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Abstract: Recently, non-alcoholic fatty liver disease (NAFLD) has emerged as a predominant health
concern affecting approximately a quarter of the world’s population. NAFLD is a spectrum of liver
ailments arising from nascent lipid accumulation and leading to inflammation, fibrosis or even
carcinogenesis. Despite its prevalence and severity, no targeted pharmacological intervention is
approved to date. Thus, it is imperative to identify suitable drug targets critical to the development
and progression of NAFLD. In this quest, a ray of hope is nestled within a group of proteins, receptor
tyrosine kinases (RTKSs), as targets to contain or even reverse NAFLD. RTKSs control numerous vital
biological processes and their selective expression and activity in specific diseases have rendered
them useful as drug targets. In this review, we discuss the recent advancements in characterizing
the role of RTKs in NAFLD progression and qualify their suitability as pharmacological targets.
Available data suggests inhibition of Epidermal Growth Factor Receptor, AXL, Fibroblast Growth
Factor Receptor 4 and Vascular Endothelial Growth Factor Receptor, and activation of cellular
mesenchymal-epithelial transition factor and Fibroblast Growth Factor Receptor 1 could pave the
way for novel NAFLD therapeutics. Thus, it is important to characterize these RTKs for target
validation and proof-of-concept through clinical trials.

Keywords: non-alcoholic fatty liver diseases; receptor tyrosine kinases; steatosis; fibrosis; EGFR;
c-MET; AXL; FGFR; VEGFR

1. Introduction

Non-Alcoholic Fatty Liver Disease (NAFLD) is an umbrella term which encompasses
various liver ailments arising from simple steatosis, and potentially advancing into chronic
conditions of non-alcoholic steatohepatitis (NASH), liver fibrosis (with varying grades of
severity) and cirrhosis [1]. Currently, it is one of the most prevalent diseases, affecting ap-
proximately 25% of the world’s population [2,3]. More critically, NAFLD is also associated
with the development of hepatocellular carcinoma (HCC) which is the 6th most common
cancer and 3rd largest cause of cancer related deaths. NAFLD is also associated with
increased risk of cardiovascular diseases and chronic kidney diseases [4,5]. Recent reports
also claim that NAFLD increases the risk and severity of COVID-19 infection [6,7]. This puts
NAFLD at the forefront of public health concerns, necessitating early intervention to save
lives and reduce the burden on healthcare systems.

NAFLD could arise from various triggers such as metabolic, genetic, or environmen-
tal conditions. NAFLD has been strongly associated with metabolic syndromes such as
type II diabetes, where insulin resistance is one of the prime factors in pathogenesis of
NAFLD. Likewise, obesity is also considered as major risk factor for NAFLD. A plethora of
studies confirm the association of various genetic variants to the development of NAFLD.
For instance, Single Nucleotide Polymorphisms (SNPs) in the gene encoding patatin-like
phospholipase domain-containing protein 3 (PNPLA3) [8], transmembrane 6 superfamily
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2 [9,10], membrane bound O-acetyltransferase domain containing 7 [11,12] have been
associated with NAFLD. Environmental factors include sedentary life-style, a high-calorific
and/or high-fat diet, especially rich in saturated fats [13], as well as environmental pollu-
tants such as heavy metals, chlorination by-products, microcystins etc. [14]. In addition,
various hepatotoxic-drugs such as valproic acid, aspirin, amiodarone and ibuprofen are
also known to cause NAFLD by impairing lipid metabolism [15].

Despite its high prevalence, current treatments for NAFLD are limited to diet-alteration
and lifestyle modification, which seems simple conceptually but very difficult to adhere to.
Other pharmacological interventions currently being employed are treatment with insulin
sensitizers such as Metformin and Thiazolidinediones. Insulin resistance exacerbates the
pathogenesis of NAFLD and is commonly observed in these patients [16]. Metformin
increases fatty acid -oxidation and inhibits de novo synthesis of fatty acids [17,18].
Thiazolidinediones activate peroxisomal proliferator activated receptor y (PPAR y) and
reduces hepatic fat content [19]. On the other hand, statins are prescribed as lipid lowering
drugs [20-22]. Antioxidants as well as anti-inflammatory drugs are also commonly pre-
scribed for NAFLD patients [3,23]. However, these strategies focus on alleviating the effect
of NAFLD rather that resolving the pathogenesis of the disease. However, the fundamental
mechanisms for pathogenesis of NAFLD are yet to be comprehended completely [24].
Thus, a cure for NAFLD remains elusive. Hence, it is important to address the underlying
pathways involved in NAFLD progression and to identify molecular targets for better
therapeutic approaches.

The initiating step of NAFLD is liver steatosis, the accumulation of excess lipids.
By definition, steatosis ensues when more than 5% of normal liver weight is occupied by
fats [25]. In a normal liver, lipid acquisition and resolution are tightly regulated. Any flaw
in this regulation leads to an increase in hepatic lipid buildup i.e., steatosis. Increased fat
uptake occurs due to fasting, a high-fat diet, or lipodystrophies. Similarly, increased blood
glucose levels induce lipogenic genes in liver resulting in de-novo lipogenesis in liver.
Increased inflow of fats is converted into triglycerides to reduce lipotoxicity of free fatty
acids. However, in the case of overwhelming fat uptake, this hepatoprotective mechanism
can be disrupted and leave hepatocytes steatotic and injured. An enhanced pool of free
fatty acids may lead to oxidative stress, mitochondrial dysfunction, etc., adding to the
dismay of injured hepatocytes [13]. These injured hepatocytes induce macrophages and
Kupffer cells in liver to release pro-inflammatory as well as profibrotic signals leading to
inflammation and development of fibrosis [13]. Fibrosis is the formation of scar tissue,
which is a healing response to liver injury, wherein specialized liver cells known as hepatic
stellate cells (HSCs) get activated and secrete extracellular matrix. However, deposition
of extracellular matrix may lead to hardening of liver tissue and interference to normal
liver function.

Intuitively, regulating lipid metabolism to avoid further repercussions of lipid accumu-
lation such as NASH, liver injury and fibrosis seems to be a suitable strategy in managing
and/or reversing NAFLD. To do so, it is important to identify underlying pathways and
upstream regulators to manipulate these processes successfully. Thus, receptor tyrosine
kinases (RTKs) with a robust track record as suitable molecular targeted therapeutics is
worthy of closer examination. In this review, we will discuss some of the recent advances,
projecting RTKs as a suitable target in the treatment of NAFLD. We will confine our review
to early and potentially reversible stages of NAFLD such as simple steatosis, NASH and
liver fibrosis [26-29].

2. Receptor Tyrosine Kinases (RTKs) and Its Role in NAFLD

The dysregulation of lipid metabolism provides an intrinsic opportunity to address the
problem of steatosis, NASH, and even hepatic fibrosis. On this basis, RTKs are considered
favorable for their role in regulating lipid metabolism and development of NAFLD. Broadly
speaking, RTKs play a significant function in intra-cellular signaling and cell-to-cell com-
munication. They respond to external signals such as growth factors and initiate a cascade
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of intracellular responses that regulate cell growth, proliferation, differentiation, motility,
and other cell-type specific functions [30,31]. Individual cells and tissues in the organism
exhibit tight regulation of RTKs via expression and phosphorylation-mediated controls.
Aberrations in this signaling are associated with many cancers, neurodegenerative diseases,
cardiovascular diseases and so forth. Being at the upper echelon of cell signaling where
RTK binds directly to extracellular signals, they sit at the proximal end of many biological
processes and hence at the center of diverse maladies.

NAFLD is no substitute for this fact, as various RTKs have been found to participate in
liver development, liver regeneration as well as maintenance of liver function. For instance,
epidermal growth factor receptor (EGFR) when activated by its ligand epidermal growth
factor (EGF) is found to upregulate lipogenesis [32,33], while the hepatocyte growth
factor (HGF)/mesenchymal-epithelial transition factor (¢(MET) pathway is found to check
increased lipogenesis as well as improve 3-oxidation of fatty acids [34]. The fibroblast
growth factor 21 (FGF21)/fibroblast growth factor receptor 1 (FGFR1) axis is found to
limit hepatic lipid accumulation by remote regulation from adipocytes [35]. On the other
hand, another isoform of FGF receptor family, fibroblast growth factor receptor 4 (FGFR4),
is found to exacerbate lipid accumulation by reducing 3-oxidation of fatty acids [36]. In this
review, we will address the metabolic functions of RTKs and their ligands, as well as the
molecular mechanisms by which these RTKs regulate the development and progression of
NAFLD. This knowledge will help us appraise and validate specific RTKs as drug targets
for disease management

2.1. Epithelial Growth Factor Receptor (EGFR)

EGFR is highly expressed on hepatocytes [37,38]. Upon binding to ligands such as
epidermal growth factor, EGFR regulates biological processes such as early liver devel-
opment, liver regeneration, and repair [39,40]. Through various downstream pathways,
EGEFR is known to regulate lipid metabolism in the liver [32,41] and its dysregulation is
found to be associated with lipid accumulation and NAFLD. The effect EGFR on lipid
accumulation could be an associated consequence of its role in liver regeneration. During
liver regeneration, a transient lipid accumulation is observed which is abolished with EGFR
inhibition. Yet, EGFR inhibition shows a minor effect on hepatocyte proliferation. Hence,
the impact of EGFR perturbation may be weighted more towards lipid metabolism than
proliferation during liver regeneration [42].

In a recent study by Bhushan B. et al. (2019), a microarray analysis has shown that
EGEFR inhibition altered approximately 40% of genes which are found to be dysregulated
under a fast food diet. This finding established the molecular underpinnings for the role
of EGFR in lipid accumulation in hepatocytes [33] Biochemically, EGFR controls enzymes
involved in lipid metabolism by regulating transcriptional factors such as Sterol regulatory
element binding proteinlc (SREBP1c), Carbohydrate-response element binding protein
(ChREBP), peroxisome proliferator-activated receptor y (PPARY) and hepatocyte nuclear
factor 4-o (HNF4«) [40]. SREBP1c is a major transcriptional factor controlling expression
of genes involved in lipogenesis. Upstream of this, EGFR controls expression of SREBP1c
via Phosphoinositide 3-kinases (PI3K)/protein kinase B (AKT)/mammalian target of ra-
pamycin (nTOR) pathway [32,43-46]. Moreover, high fat diet results in overexpression
of PPAR-y, which induces SREBP1c and its downstream pathway leading to lipogene-
sis [33,47]. Correspondingly, inhibition of EGFR results in an increased expression of
HNF4x which checks PPAR-y and associated lipogenesis [33]. EGFR inhibition is also
associated with improved hyperlipidemia. It controls proteins such as microsomal triglyc-
eride transfer protein (MTP) and apolipoprotein B (ApoB) which are involved in VLDL
secretion. Increased VLDL secretion results in hyperlipidemia. However, blocking of EGFR
is found to be a suitable strategy to control hyperlipidemia [48]. Overall, these reports
support the therapeutic benefit of EGFR inhibition towards reducing lipid accumulation
in the liver. Target validation using RTK inhibitors such as AG1478, Gefitinib, PD153035
further corroborated their impact on reducing lipogenesis and thus steatosis [32,49].
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Mechanistically, targeting EGFR signaling appears to be a promising strategy in
lowering hepatic oxidative stress and the damage that follows. Liang D. et al. (2018) have
shown that mice fed on high fat diet had increased levels of NOX-dependent superoxide
production. In their study, EGFR inhibitors such as AG1478 and compound 451 blocked
the production of these superoxides and reduced oxidative stress [49]. In another study,
EGEFR inhibitor PD153035 was found to reduce inflammatory markers [32]. Additionally,
EGEFR has strongly been associated with liver fibrosis. Its activation due to high fat diet
causes HSCs to secrete fibrotic markers such as a-smooth muscle actin (x-SMA) and
collagen, promoting fibrosis [33,49]. Importantly, this effect reverses upon EGFR inhibition.
The significance of this finding is that it ascertains the role of EGFR in the development
of fibrosis as a sequelae of a high fat diet. The effect of EGFR on HSC activation could be
linked to crosstalk between transforming growth factor-p (TGF-f3)/SMAD pathway and
EGFR/extracellular-signal-regulated kinase (ERK) pathway [50,51]. Activation of EGFR
pathway increases expression of TGF-§3, a central regulator of fibrogenesis responsible for
HSC activation and epithelial-mesenchymal transition (EMT) [51].

