFLD

With Westernized eating habits and urbanization, NAFLD prevalence is higher than
previously predicted, with a quickly rising trend globally. Therefore, developing reliable
and practical tools for diagnosing NAFLD during disease screening is very important in
the early detection and effective therapy of NAFLD. Although simple steatosis cases have
relatively low odds of developing NAFLD, early diagnosis may help apply appropriate
prevention tools to prevent advanced liver diseases. Liver biopsy is not applicable to
diagnose simple steatosis due to its asymptomatic nature and hardly understood clinical
grounds. Therefore, simple and reproducible biomarkers and scoring systems are needed
for hepatic steatosis diagnosis. Biomarker panels currently utilized include two categories:
serum and imaging biomarkers. Usually, there is a limitation that not all biomarkers are
strictly specific to the patients’ livers and, thus, the presence or absence of other conditions
must be considered. However, these limitations may be partially overcome by imaging
tools for assessing hepatic steatosis, including magnetic resonance- and ultrasound-based
diagnostic tools, which can directly reveal the liver’s intrinsic properties of texture or
stiffness. Here we will discuss the current diagnostic methods for NAFLD.
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4.1. Noninvasive Diagnosis of Steatosis
4.1.1. Fatty Liver Index (FLI)

The FLI represents a noninvasive and well-predictive algorithm for the estimation of
hepatic steatosis, which is broadly utilized clinically because of simplicity. The established
method relies on BMI, waist circumference, serum TG and gamma-glutamyl transferase
(GGT) measurements [60]. In the latter algorithm, an FLI score <30 excludes fatty liver;
scores between 30 and 60 indicate uncertain condition, whereas a score ≥60 suggests a
definite prediction of hepatic steatosis development [60]. Its main disadvantages are the
lack of prediction accuracy and the inability to reflect risk classification. However, overall,
raising awareness of FLI in individuals with suspected hepatic steatosis may likely provide
novel tools for clinical management and counseling.

4.1.2. NAFLD Liver Fat Score (NLFS)

The NLFS was developed based on proton magnetic resonance spectroscopy (H-
MRS) to predict NAFLD and measure liver fat content as a reference standard for hepatic
steatosis [61]. When compared to other scores to detect hepatic steatosis, this score mainly
includes AST, AST/ALT ratio, and fasting serum insulin level and is usually assessed as
liver fat >5.56% (sensitivity, 86% and specificity, 71%). The NLFS allows the identification
of NAFLD using easily available clinical and laboratory data, which are thus inexpensive
tools that help in predicting patients who are at increased risk of NAFLD.

4.1.3. Lipid Accumulation Product (LAP)

The LAP, initially developed for the U.S. National Health and Nutrition Examination
Survey, is considered a biomarker of central obesity [62]. The LAP was designed for
identifying fatty liver disease and determining cardiovascular risk, separating patients
with no, intermediate and severe fatty liver using ultrasound images. Therefore, this index
is closely associated with the presence and severity of NAFLD, which has been recognized
as the liver manifestation of metabolic syndrome [63]. In recent years, several studies have
also supported the description of lipid accumulation through the utilization of the LAP, for
the screening of metabolic syndrome in healthy and patient populations [64,65]. However,
the LAP only uses fasting TG levels and waist circumference with gender-specific cut-offs
compared to the FLI [66]. Although this score is straightforward and simple, it has not
been widely adopted because waist circumference measurements are not standardized or a
robust variable. Recent studies have reported it is hard to comparatively assess diagnostic
values directly in independent validations of FLI, NLFS, and LAP, as diverse panels use
various reference standards [67–69]. Collectively, the main limitation of the wide application
of assays for detecting hepatic steatosis is related to the lack of pharmacotherapeutic and
patientcare pathways.