All of these reports claim that EGFR is involved in NAFLD development and progres-
sion through activation of lipogenic genes, development of oxidative stress and inflam-
matory response, as well as activation of HSCs. Inhibition of EGFR leading to prevention
of fibrosis in high fat diets demonstrates how EGFR could be a nexus that distinguishes
asymptomatic steatosis from one that progresses into liver fibrosis. This correlation re-
inforces the potential of EGFR in the treatment of NAFLD. Various well characterized
EGEFR inhibitors have already been studied and approved for their use in cancer treatment.
However, to translate the use of EGFR inhibitors in NAFLD clinically, we must evaluate
the non-targeted effects of EGFR inhibition on other tissues.

2.2. Hepatocyte Growth Factor Receptor

HGEF plays a pivotal role in liver regeneration. It acts by binding to an RTK named
c-MET. HGF/c-MET signalling pathway regulates vital cellular processes such as cell
growth, migration, mesenchymal to epithelial transition etc. [52]. The HGF/cMET path-
way has also been associated with NAFLD. HGF is reported to stimulate lipogenesis
as well as lipid mobilization [53,54]. As HGF was found to induce lipid synthesis via
¢-MET, blocking HGF/c-MET pathway by inhibition of c-MET could be a plausible strategy.
Yet, paradoxically, recent reports suggest that activation of c-MET pathway by HGF sup-
plementation alleviates steatosis [55,56]. This contradiction in results could be attributed
to the dual ability of HGF to induce lipid synthesis and to resolve accumulated lipids by
activation of lipid oxidation. HGF regulates farnesoid-X receptor (FXR) pathways and
controls peroxisome proliferator activated receptor-oc (PPAR-«x), which facilitates fatty acid
oxidation. [56-58]. The effect of HGF on (3-oxidation was corroborated by Kroy D. et al.
(2014) using cMET knockout mice fed on a Methionine/Choline Deficient (MCD) diet.
They have found that cMET deletion was associated with reduced (3-oxidation of fatty
acids which in turn lead to the accumulation of fatty acids [34]. HGF treatment also induces
genes involved in lipid secretion such as MTP and ApoB [59]. However, this mechanism is
not thoroughly addressed in diet induced fatty liver except one study conducted by Kosone
and team. In 2007, Kosone T. et al. demonstrated that HGF supplementation increased lipid
secretion, and it was achieved by augmented expression of the ApoB via MAPK pathway [55].
Moreover, HGF also reduces the expression of fatty acid uptake proteins such as CD36 [34].
Based on this, the HGF/c-MET pathway gains its significance in NAFLD treatment as it controls
liver lipid metabolism on various fronts starting from fatty acid uptake to the resolution of
excess fats by controlling 3-oxidation and VLDL secretion.

The HGF/cMET axis is also important in controlling the progression of NAFLD to
NASH. HGF shows an anti-inflammatory effect during a high fat diet by mitigating the
expression of inflammatory cytokines such as TGF-«, Interlukin-6(IL-6), Interleukin 1 {3
(IL-1pB) etc. [57,60]. Marqyardt J. et al. (2012) have done an elaborate work to explain the
role of c-MET in attenuating NASH by using c-MET knockout mice model. In their study,
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¢-MET deletion reduced the expression of nuclear factor-erythroid factor 2-related factor 2
(Nrf-2), while it enhanced the expression of nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase complex and increased production of the reactive oxygen species. It thus
increased oxidative stress. Their transcriptome analysis showed that c-MET deletion
reduced the expression of genes involved in the stress response, DNA damage, oxidative
stress regulation and hence impairs the regenerative capacity of the liver [61]. In addition,
c¢-MET deletion also led to activation of HSCs and the development of fibrosis [61,62].

In short, the deletion of cMET and hampering of the HGF/cMET axis leads to
the development of steatosis. It may also exacerbate NASH or uncontrolled fibrosis.
Thus, unlike EGFR, activation, rather than the inhibition of the HGF/cMET pathway,
will be the strategy to manage NAFLD. However, as HGF increases secretion of lipids,
it is crucial to monitor the adverse side effects of hyperlipidaemia. Besides, HGF is also
associated with increased risk of tumour formation and metastasis in HCC [63]. As a result,
before considering its therapeutic application, the use of HGF supplementations must be
justified with more experimental evidence, and the challenge of formulating protein-based
drugs must be appropriately investigated.

2.3. TAM (Tyro3, AXL, MERTK) Receptor

The TAM receptor tyrosine kinase family is made up of three distinct receptors,
namely Tyro3, AXL and MERTK. These receptors are activated by the Growth arrest-
specific gene 6 (GAS6) and protein S. Gas6 is mainly associated with hepatic metabolism
through TAM receptors. However, these TAM receptors exhibit differential expressions
and functions. In liver, AXL are expressed in macrophages, HSCs and endothelial cells [64].
AXL expression on hepatocytes was upregulated in malignant hepatocytes [65]. MERTK
is present on Kupffer cells and sinusoidal endothelial cells [66]. Whereas Tyro3 is expressed
mainly on resident macrophages, while its overexpression has been reported in hepatocytes
during HCC [66,67]. Amongst all three receptors, AXL exhibits higher affinity towards Gas6
and the Gas6/AXL pathway is known to be involved in the development of steatosis to fibrosis.

The increased activation of AXL is observed during high fat diet-induced steatosis,
suggesting its correlation with the development of NAFLD. Fourcot A. et al. (2011) carried
out a study to understand involvement of GAS6 and its receptors in NAFLD. They observed
that blocking of the Gas6/AXL pathway significantly reduced triglyceride content, and
overall steatosis score in mice fed on a high fat diet. Further, they have demonstrated that
this improvement in steatosis involves an increased expression of transcriptional factor
PPAR-« and two rate limiting enzymes, namely, acyl-CoA oxidase-1 (ACOX1) and carnitine
palmitoyltranferase-1 (CPT1), which are critical to mitochondrial (3-oxidation [64]. In a
recent study conducted by Tutusaus A. et al. (2020), AXL inhibition using Bemcentinib
was found to reduce lipid accumulation and overall NAFLD score, in mice fed on high
fat diet [68]. Furthermore, AXL inhibition was also found to reduce the expression of
proinflammatory cytokines, tumour necrosis factor (TNF) or monocyte chemoattractant
protein-1 (MCP-1) [64,68].

AXL prominent expression in HSCs alludes to its profibrogenic effect. The Gas6/AXL
pathway activates the PI3K/AKT pathway. It further induces NF-kB p65 translocation
to the nucleus for antiapoptotic response against HSCs, thereby improving survival,
proliferation and the activation of HSCs and promoting fibrosis. This sequalae was found to
reverse by the AXL inhibitor, bemcentinib [69,70]. In a study conducted by Barcena C. et al.
(2015), the authors used both a genetic model of Axl deficiency (Axl KO) and a chemical
inhibition of AXL by BGB324 and observed reduced HSC activation, thus, proving the role
of Gas6/AXL pathway in fibrosis development [70].

AXL, upon activation, undergoes extracellular domain cleavage by A Disintegrin
and Metalloproteinases (ADAM)10 and ADAM17, yielding soluble version of the proteins
sAXL. sAXL is present in serum and its expression is found to increase in liver diseases [71].
While this feature is also observed with other TAM receptors, only sAXL expression was
found to increase during steatosis [65,69]. This confirms involvement of AXL in steatosis.
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Independently, sAXL also has an ability to bind to Gas6 and thus depleting availability of
Gasb6 to bind to AXL. This attenuates the progress of Gas6/AXL pathway which leads to
fibrogenesis. However, Gas6 level is augmented in liver diseases. Holstein E. et al. (2018)
explained this disparity in data by claiming that inhibitory effect of sAXL is abolished
due to abundance of non-shredded AXL, which can still continue to bind to Gas6 [72].
Tutusaus and team (2020) suggested that AXL inhibition in fact induces Gas6 upregulation
as compensatory mechanism. Further, Gas6 may exhibit a hepatoprotective effect against
the development of liver ailments [68]. Thus, inhibition of AXL not only blocks the
progression of NAFLD but also triggers the hepatoprotective role of Gasé.

The hepatoprotective effect of Gas6 was observed by Llacuna L. et al. (2010). They have
shown that Gas6 plays hepatoprotective role in ischemia and hypoxia induced liver
model [73]. Tutusaus’s study also vouches for hepatoprotective role of Gasé6. In their study,
Gas6/MERTK protected hepatocytes from palmitic acid induced lipotoxicity by activation
of AKT/signal transducer and activator of transcription 3 (STAT3) pathway [68]. On the
contrary, a study conducted by Cavali M. et al. (2017) and Cai B. et al. (2020) demonstrated
that MERTK inhibition was associated with reduced fibrosis [74,75]. Thus, further studies
are required to warrant the exact role of MERK as hepatoprotective or as profibrogenic.
Nevertheless, it is vital to recognize the potential for AXL and MERTK to play differential
roles in NAFLD, necessitating the use of specialized inhibitors. Otherwise, co-inhibition
of AXL and MERTK, on the other hand, could result in opposite actions with unfavor-
able effects. The third TAM receptor, Tyro3, is highly upregulated in HCC patients [67].
However, to the best of our knowledge there are no reports available discussing its role in
the development and progression of steatosis.

In summary, TAM receptors present novel therapeutic potential in steering the pro-
gression of steatosis towards NASH and fibrosis by manipulating inflammatory and fibrotic
factors. Their expression can be considered as biomarkers to identify NAFLD with a propen-
sity for disease progression. That said, its exact role in lipid metabolism and contribution
to steatosis remains to be ascertained.

2.4. Fibroblast Growth Factor Receptor

Fibroblast growth factor receptor (FGFR) is a family of four RTKs (FGFR1-4). As the
name suggests, FGFRs bind to fibroblast growth factors (FGFs) (1-22) to facilitate a plethora
of cellular signaling pathways controlling cell growth, differentiation, and metabolic activi-
ties. In recent years, FGFRs were found to be involved in liver development, homeostasis,
as well as regeneration. Moreover, FGFR aberrations have also been correlated with liver
diseases such as steatosis, fibrosis and even carcinogenesis.

Different FGFR subtypes exhibit a non-redundant role within the liver. FGFR1 is
predominantly expressed on adipocytes and it regulates adipocyte-hepatocyte communica-
tion to maintain hepatic lipid metabolism. FGF19 and FGF21 are two potent ligands for
FGFR1. FGF21 is a stress hormone, which is produced and upregulated in liver during
hepatic stress. FGF21 binds to FGFR1 on adipocytes and modulates lipolysis in adipocytes
and lipogenesis in hepatocytes to maintain lipid homeostasis. Earlier, Yang C et al. (2012)
have shown that adipocyte specific deletion of FGFR1 mediates indirect effect on hepatic
lipogenic genes. Under hepatic stress, adipocyte ablation of FGFR1 leads to an increase
in hepatic lipogenic genes such as SREBP 1c, diacylglycerol O-acyltransferase 1 (DGAT1),
acetyl-coA carboxylase (ACC), fatty acid synthase (FAS), stearoyl-coenzyme A desaturase
(SCD1) and PPARYy [76]. In another study, Xu J. et al. (2009) have shown that activation of
FGFR1 by FGF21 supplementation can reduce expression of SREBP 1c, ACC, FAS, PPARY in
mice fed on HFD [35]. The role FGFR1 in maintaining healthy liver condition and avoiding
development of steatosis was indirectly advocated by Hu Y. et al. (2020). In their work,
it was demonstrated that miR-22 blocks FGF21 and FGFR1 signaling. However, inhibiting
miR-22 resulted in restored FGFR1 signaling and its control over lipid metabolism in liver.
This resulted in the attenuation of steatosis in mice kept on a high fat diet. This suggests
that selective activation of the FGFR1-mediated pathway in early stages of NAFLD can
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have therapeutic promise [77]. However, activation of FGFR1 must be thoroughly studied
for potential side effects. While FGFR1 is a boon against liver steatosis, it acts as a bane
in later stages of liver diseases, such as liver fibrosis. It is reported that FGFR1 is more
abundantly expressed on quiescent HSCs than on any other type of liver cells, and plays
an important role in the development of fibrosis. Recent pieces of evidence suggest that
FGFR1 induces nuclear factor-kB (NF-kB) and thus leads to increased release of inflam-
matory cytokines, proliferation of HSCs and development oof fibrosis. Reciprocally, the
physiological inhibition of FGFR1 was found to attenuate liver fibrosis [78-80]. Earlier,
we have seen that activation of FGFR1 on adipocytes controls the lipid metabolism in
liver, whereas the, inhibition of FGFR1 on HSCs dampens fibrotic markers. Because of
the differential role of FGFR1 in various stages of NAFLD, it is critical to evaluate organs
and cell types that express the RTK to improve the viability of RTK inhibition therapy in
managing the disease.

Another well-studied isoform of FGFRs of relevance to the liver is FGFR4, which is
found abundantly on mature hepatocytes. FGFR4 is activated by its ligand FGF19 and
induces triglyceride accumulation in a high fat diet [81]. In an earlier study conducted by
Huang X. et al. (2007), during a high fat diet, FGFR4-/-phenotype altered lipid metabolism
and reduced steatosis as compared to wild type [82,83]. FGFR4 deficiency is associated
with elevation in expression of genes involved in lipid catabolism such as PPAR-« and lipid
secretion such as MTTP and ApoB [82]. In addition to effect of FGFR4 inhibition on lipid
catabolism and secretion, it also downregulated de-novo lipogenesis by reducing expression of
genes involved in triglyceride synthesis such as SREBP1c, ACC, FAS, DAGT1 [82].

The involvement of FGFR4 in steatosis arises from its activation by FGF19. The FGF19
ligand has a dual role in lipid metabolism. On one hand, FGF19 when bound to FGFR4
was found to increase triglyceride accumulation. On the other hand, FGF19 displays a
lipid lowering effect via binding to other FGFRs [81]. In a study conducted by Yu X. et al.
(2013), it was observed that FGFR4 inhibition leads to the increased expression of FGF15,
an ortholog of FGF19 in rodents. Further, they have proved that FGF19 supplementation
comparable to the level of FGF15 produced in FGFR4 deficient cells a reduced lipid load
in diet-induced obese mice [84]. These results question the established understanding
that FGF19 activates FGFR4. However, it is also understood that once activated, FGFR4
controls hepatic expression of Cholesterol 7-oc hydroxylase (CYP7A1), and thus regulates
bile synthesis and reduces FGF19 expression. This could justify the results where FGFR4
inhibition increased expression of FGF15/19. Wu X. and team (2013) have demonstrated
that FGFR4 is essential for FGF19 to suppress CYP 7a, but FGFR4 is not required by FGF19
in lipid metabolism [81]. This study established a link between FGFR4 deficiency, increased
expression of FGF15/19, and the lipid lowering effect of FGF15/19 in the absence of FGFR4.
Thus, FGFR4 inhibition appears to be a promising strategy, but with an increased hazard of
hyperlipidemia development. Hence, the use of FGFR4 inhibition needs to be warranted
for its use in a steatosis treatment regime.

2.5. Vascular Endothelial Growth Factor Receptor (VEGFR)

VEGF is an important signaling protein involved in both vasculogenesis and angio-
genesis. The effect of VEGF is facilitated by its binding to two RTKs, VEGF receptor-1
(F1t-1) and VEGEF receptor-2 (Flk-1/KDR). This signaling is critical to hepatic angiogenesis,
which in turn is closely associated with progression of liver fibrosis. Tarantino and team
(2009) shed light on increased VEGF during NASH as a diagnostic marker [85]. In addition,
a few more reports claim that VEGF is upregulated and involved in the progression of
NAFLD from early stages such as steatosis [86-88].

Coulon S. et al. (2012) have reported clinical data showing increased levels of VEGFR
in NAFLD and NASH patients as compared to controls [86]. Their study further provides
experimental evidence that VEGF is increased during the transition from steatosis to NASH
in a mice model fed on MCD diet, while inhibition of VEGF receptors (VEGFR2) arrested the
development of NASH by downregulating genes involved in inflammatory response such
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as tumor necrosis factor-oc (TNF-«), interleukin-1b (IL-1b). It also upregulated expression
of scdl, a gene involved in converting excess lipids in monounsaturated fatty acids which
can be stored safely without causing lipotoxicity. This contributed to protection against
lipotoxicity in a high-fat diet and stopped onset of steatohepatitis [87]. At this moment,
there are no mechanistic details available on how VEGEFR affects lipid accumulation in the
liver. Hence, this observed phenotype of VEGFR inhibition has to be investigated further
for its effect on pathways maintaining lipid metabolism in the liver.

As discussed earlier, VEGF/VEGER signaling plays a key role in the pathogenesis of
liver fibrosis [89,90]. VEGF is secreted by hepatocytes during liver injury [90,91]. It acts
through VEGFR-2 present on sinusoidal endothelial cells and HSCs to promote angiogene-
sis followed by fibrosis. VEGF, when bound to VEGFR-2, activates HSCs via the PI3K/AKT
pathway and increases fibrotic markers such as x-SMA and collagen in a process of fib-
rinogenesis [90,92]. Thus, while its targeted role in anti-steatosis remains to be established,
blocking VEGF/VEGEFR-2 signaling holds great promise in controlling liver fibrosis.

3. Downstream Pathways through Which RTKs Regulate NAFLD

RTKs are known to be involved in the development and progression of NAFLD
via various pathways such as PI3K/AKT/mTOR, RAS/ERK, Janus Kinase (JAK)/signal
transducer and activator of transcription proteins (STAT3), FXR/SHP, etc. These pathways
present as cascading signals from RTKSs to effector molecules such as nuclear receptors,
transcriptional factors or other vital intermediates controlling lipid metabolism, oxidative
stress, inflammation and also fibrosis. Figure 1 summarizes the complex network of
downstream pathways through which RTKs control various characteristics of NAFLD.

Among these, the PI3K/AKT pathway is found to be regulated by various RTK,
such as EGFR, AXL, and VEGER [58,60,69,70,90,92,93]. The activation of the PI3K/AKT
pathway has already been reported in NAFLD patients. Phosphorylation of PI3K/AKT
leads to activation of mTOR, which is known to regulate the transcriptional factor SREBP1c
and control lipogenesis [93]. mTOR is also known to inhibit autophagy or, to be spe-
cific, lipophagy, which may also contribute to lipid accumulation [94,95]. Additionally,
PI3K/AKT leads to the activation of transcriptional factor NF-«B, resulting in increased
inflammation and fibrosis [96]. In short, the PI3K/AKT pathway is regulated by various
RTKSs and is identified as one of the prime pathways regulating various stages of NAFLD,
starting from lipid accumulation to inflammation and fibrosis.

Among other pathways involved in NAFLD, RAS/ERK and JAK/STAT3 pathways are
profoundly involved in the development of fibrosis [97-100]. As discussed earlier, RTKs such
as EGFR, c-MET and FGFR1 activate the RAS/ERK pathway. Furthermore, the RAS/ERK
pathway is known to regulate the activation and proliferation of HSCs via SMAD-dependent
and SMAD-independent pathways [101,102], whereas, EGFR, MERTK and FGFR4 induce
JAK/STAT pathways to upregulate fibrotic markers. Lastly, FXR/SHP signalling regulated by
¢-MET and FGFR4 is known to control the expression of transcriptional factor PPAR-oc and
thus monitor lipid catabolism by (3-oxidation and VLDL secretion.

As depicted in Figure 1, RTKs control more than one cellular function via various
downstream pathways. Similarly, each regulatory pathway is differentially regulated
by different RTKs. While these signalling pathways diverge as well as converge within
the cells, specific RTK targets may assert greater influence on NAFLD development and
progression by affecting more than one downstream pathway. Amongst all the RTKs
discussed, EGFR appears to regulate various stages in NAFLD, starting from lipid accu-
mulation to inflammation, oxidative stress and even fibrosis. However, this does not end
the hunt for a viable RTK target. That said, our knowledge of the regulatory effects of
other RTKSs is limited, and more pieces of evidence are needed to unravel the potential of
other RTKs to regulate NAFLD at various stages. But the emerging picture does provide
an opportunity to explore the synergistic effect of RTK inhibitors. This may mitigate the
chances of drug failure due to mutations in drug targets, mutations in effector signalling,
and bypass signalling, which imposes resistance against drugs.
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Figure 1. RTKs such as EGFR, c-MET, AXL, MERTK, FGFR1, FGFR4 and VEGEFR control signaling
pathways involved in NAFLD progression. RTKs regulate vital cellular pathways such as PI3K/AKT,
RAS/ERK, FXR/SHP and JAK/STAT3. Navigating through these pathways, RTKs regulate lipid
metabolism including lipogenesis, fatty acid uptake, 3-oxidation, VLDL secretion. RTKSs further
involved in development of liver inflammation and HSCs activation to cause NASH and fibro-
sis. NAFLD: non-alcoholic fatty liver disease, EGFR: epidermal growth factor receptor, c-MET:
mesenchymal—epithelial transition factor, MERTK: MER proto-oncogene tyrosine kinase, FGFRI:
fibroblast growth factor receptor 1, FGFR4: fibroblast growth factor receptor 4 and VEGFR: vascular
endothelial growth factor receptor, PI3K: phosphoinositide 3-kinases, AKT: protein kinase B, ERK:
extracellular-signal-regulated kinase, FXR: farnesoid X receptor, JAK: janus kinase, STAT3: signal
transducer and activator of transcription 3. VLDL: very low density lipoprotein, HSCs: hepatic
stellate cells.

4. Strategies to Target RTKs

In this survey of RTKs as regulatory controls of NAFLD, we arrive at a picture where
activation of some RTKs (HGF, FGFR1) and inhibition of others (EGFR, AXL, FGFR4
and VEGFR) have found to be useful in tackling NAFLD. But as a therapeutic strategy;,
activating RTKSs via the introduction of suitable growth factors may impose more chal-
lenges, as its efficacy is subjected to the inherent expression of RTKs on targeted cells.
Besides, overexpressed and highly activated forms of RTKs and their growth factors are as-
sociated with various malignancies and present unforeseen risks, especially with prolonged
treatment. Hence, the inhibition of RTKs provide a suitable therapeutic option. Various
RTK inhibitors have proven to be a great success in oncogenic as well as non-oncogenic
therapies. These inhibitors not only provide treatment options but also shed light on the
cellular microenvironment and signalling pathways for deeper understanding. Some of
the commonly discussed RTK inhibitors can be grouped as small molecule inhibitors,
therapeutic antibodies, natural products, and nanoparticles. However, all these categories
of RTK inhibitors come with their own advantages and disadvantages.
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4.1. Small Molecule Inhibitors

As of March 2021, 62 small molecule RTK inhibitors have been clinically approved
by the FDA [103]. EGFR and VEGEFR are one of the common targets for these small
molecule inhibitors. Many of them are deployed in cancer treatments [103]. However,
a few experimental reports mentioned in Table 1 demonstrate the use of RTK inhibitors
such as Gefitinib, Bemcentinib and Sunitinib targeting EGFR, AXL and VEGER respectively
in NAFLD management. Although these experimental results explain the effectiveness
of RTK inhibition by small molecules, only two have reached clinical stage for example
Erlotinib, an EGFR inhibitor and Sorafenib, a VEGFR inhibitor for improving liver fibrosis.
Thus, it is important to take a step further and study small molecule inhibitors for clinical
use in NAFLD treatment.

Table 1. RTK Inhibitors showing improved steatosis and/or fibrosis in experimental set-ups. RTKs:
receptor tyrosine kinases, EGFR: epidermal growth factor receptor, FGFR4: fibroblast growth factor
receptor 4 and VEGFR: vascular endothelial growth factor receptor.