4.1.4. Novel NAFLD Biomarkers

Because liver biopsy has important risks and cannot be applied broadly, identifying
novel noninvasive biomarkers for simple steatosis, NASH and fibrosis is very important.
Thrombospondin 2 (TSP-2), belonging to the thrombospondin family, represents a matri-
cellular glycoprotein interacting with the extracellular matrix structural proteins, cellular
receptors, growth factors, and cytokines [70]. Recent studies have reported that serum
TSP-2 amounts are moderately correlated with ballooning and fibrosis degree, and repre-
sent a potential prognostic molecular marker for clinical diagnosing NASH and advanced
fibrosis in NAFLD [71–73]. Omics technologies can identify new markers with usefulness
in NAFLD diagnosis through the detection of thousands of metabolites [74]. Metabolomics
has been used to determine the metabolic profiles specific to steatosis and NASH. Par-
ticularly, arachidonic acid oxidation products are considered biomarkers of NASH [74].
Nevertheless, omics studies require validation in cohorts with larger sample sizes and
higher heterogeneity before clinical application. Currently, non-coding RNA can serve
as an emerging non-invasive biomarker for NAFLD detection. An important property
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making them excellent molecular markers is their high stability. In the general population,
circulating RNAs can be used as a NAFLD biomarker. miR-122 plays an essential role in
NAFL/NASH’s differential diagnosis and fibrosis stage definition [75,76]. We summarize
the currently recommended biomarkers as listed in Table 1.

Table 1. Potential biomarkers in NAFLD.

NAFLD Biomarkers Biomarker Types Diagnosis Type

Waist circumference, BMI, triglycerides, γ-glutamyl transferase Serum, panels NAFL

ALT/AST, BMI, sex, presence of type 2 diabetes, Serum, panels NAFL

Triglycerides Serum NAFL

Cholesterol Serum NAFL

γ-glutamyl transferase Serum NAFL

ALT Serum NAFL

AST Serum NAFL

Insulin, AST, ALT/AST Serum Metabolic syndrome, T2D

α2-macroglobulin, haptoglobin, apolipoprotein A1, GGT, total
bilirubin, ALT Serum NAFL

Basal hemoglobin Omics-based NAFL

Bile acids/glutathione Omics-based NAFL

Short-chain fatty acids/eicosanoids Omics-based NAFL

miR-122, miR-192, miR-16, miR-21, miR-27b, miR-197, miR-34a,
miR-375, miR-451, etc. Noncoding RNA NAFL

Cytokeratin-18 Serum NASH/inflammation

Fibroblast growth factor 12, CK-18 Serum NASH/inflammation

C-reactive protein, TNF, IL-6, IL-1, IL-1RA, CXCL10 Serum, plasma NASH/inflammation

Activated plasminogen activator inhibitor 1 Plasma NASH

Hydroxyoctadecadienoic acid 9 and 13, oxo-octadecadienoic acids Omics-based NASH

Linoleic acid/hydroxyoctadecadienoic acid 13, age, BMI, AST Serum, omics-based, panels NASH

miR-122, miR-192, miR-16, miR-21, miR-27b, miR-197, miR-34a,
miR-375, miR-30c, miR-22, IncRNA LeXis, etc. Noncoding RNA NASH

AST/ALT, AST/platelet Serum, plasma Fibrosis

BMI, AST/ALT, presence of diabetes Serum, panels Fibrosis

Age, AST, ALT, platelet count Serum, panels Fibrosis

Age, presence of diabetes, BMI, platelets, albumin, AST/ALT Serum, panels, plasma Fibrosis

Hyaluronic acid Serum Fibrosis, cirrhosis

Procollagen III amino-terminal peptide Serum Fibrosis

Pro-C3 Serum NASH, fibrosis

Metalloprotease-1 inhibitor Serum NASH, fibrosis

Laminin Serum Fibrosis

Hyaluronic acid, metalloprotease-1 inhibitor, procollagen III
amino-terminal peptide Serum Fibrosis

Age, sex, gender, bilirubin, γ-glutamyl transferase, hyaluronic acid,
α2-macroglobulin Serum, panels Fibrosis

miR-122, miR-192, miR-16, miR-21, miR-27b, miR-197, miR-30c,
IncRNA APTR, IncRNA RP11-128N14.5, IncRNA GAS5, etc. Noncoding RNA Fibrosis
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4.2. Imaging for Hepatic Steatosis
4.2.1. Ultrasonography