RTK Inhibitor Study Reference

Gefitinib attenuated palmitic acid induced lipid
EGFR Gefitinib accumulation in Huh? cells by inhibiting [32]
lipogenic genes

Erlotinib attenuated HSC activation and fibrosis
Erlotinib after liver injury in mice treated with C 1C14 and [40,104]
bile duct ligation.

AG1478 reduced diet-induced fat accumulation
AG1478 as well as HSC activation and proliferation [49,105]

PD153035 controlled lipid accumulation in high

PDI153035 fat fed mice by downregulating lipogenic genes [32]
Bemcentinib inhibits AXL and reduces liver
.. inflammation and fibrosis in diet induced mouse
Bemcentinib

AXL model by inactivation of AXL/AKT [68,70]

(BGB324) phosphorylation and blocking of successive
HSC activation
Soluble FGFR4 Blocking FGFR4 by soluble extracellular domain
FGFR4 extracellular . . [83]
. leads to decrease in steatosis.
domain fragment
Treatment with anti VEGFR-2 antibodies (DC101)
VEGFR DC101 reduced steatosis, inflammation as well as fibrosis [87]
in mice fed on MCD diet.
Inhibits HSC activation by attenuating HSC
PTK787/7ZK222584  proliferation, migration, and collagen synthesis [92,106]
(PTK/ZK) through the !
VEGF pathway
Treatment with Sunitinib resulted in decrease in
Sunitinib inflammatory infiltrates as well as fibrotic [107,108]

markers such as x-SMA and collagen through
VEGF pathway

4.2. Therapeutic Antibodies

Therapeutic antibody treatment is another useful strategy to consider in NAFLD
management. Therapeutic antibodies provide high specificity towards the target to avoid
off-target side-effects. Recent antibody engineering advances could design antibodies with
wider target ranges and with more efficient and long-lasting effects. Therapeutic anti-
bodies could be modified and refined for industrial production as well. Thus, it is worth
considering therapeutic antibodies as a tool in treatment of NAFLD. Various monoclonal
antibodies have been discussed to selectively target VEGFR, EGFR etc. in cancer thera-
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pies [109]. However, RTK targeting antibodies are seldom studied for their use in NAFLD
management. As explained in Table 1, anti VEGFR-2 antibodies (DC101) are one such rare
example. Coulon S. et al. (2013) have found that high fat diet-induced steatosis and NASH
were successfully resolved upon treatment with anti-VEGFR-2 antibodies (DC101) [87].
Furthermore, an in depth study has to be done to identify such RTK targeting antibodies to
develop selective and effective treatments against NAFLD.

4.3. Natural Products

Natural products provide a pool of compounds to be considered as drugs in NAFLD
management. Due to their lower toxicity, better chemical diversity, and inherent link to
biological targets, natural products obtain the attention of the scientific community in
various treatment regimens [110,111]. Various natural products have been found to be
useful in alleviating NAFLD, from simple steatosis to liver cirrhosis. Curcumin [112,113],
Resveratrol [113,114], Luteolin [115,116], and Honokiol [117] are some of the instances of
natural products which have been studied for their anti-steatotic and anti-fibrotic effects.
While the exact mechanism of action remains elusive for many of these compounds,
RTK inhibition has been established for some of them. Curcumin has been identified
to target EGFR, AXL, and FGFR, making it a multi-targeting RTK inhibitor [118-120].
A phenolic compound, Honokiol is known to inhibit EGFR signalling. It is also found
to augment inhibitory effect of other EGFR inhibitors such as Erlotinib and Lapatinib in
cancer treatment [121,122]. However, there is a scientific gap where hardly any natural
product has been studied to establish the relation between RTKs and NAFLD progression.
This provides an opportunity to identify drug compounds from natural products to target
RTKs in NAFLD treatment. However, natural products come with their own limitations,
such as difficulty in isolating active compounds and low solubility, etc.

4.4. Nanoparticles

Nanoparticles have recently grabbed wide attention as a vehicle to improve the
target-based delivery of various drugs. Nevertheless, some nanoparticles also bear various
pharmacological properties which makes them a good choice of drugs in NAFLD treatment.
Various inorganic nanoparticles (NPs) have shown to be protective against NAFLD. Cerium
oxide and zinc oxide NPs have been shown to reduce lipid accumulation and thus control
liver steatosis [123], while, titanium dioxide NPs, silicon dioxide NPs, manganese NPs and
gold NPs have displayed anti-fibrotic effects [124,125]. On the other hand, nanoparticles
also possess the ability to block RTK signalling pathways. Titanium dioxide NPs, silicon
NPs, and gold NPs are known to target VEGFR [126,127], while FGF1-loaded gold NPs are
known to target FGFR in cancer therapy [128]. Thus, it is logical to consider NPs for their
santi-RTK effects to be used in NAFLD treatment.

In summary, small molecule inhibitors, therapeutic antibodies, natural products,
and nanoparticles are viable options for treating NAFLD. Currently, various drugs are
clinically approved for their anti-RTK effects. Not to mention, various compounds are
continuously being reported to be effective against NAFLD. Thus, it is time to connect the
dots and identify RTK targets and suitable drugs targeting RTK for better management of
NAFLD. Moreover, the synergistic effects of RTK inhibitors boost the likelihood of viable
NAFLD treatment.

5. Conclusions

In conclusion, the inhibition of RTKSs holds great potential as a therapeutic approach
in NAFLD treatment. However, we must remain cognizant that most of the available data
projecting RTKs as suitable targets in NAFLD is based on animal research. Numerous
animal models such as diet-induced (high fat diet, methionine-deficiency diet, choline defi-
ciency diet), chemical-induced (Streptozotocin, Carbon tetrachloride) as well as genetic
(leptin deficiency model) are being used in NAFLD research. However, each of these mod-
els presents unique challenges that limits the recapitulation of human physiology [129].
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Also, animal studies may not precisely predict the toxic effects of drugs in humans [130].
We must not overlook the long-term side effects of drugs. Liver is the principal organ
to metabolize drugs. During NAFLD, a few metabolic pathways may undergo alter-
ations, perturbing drug disposition and causing toxicity. On the other hand, defective
drug metabolism can exacerbate NAFLD progression [131]. Thus, it is imperative to un-
derstand the complex relationship between NAFLD pathogenesis and drug metabolism,
while considering a drug candidate. All of these issues pose challenges to the prospect
of RTKs in NAFLD treatment. In short, without oversighting the suitability of RTKs in
NAFLD management, we must critically analyze the available data and interpret them
with caution.

In summary, this review provides a comprehensive view of RTKs that have been
explored for NAFLD management, and rationalizes their application by appraising the
underlying pathways that they control. Specifically, the inhibition of EGFR, AXL, FGFR4
and VEGFR were found to be viable treatment options based on mechanistic evidence
across various in vitro and in vivo studies. EGFR is found to regulate NAFLD at various
stages, starting from steatosis to NASH, and even with regard to fibrosis, while other RTKs
discussed, such as AXL, FGFR4 and VEGEFR, are also found to be effective in regulating
different manifestations of NAFLD. Investigation of these targets can also leverage the
availability of potent and selective FDA-approved inhibitors. Overall, this review accentu-
ates the role of RTKs in the NAFLD management regime. Thus, in the fight against NAFLD,
it is compelling to explore some of these RTKs for in-depth investigations.

Author Contributions: Conceptualization, S.B., H.K.H.; resources and data curation S.B., HK.H.;
writing—original draft preparation, S.B.; writing—review and editing, S.B. and H.K.H.; supervision,
H.K.H,; funding acquisition, H. K.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Ministry of Education (MOE), grant number R-148-000-295-
114 and R-148-000-318-114.

Acknowledgments: All the figures of this article were created with BioRender.com.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript,
or in the decision to publish the results.

References

1. Mantovani, A.; Dalbeni, A. Treatments for NAFLD: State of Art. Int. J. Mol. Sci. 2021, 22, 2350. [CrossRef]

2. Younossi, Z.M.; Koenig, A.B.; Abdelatif, D.; Fazel, Y.; Henry, L.; Wymer, M. Global epidemiology of nonalcoholic fatty liver
disease-Meta-analytic assessment of prevalence, incidence, and outcomes. Hepatology 2015, 64, 73-84. [CrossRef]

3. Younossi, Z.M.; Loomba, R.; Rinella, M.E.; Bugianesi, E.; Marchesini, G.; Neuschwander-Tetri, B.A.; Serfaty, L.; Negro, E;
Caldwell, S.H.; Ratziu, V.; et al. Current and future therapeutic regimens for nonalcoholic fatty liver disease and nonalcoholic
steatohepatitis. Hepatology 2018, 68, 361-371. [CrossRef]

4. Kasper, P; Martin, A ; Lang, S.; Kiitting, E; Goeser, T.; Demir, M.; Steffen, H.-M. NAFLD and cardiovascular diseases: A clinical
review. Clin. Res. Cardiol. 2021, 110, 921-937. [CrossRef] [PubMed]

5. Rosato, V.; Masarone, M.; Dallio, M.; Federico, A.; Aglitti, A.; Persico, M. NAFLD and Extra-Hepatic Comorbidities: Current
Evidence on a Multi-Organ Metabolic Syndrome. Int. |. Environ. Res. Public Health 2019, 16, 3415. [CrossRef]

6.  Targher, G.; Mantovani, A.; Byrne, C.D.; Wang, X.-B.; Yan, H.-D.; Sun, Q.-F; Pan, K.-H.; Zheng, K.I.; Chen, Y.-P; Eslam, M.; et al.
Risk of severe illness from COVID-19 in patients with metabolic dysfunction-associated fatty liver disease and increased fibrosis
scores. Gut 2020, 69, 1545-1547. [CrossRef] [PubMed]

7. Sachdeva, S.; Khandait, H.; Kopel, J.; Aloysius, M.M.; Desai, R.; Goyal, H. NAFLD and COVID-19: A Pooled Analysis. SN Compr.
Clin. Med. 2020, 2, 2726-2729. [CrossRef] [PubMed]

8.  BasuRay, S.; Wang, Y.; Smagris, E.; Cohen, ].C.; Hobbs, H.H. Accumulation of PNPLA3 on lipid droplets is the basis of associated
hepatic steatosis. Proc. Natl. Acad. Sci. USA 2019, 116, 9521-9526. [CrossRef]

9. Mahdessian, H.; Taxiarchis, A.; Popov, S.; Silveira, A.; Franco-Cereceda, A.; Hamsten, A.; Eriksson, P.; Hooft, EV. TM6SF2 is a
regulator of liver fat metabolism influencing triglyceride secretion and hepatic lipid droplet content. Proc. Natl. Acad. Sci. USA
2014, 111, 8913-8918. [CrossRef]


http://doi.org/10.3390/ijms22052350
http://doi.org/10.1002/hep.28431
http://doi.org/10.1002/hep.29724
http://doi.org/10.1007/s00392-020-01709-7
http://www.ncbi.nlm.nih.gov/pubmed/32696080
http://doi.org/10.3390/ijerph16183415
http://doi.org/10.1136/gutjnl-2020-321611
http://www.ncbi.nlm.nih.gov/pubmed/32414813
http://doi.org/10.1007/s42399-020-00631-3
http://www.ncbi.nlm.nih.gov/pubmed/33173850
http://doi.org/10.1073/pnas.1901974116
http://doi.org/10.1073/pnas.1323785111

Biomedicines 2021, 9, 1776 13 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

Smagris, E.; Gilyard, S.; BasuRay, S.; Cohen, J.C.; Hobbs, H.H. Inactivation of Tmé6sf2, a Gene Defective in Fatty Liver Disease,
Impairs Lipidation but Not Secretion of Very Low Density Lipoproteins. J. Biol. Chem. 2016, 291, 10659-10676. [CrossRef]
[PubMed]

Mancina, R.M.; Dongiovanni, P; Petta, S.; Pingitore, P, Meroni, M.; Rametta, R.; Borén, J.; Montalcini, T.; Pujia, A.;
Wiklund, O.; et al. The MBOAT7-TMC4 Variant rs641738 Increases Risk of Nonalcoholic Fatty Liver Disease in Individuals of
European Descent. Gastroenterology 2016, 150, 1219-1230.e6. [CrossRef]