Routine ultrasonography is broadly utilized for the diagnosis of steatosis, which
presents as a typical hyperechoic liver. Ultrasound is commonly applied clinically because
of its simplicity, cost-effectiveness and ease of operation, and steatosis may be individually
categorized as mild, moderate or severe, by ultrasound analysis. A recent meta-analysis
showed that compared to histology (gold standard), ultrasonography is accurate and reli-
able in detecting fatty liver, with a pooled sensitivity and specificity of 84.8% and 93.6%,
respectively, for identifying ≥20–30% steatosis, and an overall area under the receiver oper-
ating characteristic curve (AUROC) of 0.93 [77]. Nevertheless, conventional ultrasonogra-
phy is limited to detecting ≥20% liver fat whereas steatosis cases starting from 5% liver fat
are omitted. In addition, its accuracy is also reduced in detecting liver fat in obese and se-
vere fibrotic patients. To cope with these limitations, some ultrasonography-based scoring
systems have been developed, with a higher sensitivity in identifying steatosis <20% liver
fat. An ultrasonography-based scoring system developed in Japan showed a high accuracy,
with elevated pooled sensitivity (91.2–92.6%) and specificity (100%) in non-alcoholic indi-
viduals [78]. After the semi-quantitative and quantitative scoring systems were developed,
both demonstrated better diagnostic performances than conventional ultrasonography in
detecting steatosis in overweight and obese individuals. The most important difference
between them was that the quantitative approach (sensitivity of 95% and specificity of
100%) uses computer-based ultrasonography hepatic/renal ratio and hepatic attenuation
rate [79,80]. Moreover, ultrasonography can also be combined with the noninvasive al-
gorithm FLI to accurately determine mild to moderate hepatic steatosis, with significant
correlations with histological indexes in populations [81–83]. Recent studies have also
reported several novel diagnostic tools for the analysis of ultrasonography images based
on deep learning algorithms, which have been promising in fatty liver assessments [84–86].
As a result, ultrasonography is considered the preferred diagnostic tool in people with
suspected NAFLD in clinical settings, which may help better identify the determinants of
fatty liver disease and intervene directly for reducing the clinical complications of NAFLD.

4.2.2. Computer Tomography (CT)

Similar to ultrasonography, CT has broad availability, easy execution and high accuracy
in diagnosing steatosis. Unfortunately, its application is also limited by suboptimal grading
ability for mild-to-moderate steatosis in the clinical setting [87,88]. Additionally, radiation
exposure renders CT inappropriate for longitudinal evaluation of NAFLD in early screening
and diagnosis, and incidental detection of hepatic steatosis by CT in other indications is
common [89]. Therefore, according to current European Association for the Study of the
Liver (EASL) clinical practice guidelines, although it is not a primary diagnostic tool, CT
remains to be recommended as a routine test of incidental hepatic steatosis.

4.2.3. Controlled Attenuation Parameter (CAP)

CAP, a non-invasive index derived from ultrasound signals, was specifically designed
for the detection of hepatic steatosis in individuals with about 10% liver fat without
fibrosis or cirrhosis. A previous study showed that CAP can accurately detect and grade
steatosis ≥11%, ≥33% and ≥66% with AUROCs of 0.91, 0.95 and 0.89, respectively [90].
Nevertheless, it is worth noting that majority of reports supporting CAP utilized the
M-probe for analysis, which has an elevated screening failure rate in obese individuals.
In a meta-analysis patient data using the XL-probe, CAP’s accuracy for distinguishing
steatosis had a suboptimal performance [91]. CAP levels may increase after eating and its
diagnostic performance is heavily associated with the operator’s skills. Besides, there is still
no consensus regarding the cutoffs [92]. Despite its limitations, the Asia-Pacific guidelines
still recommend CAP as a conventional testing index for the diagnosis and screening of
NAFLD because of its low cost and convenience [93].
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4.2.4. Magnetic Resonance-Based Techniques

MRI is a non-invasive test that quantitates liver fat amounts with high spatial resolu-
tion and no ionizing radiation. MRI has been proposed as an alternative to liver biopsy in
clinical NAFLD (e.g., steatohepatitis or fibrosis). With the continuous development of tech-
nology, magnetic resonance spectroscopy (MRS), an MRI-based technique, has been refined
to accurately detect changes of hepatic steatosis and grade steatosis. Usually, this technique
has determined liver fat at 5.56% as a pathological cut-off in a population compared to
healthy individuals [94]. MRI-proton density fat fraction (MRI-PDFF) constitutes a more
advanced MRI-based diagnostic tool, which can detect liver fat content across the whole
liver in an objective, quantitative and reproducible manner [95,96]. Quantitation of steatosis
by dividing all the protons in the liver is the main principle of MRI-PDFF. It can be assessed
into multiple regions within the liver and has been validated against liver histology. Thus,
compared with other imaging tools, MRI-PDFF has resulted in wide applications in NASH
trials as an approval endpoint. Currently, MRI-PDFF is superior to CAP in the diagnosis all
steatosis stages, with higher accuracy and sensitivity [97]. There are some limitations in
MRI-PDFF, including high cost, sophisticated algorithms, and the requirements for MRI
instruments and expert operators, which have reduced availability in comparison with
ultrasound-based devices. Thus, MRI-PDFF is currently applied only in clinical studies.