Di Sessa, A.; Umano, G.R.; Cirillo, G.; Passaro, A.P,; Verde, V.; Cozzolino, D.; Guarino, S.; Marzuillo, P,; del Giudice, E.M. The Membrane-
bound O-Acyltransferase?7 rs641738 Variant in Pediatric Nonalcoholic Fatty Liver Disease. ]. Pediatr. Gastroenterol. Nutr. 2018, 67, 69-74.
[CrossRef]

Pafili, K.; Roden, M. Nonalcoholic fatty liver disease (NAFLD) from pathogenesis to treatment concepts in humans. Mol. Metab.
2021, 50, 101122. [CrossRef]

Zheng, S.; Yang, Y.; Wen, C.; Liu, W.; Cao, L.; Feng, X,; Chen, J.; Wang, H.; Tang, Y.; Tian, L.; et al. Effects of environmental
contaminants in water resources on nonalcoholic fatty liver disease. Environ. Int. 2021, 154, 106555. [CrossRef]

Satapathy, S.; Kuwajima, V.; Nadelson, J.; Atiq, O.S.A. Drug-induced fatty liver disease: An overview of pathogenesis and
management Sanjaya. Ann. Hepatol. 2015, 14, 789-806. [CrossRef] [PubMed]

Stein, L.L.; Dong, M.H.; Loomba, R. Insulin Sensitizers in Nonalcoholic Fatty Liver Disease and Steatohepatitis: Current Status.
Adv. Ther. 2019, 26, 893-907. [CrossRef]

Mclintyre, H.D,; Paterson, C.A.; Ma, A.; Ravenscroft, PJ.; Bird, D.M.; Cameron, D.P. Metformin increases insulin sensitivity and
basal glucose clearance in Type 2 (non-insulin dependent) diabetes mellitus. Aust. N. Z. J. Med. 1991, 21, 714-719. [CrossRef]
[PubMed]

Li, Y; Liu, L.; Wang, B.; Wang, J.; Chen, D. Metformin in non-alcoholic fatty liver disease: A systematic review and meta-analysis.
Biomed. Rep. 2012, 1, 57-64. [CrossRef]

Ozturk, Z.A.; Kadayifci, A. Insulin sensitizers for the treatment of non-alcoholic fatty liver disease. World ]. Hepatol.
2014, 6, 199-206. [CrossRef] [PubMed]

Pastori, D.; Polimeni, L.; Baratta, F.; Pani, A.; Del Ben, M.; Angelico, F. The efficacy and safety of statins for the treatment of
non-alcoholic fatty liver disease. Dig. Liver Dis. 2015, 47, 4-11. [CrossRef]

Nseir, W.; Mograbi, J.; Ghali, M. Lipid-Lowering Agents in Nonalcoholic Fatty Liver Disease and Steatohepatitis: Human Studies.
Dig. Dis. Sci. 2012, 57, 1773-1781. [CrossRef] [PubMed]

Sigler, M.A.; Congdon, L.; Edwards, K.L. An Evidence-Based Review of Statin Use in Patients with Nonalcoholic Fatty Liver
Disease. Clin. Med. Insights Gastroenterol. 2018, 11. [CrossRef]

Takahashi, Y.; Sugimoto, K.; Inui, H.; Fukusato, T. Current pharmacological therapies for nonalcoholic fatty liver dis-
ease/nonalcoholic steatohepatitis. World . Gastroenterol. 2015, 21, 3777-3785. [CrossRef]

Tarantino, G.; Citro, V.; Capone, D. Nonalcoholic Fatty Liver Diaease: A Challenge from Mechanisms to Therapy. J. Clin. Med.
2020, 9, 15. [CrossRef]

Nassir, F.; Rector, R.S.; Hammoud, G.M.; Ibdah, J.A. Pathogenesis and Prevention of Hepatic Steatosis. Gastroenterol. Hepatol.
2015, 11, 167-175.

Ramachandran, P; Iredale, ].P. Reversibility of liver fibrosis. Ann. Hepatol. 2009, 8, 283-291. [CrossRef]

Turchinovich, A.; Baranova, A.; Drapkina, O.; Tonevitsky, A. Cell-Free Circulating Nucleic Acids as Early Biomarkers for NAFLD
and NAFLD-Associated Disorders. Front. Physiol. 2018, 9, 1256. [CrossRef] [PubMed]

Sun, Y.; Chen, S.; You, H. Regression of liver fi brosis: Evidence and challenges. Chin. Med. ]. (Engl.) 2020, 133, 1696-1702.
[CrossRef] [PubMed]

Kim, H.; Lee, D.; An, T.; Park, H.-J.; Kim, W.; Bae, K.-H.; Oh, K.-J. Metabolic Spectrum of Liver Failure in Type 2 Diabetes and
Obesity: From NAFLD to NASH to HCC. Int. ]. Mol. Sci. 2021, 22, 4495. [CrossRef] [PubMed]

Montor, W.R.; Ronaldo, A.; Silva, O. Receptor tyrosine kinases and downstream pathways as druggable targets for cancer
treatment: The current arsenal of inhibitors. Mol. Cancer 2018, 17, 55. [CrossRef]

Cordover, E.; Minden, A. Signaling pathways downstream to receptor tyrosine kinases: Targets for cancer treatment. J. Cancer
Metastasis Treat. 2020, 2020. [CrossRef]

Choung, S.; Kim, ].M.; Joung, K.H.; Lee, E.S.; Kim, HJ.; Ku, B.J. Epidermal growth factor receptor inhibition attenuates
non-alcoholic fatty liver disease in diet-induced obese mice. PLoS ONE 2019, 14, e0210828. [CrossRef]

Bhushan, B.; Banerjee, S.; Paranjpe, S.; Koral, K.; Mars, WM.; Stoops, ].W.; Orr, A.; Bowen, W.C.; Locker, J.; Michalopoulos, G.K.
Pharmacologic Inhibition of Epidermal Growth Factor Receptor Suppresses Nonalcoholic Fatty Liver Disease in a Murine
Fast-Food Diet Model. Hepatology 2019, 70, 1546-1563. [CrossRef]

Kroy, D.C.; Schumacher, F.; Ramadori, P.; Hatting, M.; Bergheim, I.; Gassler, N.; Boekschoten, M.V.; Miiller, M.; Streetz, K.L.;
Trautwein, C. Hepatocyte specific deletion of c-Met leads to the development of severe non-alcoholic steatohepatitis in mice.
J. Hepatol. 2014, 61, 883-890. [CrossRef]

Xu, J.; Lloyd, D.J.; Hale, C.; Stanislaus, S.; Chen, M.; Sivits, G.; Vonderfecht, S.; Hecht, R.; Li, Y.-S.; Lindberg, R.A.; et al. Fibroblast
Growth Factor 21 Reverses Hepatic Steatosis, Increases Energy Expenditure, and Improves Insulin Sensitivity in Diet-Induced
Obese Mice. Diabetes 2008, 58, 250-259. [CrossRef]


http://doi.org/10.1074/jbc.M116.719955
http://www.ncbi.nlm.nih.gov/pubmed/27013658
http://doi.org/10.1053/j.gastro.2016.01.032
http://doi.org/10.1097/MPG.0000000000001979
http://doi.org/10.1016/j.molmet.2020.101122
http://doi.org/10.1016/j.envint.2021.106555
http://doi.org/10.5604/16652681.1171749
http://www.ncbi.nlm.nih.gov/pubmed/26436351
http://doi.org/10.1007/s12325-009-0072-z
http://doi.org/10.1111/j.1445-5994.1991.tb01375.x
http://www.ncbi.nlm.nih.gov/pubmed/1759920
http://doi.org/10.3892/br.2012.18
http://doi.org/10.4254/wjh.v6.i4.199
http://www.ncbi.nlm.nih.gov/pubmed/24799988
http://doi.org/10.1016/j.dld.2014.07.170
http://doi.org/10.1007/s10620-012-2118-3
http://www.ncbi.nlm.nih.gov/pubmed/22419057
http://doi.org/10.1177/1179552218787502
http://doi.org/10.3748/wjg.v21.i13.3777
http://doi.org/10.3390/jcm9010015
http://doi.org/10.1016/S1665-2681(19)31740-5
http://doi.org/10.3389/fphys.2018.01256
http://www.ncbi.nlm.nih.gov/pubmed/30294278
http://doi.org/10.1097/CM9.0000000000000835
http://www.ncbi.nlm.nih.gov/pubmed/32568866
http://doi.org/10.3390/ijms22094495
http://www.ncbi.nlm.nih.gov/pubmed/33925827
http://doi.org/10.1186/s12943-018-0792-2
http://doi.org/10.20517/2394-4722.2020.101
http://doi.org/10.1371/journal.pone.0210828
http://doi.org/10.1002/hep.30696
http://doi.org/10.1016/j.jhep.2014.05.019
http://doi.org/10.2337/db08-0392

Biomedicines 2021, 9, 1776 14 of 17

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Zhao, Q.; Guol, Z.; Chen, M.; He, X. The Intestinal-Liver Axis of FGF15-FGFR4-PPAR« Signal Control Liver Ischemia Reperfusion
Injury Through Regulating Autophagy. Transplantation 2018, 102, s167. [CrossRef]

Carver, R.S.; Stevenson, M.C.; Scheving, L.A.; Russell, WE. Diverse expression of ErbB receptor proteins during rat liver
development and regeneration. Gastroenterology 2002, 123, 2017-2027. [CrossRef]

Berasain, C.; Avila, M.A. The EGFR signalling system in the liver: From hepatoprotection to hepatocarcinogenesis. J. Gastroenterol.
2013, 49, 9-23. [CrossRef]

Komposch, K.; Sibilia, M. EGFR Signaling in Liver Diseases. Int. ]. Mol. Sci. 2015, 17, 30. [CrossRef] [PubMed]

Bhushan, B.; Michalopoulos, G.K. Role of epidermal growth factor receptor in liver injury and lipid metabolism: Emerging new
roles for an old receptor. Chem. Interact. 2020, 324, 109090. [CrossRef] [PubMed]

Lopez-Luque, J.; Caballero-Diaz, D.; Martinez-Palacidn, A.; Roncero, C.; Moreno-Caceres, J.; Garcia-Bravo, M.; Grueso, E,;
Fernéndez, A.; Crosas-Molist, E.; Garcia-Alvaro, M.; et al. Dissecting the role of epidermal growth factor receptor catalytic activity
during liver regeneration and hepatocarcinogenesis. Hepatology 2016, 63, 604—619. [CrossRef] [PubMed]

Paranjpe, S.; Bowen, W.C.; Mars, WM,; Orr, A.; Haynes, M.M.; DeFrances, M.C.; Liu, S.; Tseng, G.C.; Tsagianni, A.; Michalopou-
los, G.K. Combined systemic elimination of MET and epidermal growth factor receptor signaling completely abolishes liver
regeneration and leads to liver decompensation. Hepatology 2016, 64, 1711-1724. [CrossRef]

Guo, D.; Prins, RM.; Dang, J.; Kuga, D.; Iwanami, A.; Soto, H.; Lin, K.Y.; Huang, T.T.; Akhavan, D.; Hock, M.B.; et al. EGFR
Signaling Through an Akt-SREBP-1-Dependent, Rapamycin-Resistant Pathway Sensitizes Glioblastomas to Antilipogenic
Therapy. Sci. Signal. 2009, 2, ra82. [CrossRef] [PubMed]

Pan, Z.; Wang, J.; Tang, H.; Li, L.; Lv, J.; Xia, L.; Han, C.; Xu, F; He, H.; Xu, H,; et al. Effects of palmitic acid on lipid metabolism
homeostasis and apoptosis in goose primary hepatocytes. Mol. Cell. Biochem. 2010, 350, 39—46. [CrossRef]

Ru, P; Hu, P; Geng, F; Mo, X.; Cheng, C.; Yoo, ].Y.; Cheng, X.; Wu, X.; Guo, ].Y.; Nakano, I; et al. Feedback Loop Regulation of
SCAP/SREBP-1 by miR-29 Modulates EGFR Signaling-Driven Glioblastoma Growth. Cell Rep. 2016, 16, 1527-1535. [CrossRef]
Cheng, C.; Geng, F.; Cheng, X.; Guo, D. Lipid metabolism reprogramming and its potential targets in cancer. Cancer Commun.
2018, 38, 27. [CrossRef]

Lee, YK,; Park, ].E.; Lee, M.; Hardwick, J.P. Hepatic lipid homeostasis by peroxisome proliferator-activated receptor gamma 2.
Liver Res. 2018, 2, 209-215. [CrossRef]

Kim, S.; Graham, M.; Lee, R.; Yang, L.; Subramanian, V.; Layne, ].; Cai, L.; Temel, R.; Shih, D.; Lusis, A.; et al. Heparin-binding
EGF-like growth factor (HB-EGF) antisense oligonucleotide protected against hyperlipidemia-associated atherosclerosis.
Nutr. Metab. Cardiovasc. Dis. 2019, 29, 306-315. [CrossRef] [PubMed]

Liang, D.; Chen, H.; Zhao, L.; Zhang, W.; Hu, ].; Liu, Z.; Zhong, P.; Wang, W.; Wang, J.; Liang, G. Inhibition of EGFR attenuates
fibrosis and stellate cell activation in diet-induced model of nonalcoholic fatty liver disease. Biochim. Biophys. Acta (BBA)-Mol.
Basis Dis. 2018, 1864, 133-142. [CrossRef]

Chen, J.; Chen, ] K.; Nagai, K.; Plieth, D.; Tan, M.; Lee, T.-C.; Threadgill, D.W.; Neilson, E.G.; Harris, R.C. EGFR signaling promotes
TGEFB-dependent renal fibrosis. J. Am. Soc. Nephrol. 2012, 23, 215-224.

Cai, X;; Li, Z,; Zhang, Q.; Qu, Y,; Xu, M.; Wan, X.; Lu, L. CXCL6-EGFR-induced kupffer cells secrete TGF-1 promoting hepatic
stellate cell activation via the SMAD2/BRD4/C-MYC/EZH2 pathway in liver fibrosis. J. Cell. Mol. Med. 2018, 22, 5050-5061.
[CrossRef]

Zhang, H.; Feng, Q.; Chen, W.-D.; Wang, Y.-D. HGF/c-MET: A Promising Therapeutic Target in the Digestive System Cancers.
Int. ]. Mol. Sci. 2018, 19, 3295. [CrossRef]

Shao, Q.; Arakaki, N.; Ohnishi, T.; Nakamura, O.; Daikuhara, Y. Effect of Hepatocyte Growth Factor/Scatter Factor on Lipogenesis
in Adult Rat Hepatocytes in Primary Culture. J. Biochem. 1996, 119, 940-946. [CrossRef]

Kaibori, M.; Kwon, A.-H.; Oda, M.; Kamiyama, Y.; Kitamura, N.; Okumura, T. Hepatocyte growth factor stimulates synthesis of
lipids and secretion of lipoproteins in rat hepatocytes. Hepatology 1998, 27, 1354-1361. [CrossRef] [PubMed]

Kosone, T.; Takagi, H.; Horiguchi, N.; Ariyama, Y.; Otsuka, T.; Sohara, N.; Kakizaki, S.; Sato, K.; Mori, M. HGF ameliorates a
high-fat diet-induced fatty liver. Am. J. Physiol. Liver Physiol. 2007, 293, G204—-G210. [CrossRef]

Jing, Y,; Sun, Q.; Xiong, X.; Meng, R.; Tang, S.; Cao, S.; Bi, Y.; Zhu, D. Hepatocyte growth factor alleviates hepatic insulin resistance
and lipid accumulation in high-fat diet-fed mice. J. Diabetes Investig. 2018, 10, 251-260. [CrossRef] [PubMed]

Li, N,; Dou, Z; Liu, J.; Chai, B.; Li, Y;; An, X,; Chu, P; Zhang, X. Therapeutic Effect of HGF on NASH Mice Through HGF/c-Met
and JAK2-STAT3 Signalling Pathway. Ann. Hepatol. 2018, 17, 501-510. [CrossRef]

Yang, Y.M.; Fukui, M.; Wang, Z.; Miao, F.; Karriker, M.J.; Seki, E. Interventional Potential of Recombinant Feline Hepatocyte
Growth Factor in a Mouse Model of Non-alcoholic Steatohepatitis. Front. Endocrinol. 2018, 9, 1-10. [CrossRef] [PubMed]
Tomita, K.; Azuma, T.; Kitamura, N.; Nishida, J.; Tamiya, G.; Oka, A.; Inokuchi, S.; Nishimura, T.; Suematsu, M.; Ishii, H.
Pioglitazone prevents alcohol-induced fatty liver in rats through up-regulation of c-Met. Gastroenterology 2004, 126, 873-885.
[CrossRef]

Muratsu, J.; Iwabayashi, M.; Sanada, E; Taniyama, Y.; Otsu, R.; Rakugi, H.; Morishita, R. Hepatocyte Growth Factor Prevented
High-Fat Diet-Induced Obesity and Improved Insulin Resistance in Mice. Sci. Rep. 2017, 7, 130. [CrossRef]

Marquardt, J.; Seo, D.; Gémez-Quiroz, L.E.; Uchida, K,; Gillen, M.C; Kitade, M.; Kaposi-Novak, P.; Conner, E.A.; Factor, V.M.;
Thorgeirsson, S.S. Loss of c-Met accelerates development of liver fibrosis in response to CCl4 exposure through deregulation of
multiple molecular pathways. Biochim. Biophys. Acta (BBA)-Mol. Basis Dis. 2012, 1822, 942-951. [CrossRef] [PubMed]


http://doi.org/10.1097/01.tp.0000542802.59540.af
http://doi.org/10.1053/gast.2002.37060
http://doi.org/10.1007/s00535-013-0907-x
http://doi.org/10.3390/ijms17010030
http://www.ncbi.nlm.nih.gov/pubmed/26729094
http://doi.org/10.1016/j.cbi.2020.109090
http://www.ncbi.nlm.nih.gov/pubmed/32283070
http://doi.org/10.1002/hep.28134
http://www.ncbi.nlm.nih.gov/pubmed/26313466
http://doi.org/10.1002/hep.28721
http://doi.org/10.1126/scisignal.2000446
http://www.ncbi.nlm.nih.gov/pubmed/20009104
http://doi.org/10.1007/s11010-010-0680-6
http://doi.org/10.1016/j.celrep.2016.07.017
http://doi.org/10.1186/s40880-018-0301-4
http://doi.org/10.1016/j.livres.2018.12.001
http://doi.org/10.1016/j.numecd.2018.12.006
http://www.ncbi.nlm.nih.gov/pubmed/30738642
http://doi.org/10.1016/j.bbadis.2017.10.016
http://doi.org/10.1111/jcmm.13787
http://doi.org/10.3390/ijms19113295
http://doi.org/10.1093/oxfordjournals.jbchem.a021333
http://doi.org/10.1002/hep.510270523
http://www.ncbi.nlm.nih.gov/pubmed/9581691
http://doi.org/10.1152/ajpgi.00021.2007
http://doi.org/10.1111/jdi.12904
http://www.ncbi.nlm.nih.gov/pubmed/30070033
http://doi.org/10.5604/01.3001.0011.7395
http://doi.org/10.3389/fendo.2018.00378
http://www.ncbi.nlm.nih.gov/pubmed/30083132
http://doi.org/10.1053/j.gastro.2003.12.008
http://doi.org/10.1038/s41598-017-00199-4
http://doi.org/10.1016/j.bbadis.2012.02.012
http://www.ncbi.nlm.nih.gov/pubmed/22386877

Biomedicines 2021, 9, 1776 15 0f 17

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Kiyama, S.; Yamada, T.; Iwata, H.; Sekino, T.; Matsuo, H.; Yoshida, N.; Miyahara, T.; Umeda, Y.; Matsuno, Y.; Kimura, M.; et al.
Reduction of fibrosis in a rat model of non-alcoholic steatohepatitis cirrhosis by human HGF gene transfection using electropora-
tion. J. Gastroenterol. Hepatol. 2008, 23, e471-e476. [CrossRef] [PubMed]

Wang, H.; Rao, B.; Lou, J.; Li, J; Liu, Z; Li, A.; Cui, G.; Ren, Z.; Yu, Z. The Function of the HGF/c-Met Axis in Hepatocellular
Carcinoma. Front. Cell Dev. Biol. 2020, 8, 1-15. [CrossRef]

Fourcot, A.; Couchie, D.; Chobert, M.-N.; Zafrani, E.-S.; Mavier, P.; Laperche, Y.; Brouillet, A. Gas6 deficiency prevents liver
inflammation, steatohepatitis, and fibrosis in mice. Am. J. Physiol. Liver Physiol. 2011, 300, G1043-G1053. [CrossRef] [PubMed]
Smirne, C.; Rigamonti, C.; De Benedittis, C.; Sainaghi, P.P.; Bellan, M.; Burlone, M.E.; Castello, L.M.; Avanzi, G.C. Gas6/TAM
Signaling Components as Novel Biomarkers of Liver Fibrosis. Dis. Markers 2019, 2019, 2304931. [CrossRef] [PubMed]
Mukherjee, S.K.; Wilhelm, A.; Antoniades, C.G. TAM receptor tyrosine kinase function and the immunopathology of liver disease.
Am. ]. Physiol. Liver Physiol. 2016, 310, G899—-G905. [CrossRef]

Duan, Y,; Wong, W.; Chua, S.; Wee, H.L.; Lim, S.G.; Chua, B.T.; Ho, HK. Overexpression of Tyro3 and its implications on
hepatocellular carcinoma progression. Int. ]. Oncol. 2015, 48, 358-366. [CrossRef] [PubMed]

Tutusaus, A.; de Gregorio, E.; Cucarull, B.; Cristébal, H.; Aresté, C.; Graupera, I.; Coll, M.; Colell, A.; Gausdal, G,;
Lorens, J.B.; et al. A Functional Role of GAS6/TAM in Nonalcoholic Steatohepatitis Progression Implicates AXL as Therapeutic
Target. Cell. Mol. Gastroenterol. Hepatol. 2020, 9, 349-368. [CrossRef]

Lafdil, F.; Chobert, M.N.; Couchie, D.; Brouillet, A.; Zafrani, E.S.; Mavier, P.; Laperche, Y. Induction of Gas6 protein in CCl4-
induced rat liver injury and anti-apoptotic effect on hepatic stellate cells. Hepatology 2006, 44, 228-239. [CrossRef]

Barcena, C.; Stefanovic, M.; Tutusaus, A.; Joannas, L.; Menéndez, A.; Garcia-Ruiz, C.; Sancho-Bru, P.; Mari, M.; Caballeria, J.;
Rothlin, C.V,; et al. Gas6/Axl pathway is activated in chronic liver disease and its targeting reduces fibrosis via hepatic stellate
cell inactivation. J. Hepatol. Eur. Assoc. Study Liver 2015, 63, 670-678. [CrossRef]

Flem-Karlsen, K.; Nyakas, M.; Farstad, .N.; McFadden, E.; Wernhoff, P; Jacobsen, K.D.; Flerenes, V.A.; Meelandsmo, G.M. Soluble
AXL as a marker of disease progression and survival in melanoma. PLoS ONE 2020, 15, e0227187. [CrossRef] [PubMed]
Holstein, E.; Binder, M.; Mikulits, W. Dynamics of Ax]l Receptor Shedding in Hepatocellular Carcinoma and Its Implication for
Theranostics. Int. . Mol. Sci. 2018, 19, 4111. [CrossRef]

Llacuna, L.; Barcena, C.; Bellido-Martin, L.; Fernandez, L.; Stefanovic, M.; Mari, M.; Garcia-Ruiz, C.; Fernandez-Checa, J.C.;
de Frutos, P.G.; Morales, A. Growth arrest-specific protein 6 is hepatoprotective against murine ischemia/reperfusion injury.
Hepatology 2010, 52, 1371-1379. [CrossRef]

Cavalli, M,; Pan, G.; Nord, H.; Arzt, EW.; Wallerman, O.; Wadelius, C. Genetic prevention of hepatitis C virus-induced liver
fibrosis by allele-specific downregulation of MERTK. Hepatol. Res. 2017, 47, 826-830. [CrossRef] [PubMed]