5. Management of NAFLD

The management of NAFLD and its related diseases comprises diverse tiers, in-
cluding conservative and surgical treatments. NAFLD treatment is a multimodal en-
deavor targeting many aspects, including weight loss, lifestyle changes and possible
medication optimization.

5.1. Lifestyle Modifications and Weight Loss

There is no current specific drug for NAFLD therapy; however, it is widely believed
that weight loss is the most critical intervention for obesity and NAFLD [87,98,99]. More-
over, a combination treatment can be beneficial such as lifestyle modifications, increased
physical activity and smoking/alcohol cessation [100,101]. In recent years, international
guidelines have strongly recommended a target of 7–10% weight loss to be achieved
through a healthy structured diet and physical activity [5,102]. The recommended healthy
diet that reduces the calorie intake and high-glycemic index foods is supported by a
prospective trial [103]. It was shown to reduce the NAFLD activity score, including achiev-
ing complete NASH alleviation and fibrosis regression in some patients. Among them,
patients losing≥10% body weight had the greatest benefit, with partial beneficial outcomes
observed in patients with weight loss ≥5%. Exercise, even without weight loss, is effective
in ameliorating liver fat [104]. A randomized trial demonstrated that supervised exercise
programs with moderate aerobic exercise can reduce liver fat compared to counselling [105].
Similarly, high-intensity interval training also shows therapeutic effects on liver fat and
whole-body fat mass [106]. In conclusion, there are certain benefits of lifestyle modifica-
tions, in that liver-associated mortality is reduced across all BMI levels and the excess risk
of liver disease-related death associated with obesity is decreased though reasonable and
persistent physical activity.

5.2. Pharmacological Treatment

Multiple drugs for limiting NAFLD development and progression have been exam-
ined, although none is currently specifically licensed for NAFLD treatment. We summarize
currently recommended drugs as shown in Table 2.

5.2.1. Pioglitazone

Pioglitazone, a thiazolidinedione derivative, is a potent activator of the nuclear re-
ceptor PPARγ (peroxisome proliferator-activated receptor γ), which is highly expressed
in fat tissue, with an important role in adipocyte differentiation as well as in lipid and
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glucose metabolism [107]. Therefore, pioglitazone ameliorates IR and enhances glucose
and lipid metabolism in diabetics [108]. In several PIVENS trials (pioglitazone vs. vitamin
E vs. placebo for nondiabetics with NASH), low-dose pioglitazone, vitamin E and placebo
were compared, showing that pioglitazone can ameliorate liver enzymes, hepatic steatosis
and lobular inflammation, although liver fibrosis was improved [109–112]. Additionally,
a meta-analysis found that the risk of myocardial infarction and cardiovascular death
increased after pioglitazone treatment compared with a placebo [113]. Furthermore, Bril
et al. showed that although pioglitazone had a substantial anti-steatogenic effect, no further
benefit in NAFLD activity score, ballooning or fibrosis occurred [114]. Studies also have
demonstrated that besides therapeutic effects there are side effects, including substantial
weight gain and lower extremity edema [115]. Despite some safety and tolerability concerns,
pioglitazone is presently recommended by EASL in select NAFLD and diabetes cases [102].
A meta-analysis demonstrated pioglitazone is substantially more likely to induce adverse
events compared with a placebo in prediabetics or diabetics with NAFLD [112]. In compar-
ison with placebo, pioglitazone had distinct adverse events such as hypoglycemia, chronic
lower extremity edema, atypical chest pain or epigastralgia, and back/joint pain. There
was no substantial elevation of the odds of pioglitazone discontinuation for serious adverse
events versus placebo. Meanwhile, between pioglitazone and placebo, no remarkable
difference in the risk of adverse events was found. A total of four deaths were reported in
the trial, including two patients each in the pioglitazone and placebo groups.

Table 2. Potential use of off-label pharmacological treatment.

Drugs Effects on the Liver Other Benefits Key Adverse Events

Pioglitazone Improves hepatic steatosis,
necroinflammation, and fibrosis

Improves insulin resistance and
glycemic control

Might improve weight gain, bone
loss, and fluid retention

Vitamin E Improves hepatic steatosis and
necroinflammation

Might prevent decompensation
and mortality in patients with

advanced liver fibrosis

Might increase risk of all-cause
mortality, bleeding, heart failure,

and hemorrhagic stroke

GLP-1 agonists Improves hepatic steatosis and
necroinflammation

Improves glycemic control;
reduces body weight

Increases nausea, vomiting,
diarrhea, and constipation

SGLT2 inhibitors
Improves hepatic steatosis,

necroinflammation, and
liver enzymes

Improves glycemic control;
reduces body weight; might have

reno-protective benefits

Might have acute kidney injury,
euglycemic diabetic ketoacidosis;

genitourinary infection,
and fractures

5.2.2. Vitamin E

Reactive oxygen species synthesis is critical for NASH progression. The efficacy of
vitamin E can reduce oxidative stress, and vitamin E has thus been evaluated in NASH
cases [116], which is supported by currently available guidelines as potential therapy in
select NASH cases [5]. Several clinical trials have demonstrated that vitamin E improves
liver function and reduces oxidative stress while not causing a significant reduction in
histological grade [117]. One study that compared pioglitazone combined with vitamin E
and vitamin E alone showed that the levels of serum ALT decreased in both groups, with a
remarkable histological improvement only detected in the combination group [118]. High-
dose vitamin E also increased the risk of all-cause mortality [87]; thus, vitamin E utilization
should be taken into consideration for possible side-effects, which mainly include a higher
risk of bleeding and adverse cardiovascular outcomes. A proof-of-concept, randomized,
double-blind, placebo-controlled study performed in 2010–2016 showed that vitamin E
alone and placebo are similar in improving the primary liver histological outcome, with
reduced efficacy compared with the combined use of vitamin E and pioglitazone [114].
Vitamin E and placebo showed no differences in the primary outcome or the percentage of
individuals with improved steatosis, inflammation, ballooning, and/or fibrosis. In addition,
four individuals died during the trial of cardiovascular complications, including two each
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in the vitamin E alone and combination groups, respectively. Overall, orally administered
vitamin E was well-tolerated, with no serious adverse events. Compared to placebo, side
effects were reported in the combination therapy, such as increased peripheral edema,
weight gain and hypoglycemia. Other side effects did not occur in the combination group,
including bladder cancer, osteoporosis, and osteoporotic bone fractures.

5.2.3. Glucagon-Like Peptide 1 (GLP-1) Agonists

Since Type 2 diabetes and NAFLD are closely associated, antidiabetic drugs were
examined for NAFLD treatment. Endogenous GLP-1 constitutes an incretin hormone
synthesized by gut mucosal L cells. GLP-1 agonists show prolonged half-lives compared
with endogenous GLP-1 but exert similar effects, which stimulate insulin secretion, inhibit
glucagon secretion and reduce liver glucose production [119]. Further, the latter agonists
also suppress central appetite and induce weight loss, which are beneficial outcomes in
obese NAFLD/NASH patients. In multiple clinical studies, the GLP-1 agonist liraglutide
has been shown to be an effective drug for Type 2 diabetes that can yield a good glycemic
control and improve liver-enzyme levels [120]. Additionally, liraglutide can decrease hep-
atic steatosis and increase weight loss, with beneficial effects on the histologic resolution
of NASH [119]. Semaglutide represents an additional GLP-1 agonist, with approval for
diabetes treatment [120], which is being studied for use in weight management [91]. It was
previously shown that semaglutide induces weight loss and improves glycemic control
in obese individuals [120] and diabetics [121,122]. Semaglutide has a similar mechanism
of action to liraglutide but with enhanced metabolic effects [123,124]. Since diabetes is
an important component of NAFLD development and metabolic syndrome, the efficacy,
safety and good tolerability make the GLP-1 agonist a suitable treatment tool for NAFLD.
In a semaglutide vs. liraglutide trial, there was an increase in clinically meaningful levels
of weight loss in the semaglutide group, with substantial improvement in diverse car-
diometabolic parameters [125]. In addition, gastrointestinal diseases were the commonest
adverse events induced by semaglutide and liraglutide.