Cai, B.; Dongiovanni, P; Corey, K.E.; Wang, X.; Shmarakov, .O.; Zheng, Z.; Kasikara, C.; Davra, V.; Meroni, M.; Chung, R.T; et al.
Macrophage MerTK Promotes Liver Fibrosis in Nonalcoholic Steatohepatitis. Cell Metab. 2020, 31, 406-421.e7. [CrossRef]

Yang, C.; Wang, C.; Ye, M,; Jin, C.; He, W.; Wang, F; McKeehan, W.L.; Luo, Y. Control of lipid metabolism by adipocyte
FGFR1-mediated adipohepatic communication during hepatic stress. Nutr. Metab. 2012, 9, 94. [CrossRef] [PubMed]

Hu, Y,; Liu, H.-X; Jena, PK,; Sheng, L.; Ali, M.R.; Wan, Y.-].Y. miR-22 inhibition reduces hepatic steatosis via FGF21 and FGFR1
induction. JHEP Rep. 2020, 2, 100093. [CrossRef]

Lin, N.; Chen, S.; Pan, W.; Xu, L.; Hu, K.; Xu, R. NP603, a novel and potent inhibitor of FGFR1 tyrosine kinase, inhibits hepatic
stellate cell proliferation and ameliorates hepatic fibrosis in rats. Am. J. Physiol. Physiol. 2011, 301, C469—C477. [CrossRef]

Lou, D.; Han, J.; Zhou, L.; Ma, H.; Xv, J.; Shou, J.; Xu, Z,; Jiang, L.; Qian, Y. Fibroblast growth factor receptor 1 antagonism
attenuates lipopolysaccharide-induced activation of hepatic stellate cells via suppressing inflammation. Exp. Ther. Med.
2018, 16, 2909-2916. [CrossRef]

Wang, C.; Li, Y,; Li, H.; Zhang, Y.; Ying, Z.; Wang, X.; Zhang, T.; Zhang, W.; Fan, Z.; Li, X.; et al. Disruption of FGF Signaling
Ameliorates Inflammatory Response in Hepatic Stellate Cells. Front. Cell Dev. Biol. 2020, 8, 601. [CrossRef]

Wu, X,; Ge, H.; Baribault, H.; Gupte, J.; Weiszmann, J.; Lemon, B.; Gardner, J.; Fordstrom, P; Tang, J.; Zhou, M.; et al. Dual actions
of fibroblast growth factor 19 on lipid metabolism. J. Lipid Res. 2013, 54, 325-332. [CrossRef] [PubMed]

Huang, X.; Yang, C.; Luo, Y,; Jin, C.; Wang, F.; McKeehan, W.L. FGFR4 Prevents Hyperlipidemia and Insulin Resistance but
Underlies High-Fat Diet Induced Fatty Liver. Diabetes 2007, 56, 2501-2510. [CrossRef]

Chen, Q.; Jiang, Y.; An, Y.; Zhao, N.; Zhao, Y.; Yu, C. Soluble FGFR4 extracellular domain inhibits FGF19-induced activation of
FGFR4 signaling and prevents nonalcoholic fatty liver disease. Biochem. Biophys. Res. Commun. 2011, 409, 651-656. [CrossRef]
Yu, X.X.; Watts, L.M.; Manchem, V.P; Chakravarty, K.; Monia, B.P.; McCaleb, M.L.; Bhanot, S. Peripheral Reduction of FGFR4
with Antisense Oligonucleotides Increases Metabolic Rate and Lowers Adiposity in Diet-Induced Obese Mice. PLoS ONE
2013, 8, €66923.

Tarantino, G.; Conca, P; Pasanisi, F,; Ariello, M.; Mastrolia, M.; Arena, A. Vecchione, R. Could inflammatory markers help
diagnose nonalcoholic steatohepatitis? Eur. J. Gastroenterol. Hepatol. 2009, 21, 504-511. [CrossRef]

Coulon, S.; Francque, S.; Colle, L; Verrijken, A.; Blomme, B.; Heindryckx, E; De Munter, S.; Prawitt, J.; Caron, S.; Staels, B.; et al.
Evaluation of inflammatory and angiogenic factors in patients with non-alcoholic fatty liver disease. Cytokine 2012, 59, 442—449.
[CrossRef] [PubMed]


http://doi.org/10.1111/j.1440-1746.2007.05111.x
http://www.ncbi.nlm.nih.gov/pubmed/17764530
http://doi.org/10.3389/fcell.2020.00055
http://doi.org/10.1152/ajpgi.00311.2010
http://www.ncbi.nlm.nih.gov/pubmed/21350191
http://doi.org/10.1155/2019/2304931
http://www.ncbi.nlm.nih.gov/pubmed/31583026
http://doi.org/10.1152/ajpgi.00382.2015
http://doi.org/10.3892/ijo.2015.3244
http://www.ncbi.nlm.nih.gov/pubmed/26573872
http://doi.org/10.1016/j.jcmgh.2019.10.010
http://doi.org/10.1002/hep.21237
http://doi.org/10.1016/j.jhep.2015.04.013
http://doi.org/10.1371/journal.pone.0227187
http://www.ncbi.nlm.nih.gov/pubmed/31917795
http://doi.org/10.3390/ijms19124111
http://doi.org/10.1002/hep.23833
http://doi.org/10.1111/hepr.12810
http://www.ncbi.nlm.nih.gov/pubmed/27577861
http://doi.org/10.1016/j.cmet.2019.11.013
http://doi.org/10.1186/1743-7075-9-94
http://www.ncbi.nlm.nih.gov/pubmed/23106963
http://doi.org/10.1016/j.jhepr.2020.100093
http://doi.org/10.1152/ajpcell.00452.2010
http://doi.org/10.3892/etm.2018.6586
http://doi.org/10.3389/fcell.2020.00601
http://doi.org/10.1194/jlr.M027094
http://www.ncbi.nlm.nih.gov/pubmed/23204296
http://doi.org/10.2337/db07-0648
http://doi.org/10.1016/j.bbrc.2011.05.059
http://doi.org/10.1097/MEG.0b013e3283229b40
http://doi.org/10.1016/j.cyto.2012.05.001
http://www.ncbi.nlm.nih.gov/pubmed/22658783

Biomedicines 2021, 9, 1776 16 of 17

87.

88.

89.

90.

91.

92.

93.

94.

95.
96.

97.
98.

99.

100.
101.

102.

103.

104.

105.

106.

107.

108.

109.

110.
111.

112.

113.

Coulon, S.; Legry, V.; Heindryckx, F.; Van Steenkiste, C.; Casteleyn, C.; Olievier, K.; Libbrecht, L.; Carmeliet, P.; Jonckx, B.;
Stassen, J.-M.; et al. Role of vascular endothelial growth factor in the pathophysiology of nonalcoholic steatohepatitis in two
rodent models. Hepatology 2013, 57, 1793-1805. [CrossRef]

Hong, W.; Li, S.; Wu, L.; He, B; Jiang, J.; Chen, Z. Prediction of VEGF-C as a Key Target of Pure Total Flavonoids From Citrus
Against NAFLD in Mice via Network Pharmacology. Front. Pharmacol. 2019, 10, 582. [CrossRef] [PubMed]

Nakamura, I.; Zakharia, K.; Banini, B.A.; Mikhail, D.S.; Kim, T.H.; Yang, ].D.; Moser, C.D.; Shaleh, HM.; Thornburgh, S.R.;
Walters, L; et al. Brivanib Attenuates Hepatic Fibrosis In Vivo and Stellate Cell Activation In Vitro by Inhibition of FGF, VEGF
and PDGEF Signaling. PLoS ONE 2014, 9, €92273. [CrossRef]

Yan, Z.; Qu, K.; Zhang, J.; Huang, Q.; Qu, P; Xu, X,; Yuan, P.; Huang, X; Shao, Y.; Liu, C.; et al. CD147 promotes liver fibrosis
progression via VEGF-A /VEGFR? signalling-mediated cross-talk between hepatocytes and sinusoidal endothelial cells. Clin. Sci.
2015, 129, 699-710. [CrossRef]

Taniguchi, E.; Sakisaka, S.; Matsuo, K.; Tanikawa, K.; Sata, M. Expression and role of vascular endothelial growth factor in liver
regeneration after partial hepatectomy in rats. J. Histochem. Cytochem. 2001, 49, 121-129. [CrossRef] [PubMed]

Liu, Y.; Lui, E.L.H,; Friedman, S.L.; Li, L.; Ye, T.; Chen, Y.; Poon, R.T.; Wo, J.; Kok, TW.; Fan, S.T. PTK787/ZK22258 attenuates
stellate cell activation and hepatic fibrosis in vivo by inhibiting VEGF signaling. Lab. Investig. 2009, 89, 209-221. [CrossRef]
Chen, H. Nutrient mTORCT signaling contributes to hepatic lipid metabolism in the pathogenesis of non-alcoholic fatty liver
disease. Liver Res. 2020, 4, 15-22. [CrossRef]

Singh, R.; Cuervo, A.M. Lipophagy: Connecting Autophagy and Lipid Metabolism. Int. ]. Cell Biol. 2012, 2012, 282041. [CrossRef]
[PubMed]

Han, J.; Wang, Y. mTORC1 signaling in hepatic lipid metabolism. Protein Cell 2018, 9, 145-151. [CrossRef]

Matsuda, S.; Kobayashi, M.; Kitagishi, Y. Roles for PI3K/AKT/PTEN Pathway in Cell Signaling of Nonalcoholic Fatty Liver
Disease. ISRN Endocrinol. 2013, 2013, 472432. [CrossRef]

Kong, X.; Horiguchi, N.; Mori, M.; Gao, B. Cytokines and STATs in Liver Fibrosis. Front. Physiol. 2012, 3, 69. [CrossRef]

Wang, Y.; Song, J.; Bian, H.; Bo, J.; Lv, S.; Pan, W.; Lv, X. Apelin promotes hepatic fibrosis through ERK signaling in LX-2 cells.
Mol. Cell. Biochem. 2019, 460, 205-215. [CrossRef] [PubMed]

Foglia, B.; Cannito, S.; Bocca, C.; Parola, M.; Novo, E. ERK Pathway in Activated, Myofibroblast-Like, Hepatic Stellate Cells:
A Critical Signaling Crossroad Sustaining Liver Fibrosis. Int. J. Mol. Sci. 2019, 20, 2700. [CrossRef]

Zhao, J.; Qi, Y.-F; Yu, Y.-R. STAT3: A key regulator in liver fibrosis. Ann. Hepatol. 2021, 21, 100224. [CrossRef]

Neuzillet, C.; De Gramont, A.; Tijeras-Raballand, A.; de Mestier, L.; Cros, ].; Faivre, S.; Raymond, E. Perspectives of TGF-3
inhibition in pancreatic and hepatocellular carcinomas. Oncotarget 2013, 5, 78-94. [CrossRef]

Sun, X.; Huang, X.; Zhu, X.; Liu, L.; Mo, S.; Wang, H.; Wei, X.; Lu, S.; Bai, F.; Wang, D.; et al. HBOA ameliorates CCl 4 -incuded
liver fibrosis through inhibiting TGF-f1/Smads, NF-«B and ERK signaling pathways. Biomed. Pharmacother. 2019, 115, 108901.
[CrossRef]

Roskoski, R. Properties of FDA-approved small molecule protein kinase inhibitors: A 2021 update. Pharmacol. Res. 2021, 165, 105463.
[CrossRef]

Fuchs, B.C.; Hoshida, Y.; Fuijii, T.; Wei, L.; Yamada, S.; Lauwers, G.Y.; McGinn, C.M.; DePeralta, D.K.; Chen, X.; Kuroda, T.; et al.
Epidermal growth factor receptor inhibition attenuates liver fibrosis and development of hepatocellular carcinoma.
Hepatology 2014, 59, 1577-1590. [CrossRef] [PubMed]