5.2.4. Sodium Glucose Cotransporter 2 (SGLT-2) Inhibitors

SGLT-2 suppressors, as the latest group of antidiabetic medications, inhibit kidney
glucose reabsorption, which results in prominent glycosuria. At therapeutic levels, glu-
cose (60 to 100 g) is excreted in urine, thereby directly decreasing circulatory glucose
amounts and reducing blood glucose [126]. Currently, five oral SGLT2 inhibitors have
been approved by the European Medicines Agency and the Federal Drug Administra-
tion, including canagliflozin, dapagliflozin, empagliflozin and ertugliflozin. Clinically,
all SGLT2 suppressors are utilized as glucose-lowering drugs, with additional benefits of
weight loss and blood pressure lowering, similar to GLP-1 agonists [127,128]. Whether
all SGLT2 suppressors should be administered depends largely on estimated glomerular
filtration rate. The adjustment recommendations of SGLT-2 inhibitors should refer to kidney
function and specific indications of agents within the class [127]. There were also some
adverse events reported, including polyuria due to diuresis and fungal genitourinary infec-
tions [129]. Meta-analyses and observational trials suggested that although the majority
of polyuria cases are detected upon initiation, treatment may be discontinued in some
individuals [130]. Numerous drugs with diverse mechanisms of action, targeting lipid
metabolism, inflammation or fibrosis have been developed for NASH therapy [8,131].

Obeticholic acid, elafibranor, selonsertib and cenicriviroc are presently in phase III ran-
domized controlled studies for assessing their possible therapeutic values in NAFLD [132,133].
Some phase II and III randomized controlled studies have examined the efficacy and
safety of these new drugs in NAFLD and NASH [134], and may become more promising
new agents.
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5.2.5. Selective PPARαModulator

Selective PPARαmodulator (SPPARMα) drugs may selectively control the transcrip-
tion of PPARα target genes contributing to beneficial outcomes, but not deleterious effects.
PPARα controls lipid and lipoprotein metabolism by transcriptionally regulating genes
contributing to serum TG reduction and HDL-C elevation [135]. Pemafibrate, one of the
novel SPPARMα drugs, was manufactured by Kowa Company for improved efficiency and
safety. Therefore, SPPARMα might have an improved benefit–risk balance in comparison
with PPARα agonists. To date, clinical studies have shown pemafibrate exerts superior
effects in serum TG reduction and HDL-C increase as well as in its safety profile [136].

5.3. Promising Drugs in Current Clinical Trials

NAFLD/NASH clinical trials worldwide mainly involve drugs, behavior, diagnosis,
dietary supplements, equipment, surgery, herbal medicines and other therapies/methods.
Currently, the number of drug-related trials (monotherapy and combination) is the largest
from the perspective of intervention, especially in terms of phase II trials (IIa, IIa/IIb, IIb).
However, few drugs have entered phase III trials. In addition, two other trials, small-sample
randomized controlled trials of marketed drugs in NAFLD/NASH, have entered phase IV
clinical trials that mainly investigate their therapeutic potential and the need for initiating
clinical trials. The two trials were: (1) monotherapy with evogliptin (completed), initiated
by Dong-A Socio Holdings; (2) combination therapy of pioglitazone and empagliflozin (in
progress), initiated by Getz Pharma. Considering the number of phase III clinical projects
and the status of clinical development, it remains difficult to develop NAFLD/NASH drugs.
Obeticholic acid, lanifibranor (IVA337), resmetirom (MGL-3196) and semaglutide are the
four candidates in phase III clinical trials that are progressing rapidly as monotherapies.
The four candidates have a metabolic mechanism of action and target FXR, PPAR, THR-β
and GLP-1R, respectively, with the exception of semaglutide, which is a peptide; the other
three candidates are small molecule compounds. Recently, the American Association for the
Study of Liver Diseases (AASLD) brings together cutting-edge academic developments in
the field of liver disease, which has made remarkable achievements in NAFLD. According
to AASLD 2022, Stephen et al. published results for efruxifermin in NASH cases with
fibrosis from a randomized, double-blind, placebo-controlled, phase II2b study. Meanwhile,
they also reported a 36 week placebo-controlled phase II study, in which PXL065 reduced
liver fat amounts and improved liver histology without PPARγ-associated side effects in
NASH cases. Additionally, topline data have been published from a new analysis of the
REGENERATE trial of obeticholic acid for NASH treatment. The following investigational
drugs in NAFLD/NASH are shown in Table 3.

Table 3. Potential Drugs in NAFLD/NASH under studies.

Drug Names Molecule Types Targets Mechanism Phase Status

Pegozafermin
(BIO-89-100) Protein FGF21 Metabolism II In progress

BI 456906 Peptide GLP-1R
/GCGR Metabolism II In progress

HM15211 Peptide GCGR/GIPR/GLP-1R Metabolism II In progress

Tirzepatide Peptide GIPR/GLP-1R Metabolism II In progress

BMS-986263 Nucleotide HSP47 Anti-fibrosis II In progress

ION224 Nucleotide DGAT2 Metabolism II In progress

BFKB8488A Antibody FGF21 Metabolism II In progress

BI 685509 Unknown sGC Metabolism II In progress

Chiglitazar sodium Small
molecule PPAR Metabolism II In progress
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Table 3. Cont.

Drug Names Molecule Types Targets Mechanism Phase Status

Ervogastat
(PF-06865571)

Small
molecule DGAT2 Metabolism II In progress

HEC96719 Small
molecule FXR Metabolism II In progress

Tipelukast
(MN-001)

Small
molecule Multi-target Anti-inflammatory

+ anti-fibrosis II In progress

Tropifexor Small
molecule FXR Metabolism II In progress

ZED1227 Small
molecule TG2 Metabolism II In progress

Pegbelfermin
(BMS-986036) Protein FGF21 Metabolism II Completed

PXL770 Unknown AMPK Metabolism II Completed

Licogliflozin
(LIK066)

Small
molecule SGLT1/2 Metabolism II Completed

PXL065 Small
molecule PPAR Metabolism II Completed

BOS-580 Protein FGF21 Metabolism IIa In progress

Efinopegdutide
(MK-6024) Peptide GCGR/ GLP-1R Metabolism IIa In progress

FM101 Small
molecule Unknown Unknown IIa In progress

HPG1860 Small
molecule FXR Metabolism IIa In progress

TERN-501 Small
molecule THR-β Metabolism IIa In progress

Epeleuton
(DS102)

Small
molecule Unknown Unknown IIa Completed

EYP0001a Small
molecule FXR Metabolism IIa Completed

TERN-101 Small
molecule FXR Metabolism IIa Completed

ASC41 Small
molecule THR-β Metabolism IIa/IIb Not started

Rencofilstat Small
molecule Cyclophilin Anti-fibrosis IIb Not started

Efruxiferimin Protein FGF21 Metabolism IIb In progress

NGM282 Protein FGF19 Metabolism IIb In progress

MK-3655 Antibody β-Klotho/FGFR1c
receptor Metabolism IIb In progress

ASC40
(TVB-2640)

Small
molecule FASN Metabolism IIb In progress

Icosabutate Small
molecule Lipid regulation Metabolism IIb In progress

VK2809 Small
molecule THR-β Metabolism IIb In progress

Belapectin Small
molecule Galectin-3 Anti-fibrosis II/III In progress
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Table 3. Cont.

Drug Names Molecule Types Targets Mechanism Phase Status

Azemiglitazone
(MSDC-0602K)

Small
molecule Mitochondria Metabolism III Not started

Semaglutide Peptide GLP-1R Metabolism III In progress

Lanifibranor
(IVA337)

Small
molecule PPAR Metabolism III In progress

Obeticholic Acid Small
molecule FXR Metabolism III In progress

Resmetirom
(MGL-3196)