Svegliati-Baroni, G.; Ridolfi, F; Hannivoort, R.; Saccomanno, S.; Homan, M.; de Minicis, S.; Jansen, P.L.; Candelaresi, C.;
Benedetti, A.; Moshage, H. Bile acids induce hepatic stellate cell proliferation via activation of the epidermal growth factor
receptor. Gastroenterology 2005, 128, 1042-1055. [CrossRef]

Liu, Y.; Wen, X.M.; Lui, E.L.H.; Friedman, S.L.; Cui, W.; Ho, N.P.S,; Li, L.; Ye, T.; Fan, S.T.; Zhang, H. Therapeutic targeting of the
PDGF and TGF-B-signaling pathways in hepatic stellate cells by PTK787 /ZK22258. Lab. Investig. 2009, 89, 1152-1160. [CrossRef]
[PubMed]

Tugues, S.; Fernandez-Varo, G.; Muiioz-Luque, J.; Ros, J.; Arroyo, V.; Rodés, J.; Friedman, S.L.; Carmeliet, P.; Jiménez, W.;
Morales-Ruiz, M. Antiangiogenic treatment with Sunitinib ameliorates inflammatory infiltrate, fibrosis, and portal pressure in
cirrhotic rats. Hepatology 2007, 46, 1919-1926. [CrossRef]

Majumder, S.; Piguet, A.-C.; Dufour, ].-E; Chatterjee, S. Study of the cellular mechanism of Sunitinib mediated inactivation of
activated hepatic stellate cells and its implications in angiogenesis. Eur. |. Pharmacol. 2013, 705, 86-95. [CrossRef] [PubMed]
Suzuki, M.; Kato, C.; Kato, A. Therapeutic antibodies: Their mechanisms of action and the pathological findings they induce in
toxicity studies. J. Toxicol. Pathol. 2015, 28, 133-139. [CrossRef]

Wright, G.D. Unlocking the potential of natural products in drug discovery. Microb. Biotechnol. 2019, 12, 55-57. [CrossRef]

Yin, B.; Fang, D.-M.; Zhou, X.-L.; Gao, E Natural products as important tyrosine kinase inhibitors. Eur. J. Med. Chem. 2019, 182, 111664.
[CrossRef]

Zhang, L.; Yao, Z; Ji, G. Herbal Extracts and Natural Products in Alleviating Non-alcoholic Fatty Liver Disease via Activating
Autophagy. Front. Pharmacol. 2018, 9, 1459. [CrossRef] [PubMed]

O’Connell, M.A.; Rushworth, S.A. Curcumin: Potential for hepatic fibrosis therapy? Br. ]. Pharmacol. 2008, 153, 403—405.
[CrossRef] [PubMed]


http://doi.org/10.1002/hep.26219
http://doi.org/10.3389/fphar.2019.00582
http://www.ncbi.nlm.nih.gov/pubmed/31214028
http://doi.org/10.1371/journal.pone.0092273
http://doi.org/10.1042/CS20140823
http://doi.org/10.1177/002215540104900112
http://www.ncbi.nlm.nih.gov/pubmed/11118484
http://doi.org/10.1038/labinvest.2008.127
http://doi.org/10.1016/j.livres.2020.02.004
http://doi.org/10.1155/2012/282041
http://www.ncbi.nlm.nih.gov/pubmed/22536247
http://doi.org/10.1007/s13238-017-0409-3
http://doi.org/10.1155/2013/472432
http://doi.org/10.3389/fphys.2012.00069
http://doi.org/10.1007/s11010-019-03581-0
http://www.ncbi.nlm.nih.gov/pubmed/31270645
http://doi.org/10.3390/ijms20112700
http://doi.org/10.1016/j.aohep.2020.06.010
http://doi.org/10.18632/oncotarget.1569
http://doi.org/10.1016/j.biopha.2019.108901
http://doi.org/10.1016/j.phrs.2021.105463
http://doi.org/10.1002/hep.26898
http://www.ncbi.nlm.nih.gov/pubmed/24677197
http://doi.org/10.1053/j.gastro.2005.01.007
http://doi.org/10.1038/labinvest.2009.77
http://www.ncbi.nlm.nih.gov/pubmed/19668241
http://doi.org/10.1002/hep.21921
http://doi.org/10.1016/j.ejphar.2013.02.026
http://www.ncbi.nlm.nih.gov/pubmed/23454556
http://doi.org/10.1293/tox.2015-0031
http://doi.org/10.1111/1751-7915.13351
http://doi.org/10.1016/j.ejmech.2019.111664
http://doi.org/10.3389/fphar.2018.01459
http://www.ncbi.nlm.nih.gov/pubmed/30618753
http://doi.org/10.1038/sj.bjp.0707580
http://www.ncbi.nlm.nih.gov/pubmed/18037917

Biomedicines 2021, 9, 1776 17 of 17

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Yan, T; Yan, N.; Wang, P; Xia, Y.; Hao, H.; Wang, G.; Gonzalez, E]. Herbal drug discovery for the treatment of nonalcoholic fatty
liver disease. Acta Pharm. Sin. B 2020, 10, 3-18. [CrossRef]

Li, J.; Li, X.;; Xu, W,; Wang, S.; Hu, Z.; Zhang, Q.; Deng, X.; Wang, J.; Zhang, J.; Guo, C. Antifibrotic effects of luteolin on
hepatic stellate cells and liver fibrosis by targeting AKT/mTOR/p70S6K and TGF{3/Smad signalling pathways. Liver Int.
2014, 35, 1222-1233. [CrossRef] [PubMed]

Yin, Y.; Gao, L.; Lin, H,; Wu, Y.; Han, X.; Zhu, Y.; Li, ]. Luteolin improves non-alcoholic fatty liver disease in db/db mice
by inhibition of liver X receptor activation to down-regulate expression of sterol regulatory element binding protein 1c.
Biochem. Biophys. Res. Commun. 2017, 482, 720-726. [CrossRef]

Yin, H.-Q.; Kim, Y.-C.; Chung, Y.-S.; Shin, Y.-K_; Lee, B.-H. Honokiol reverses alcoholic fatty liver by inhibiting the maturation of
sterol regulatory element binding protein-1c and the expression of its downstream lipogenesis genes. Toxicol. Appl. Pharmacol.
2009, 236, 124-130. [CrossRef] [PubMed]

Hong, R.L.; Spohn, W.H.; Hung, M.C. Curcumin inhibits tyrosine kinase activity of p185neu and also depletes p185neu.
Clin. Cancer Res. 1999, 5, 1884-1891. [PubMed]

Kim, K.-C.; Baek, S.-H.; Lee, C. Curcumin-induced downregulation of Axl receptor tyrosine kinase inhibits cell proliferation and
circumvents chemoresistance in non-small lung cancer cells. Int. ]. Oncol. 2015, 47, 2296-2303. [CrossRef]

Golonko, A.; Lewandowska, H.; Swistocka, R.; Jasiniska, U.; Priebe, W.; Lewandowski, W. Curcumin as tyrosine kinase inhibitor
in cancer treatment. Eur. . Med. Chem. 2019, 181, 111512. [CrossRef]

Leeman-Neill, R.J.; Cai, Q.; Joyce, S.C.; Thomas, S.M.; Bhola, N.E.; Neill, D.B.; Arbiser, J.L.; Grandis, ].R. Honokiol inhibits EGFR
signaling and enhances the antitumor effects of EGFR inhibitors. Clin. Cancer Res. 2011, 16, 2571-2579. [CrossRef]

Okuda, K.; Umemura, A.; Umemura, S.; Kataoka, S.; Taketani, H.; Seko, Y.; Nishikawa, T.; Yamaguchi, K.; Moriguchi, M.;
Kanbara, Y.; et al. Honokiol Prevents Non-Alcoholic Steatohepatitis-Induced Liver Cancer via EGFR Degradation through the
Glucocorticoid Receptor—MIG6 Axis. Cancers 2021, 13, 1515. [CrossRef]

Boey, A.; Ho, HK. All Roads Lead to the Liver: Metal Nanoparticles and Their Implications for Liver Health. Small 2020, 16, €2000153.
[CrossRef] [PubMed]

Tee, ] K.; Peng, F; Ho, H.K. Effects of inorganic nanoparticles on liver fibrosis: Optimizing a double-edged sword for therapeutics.
Biochem. Pharmacol. 2019, 160, 24-33. [CrossRef] [PubMed]

Peng, F,; Tee, ] K.; Setyawati, M.L; Ding, X.; Yeo, H.L.A.; Tan, Y.L.; Leong, D.T.; Ho, H.K. Inorganic Nanomaterials as Highly
Efficient Inhibitors of Cellular Hepatic Fibrosis. ACS Appl. Mater. Interfaces 2018, 10, 31938-31946. [CrossRef]

Saeed, B.A.; Lim, V.; Yusof, N.A.; Khor, K.Z.; Rahman, H.; Samad, N.A. Antiangiogenic properties of nanoparticles: A systematic
review. Int. |. Nanomed. 2019, 14, 5135-5146. [CrossRef] [PubMed]

Darweesh, R.S.; Ayoub, N.M.; Nazzal, S. Gold nanoparticles and angiogenesis: Molecular mechanisms and biomedical applica-
tions. Int. J. Nanomed. 2019, 14, 7643-7663. [CrossRef]

Otlewski, J.; Szlachcic, A.; Pala, K.; Zakrzewska, M.; Jakimowicz, P.; Wiedlocha, A. FGF1-gold nanoparticle conjugates targeting
FGEFR efficiently decrease cell viability upon NIR irradiation. Int. J. Nanomed. 2012, 7, 5915-5927. [CrossRef]

Van Herck, M.A.; Vonghia, L.; Francque, SM. Animal Models of Nonalcoholic Fatty Liver Disease—A Starter’s Guide.
Nutrients 2017, 9, 1072. [CrossRef]

Akhtar, A. The Flaws and Human Harms of Animal Experimentation. Camb. Q. Healthc. Ethics 2015, 24, 407-419. [CrossRef]
[PubMed]

Naik, A.; Beli, A.; Zanger, U.M.; Rozman, D. Molecular interactions between NAFLD and xenobiotic metabolism. Front. Genet.
2013, 4, 2. [CrossRef] [PubMed]


http://doi.org/10.1016/j.apsb.2019.11.017
http://doi.org/10.1111/liv.12638
http://www.ncbi.nlm.nih.gov/pubmed/25040634
http://doi.org/10.1016/j.bbrc.2016.11.101
http://doi.org/10.1016/j.taap.2008.12.030
http://www.ncbi.nlm.nih.gov/pubmed/19371623
http://www.ncbi.nlm.nih.gov/pubmed/10430096
http://doi.org/10.3892/ijo.2015.3216
http://doi.org/10.1016/j.ejmech.2019.07.015
http://doi.org/10.1158/1078-0432.CCR-10-0333
http://doi.org/10.3390/cancers13071515
http://doi.org/10.1002/smll.202000153
http://www.ncbi.nlm.nih.gov/pubmed/32163668
http://doi.org/10.1016/j.bcp.2018.12.003
http://www.ncbi.nlm.nih.gov/pubmed/30529191
http://doi.org/10.1021/acsami.8b10527
http://doi.org/10.2147/IJN.S199974
http://www.ncbi.nlm.nih.gov/pubmed/31371952
http://doi.org/10.2147/IJN.S223941
http://doi.org/10.2147/IJN.S36575
http://doi.org/10.3390/nu9101072
http://doi.org/10.1017/S0963180115000079
http://www.ncbi.nlm.nih.gov/pubmed/26364776
http://doi.org/10.3389/fgene.2013.00002
http://www.ncbi.nlm.nih.gov/pubmed/23346097

	Introduction 
	Receptor Tyrosine Kinases (RTKs) and Its Role in NAFLD 
	Epithelial Growth Factor Receptor (EGFR) 
	Hepatocyte Growth Factor Receptor 
	TAM (Tyro3, AXL, MERTK) Receptor 
	Fibroblast Growth Factor Receptor 
	Vascular Endothelial Growth Factor Receptor (VEGFR) 

	Downstream Pathways through Which RTKs Regulate NAFLD 
	Strategies to Target RTKs 
	Small Molecule Inhibitors 
	Therapeutic Antibodies 
	Natural Products 
	Nanoparticles 

	Conclusions 
	References