Small
molecule THR-β Metabolism III In progress

Secukinumab Antibody IL-17A Anti-fibrosis III Completed

Selonsertib Small
molecule ASK1 Anti-inflammatory III Terminated

Evogliptin Small
molecule DPP-4 Metabolism IV Completed

Dabigatran Etexilate +
Rabeprazo I sodium

Small
molecule + small

molecule

Thrombin+ proton-pump
inhibitors Unknown I Completed

NN9499+Semaglutide Protein + peptide FGF21+GLP-1R Metabolism II In progress

Semaglutide + Cilofexor +
Firsocostat

Peptide + small
molecule + small

molecule
GLP-1R+FXR+ACC Metabolism II In progress

BI 685509 + Empagliflozin Unknown sGC+SGLT-2 Metabolism II In progress

Lanifibranor (IVA337) +
Empagliflozin

Small
molecule + peptide PPAR+SGLT-2 Metabolism II In progress

Tropifexor + Licogliflozin
Small

molecule + small
molecule

FXR+ SGLT1/2 Metabolism II In progress

Semaglutide + Firsocostat Peptide + small
molecule GLP-1R+FXR Metabolism II Completed

Selonsertib + Cilofexor
Small

molecule + small
molecule

ASK1+FXR Anti-inflammatory
+ metabolism II Completed

Firsocostat + Fenofibrate
Small

molecule + small
molecule

ACC+FXR Metabolism II Completed

Obeticholic Acid +
Atorvastatin

Small
molecule + small

molecule

FXR+HMG-CoA
reductase Metabolism II Completed

TERN-501+TERN-101
Small

molecule + small
molecule

THR-β+FXR Metabolism IIa In progress

Ervogastat (PF-06865574) +
Clesacostat (PF-05221304)

Small
molecule + small

molecule
DGAT2+ACC Metabolism IIa Completed

Pioglitazone + Empagliflozin
Small

molecule + small
molecule

PPAR+SGLT-2 Metabolism IV In progress
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5.4. Bariatric Surgery

In the past few years, bariatric surgery has made great progress. Its benefits have been
well established concerning weight loss and the improvement of diverse metabolic disor-
ders [137,138]. Bariatric surgery ameliorates liver fat and may even alleviate all histological
lesions in NASH, e.g., fibrosis. It is a cost-effective therapeutic option for all obese NASH
cases, even in individuals with advanced fibrosis [139]. Compared to conservative treat-
ment, bariatric surgery even markedly improves long-term overall survival [138,140,141].
Currently, bariatric surgery has been utilized to treat metabolic syndrome and diabetes
in Asian individuals, and sleeve gastrectomy is considered the most commonly applied
operation [142]. Regarding NAFLD-specific outcomes, multiple currently published meta-
analyses have not considered bariatric surgery as a therapeutic option. A combination of
pharmacological treatment and bariatric surgery may be a better option. A recent meta-
analysis indicated that pioglitazone administered in combination with Roux-Y gastric
bypass surgery has a better effect on NAFLD activity [143]. It should be also noted that
although bariatric surgery solely ameliorates NAFLD and related diseases, its impact on
prognosis needs to be considered [144]. After undergoing bariatric surgery, a small number
of patients developed NASH or had aggravated liver disease, including decompensation
and even liver transplantation [145,146]. Since diverse surgeries have distinct effects on
postsurgical physiological remodeling, bariatric surgery requires further investigation as
an established option for specifically treating NAFLD.

6. Conclusions

The NAFLD epidemic continues unabated, and NAFLD may become one of the most
important chronic liver disorders globally in the near future. Despite impressive progress
made in the last four decades in understanding the natural history and underlying biology
of NAFLD, multiple challenges remain. Currently, NAFLD has not received adequate
attention by health care workers and the whole community. This review suggests that there
are multiple factors hampering the development of highly effective therapies in the field.
A critical diagnostic challenge is continuous reliance on liver biopsy. Reliable biomarkers
accurately diagnosing and staging NAFLD across the whole disease spectrum have not
been identified [147]. Ideally, a combination of diagnostic and prognostic biomarkers
would yield a better benefit in the detection of high-risk cases and in therapeutic effect.
Another important challenge of NAFLD is its heterogeneity and complex pathogenesis,
which ultimately leads to the current limited understanding of disease phenotypes. Indeed,
phenotypes are better targets to permit an appropriate therapeutic choice and accurate
prognosis. Current studies on effective therapeutic agents in NAFLD are now concentrated
on various potential aspects, e.g., controlling food intake, improving energy consumption,
and decreasing hepatic steatosis and preventing its effects on the liver. Once achieved,
treatments for NAFLD will be more targeted and individualized.

Taken together, it is increasingly clear that regardless of current or future progress
in diagnostic testing and pharmacological treatment, a healthy lifestyle and weight loss
remain important in preventive and therapeutic approaches applied for NAFLD.
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