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ARTICLE INFO ABSTRACT

Keywords: Cabozantinib, a multiple tyrosine kinase inhibitor targeting AXL, vascular endothelial growth
A‘ngiog.enes%s factor receptor (VEGFR), and MET, is used clinically to treat certain cancers, including hepato-
L“:’Sr fibrosis cellular carcinoma. This study aimed to assess the impact of cabozantinib on liver fibrosis and
MASH . hepatocarcinogenesis in a rat model of metabolic dysfunction-associated steatohepatitis (MASH).
Inflammation . ¥ . . . . . .

H - . MASH-based liver fibrosis and hepatocarcinogenesis were induced in rats by feeding them a

epatocarcinogenesis

choline-deficient, L-amino acid-defined, high-fat diet (CDAHFD) for eight and 16 weeks,
respectively. Cabozantinib (1 or 2 mg/kg, daily) was administered concurrently with the diet in
the fibrosis model and after eight weeks in the carcinogenesis model. Treatment with cabo-
zantinib significantly attenuated hepatic inflammation and fibrosis without affecting hepatocyte
steatosis and ballooning in CDAHFD-fed rats. Cabozantinib-treated rats exhibited a marked
reduction in a-smooth muscle actin® activated hepatic stellate cell (HSC) expansion, CD68"
macrophage infiltration, and CD34" pathological angiogenesis, along with reduced hepatic AXL,
VEGF, and VEGFR2 expression. Consistently, cabozantinib downregulated the hepatic expression
of profibrogenic markers (Acta2, Collal, Tgfbl), inflammatory cytokines (Tnfa, Il1b, I16), and
proangiogenic markers (Vegfa, Vwf, Ang2). In a cell-based assay of human activated HSCs,
cabozantinib inhibited Akt activation induced by GAS6, a ligand of AXL, leading to reduced cell
proliferation and profibrogenic activity. Cabozantinib also suppressed lipopolysaccharide-
induced proinflammatory responses in human macrophages, VEGFA-induced collagen expres-
sion and proliferation in activated HSCs, and VEGFA-stimulated proliferation in vascular endo-
thelial cells. Meanwhile, administration of cabozantinib did not affect Ki67' hepatocyte
proliferation or serum albumin levels, indicating no negative impact on regenerative capacity.
Treatment with cabozantinib also reduced the placental glutathione transferase™ preneoplastic
lesions in CDAHFD-fed rats. In conclusion, cabozantinib shows promise as a novel option for
preventing MASH progression.
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1. Introduction

Metabolic dysfunction-associated steatohepatitis (MASH), formerly recognized as nonalcoholic steatohepatitis, has emerged as a
major chronic liver disease worldwide [1-3]. MASH encompasses a spectrum of liver conditions characterized by hepatic steatosis,
ballooning, inflammation, and fibrosis. If left untreated, it can progress to cirrhosis and hepatocellular carcinoma (HCC) [4]. Notably,
advanced fibrosis is a crucial factor associated with overall mortality, liver transplantation, and liver-related events in patients with
MASH [5,6]. Therefore, establishing therapies to manage liver fibrosis is a key challenge in MASH. A recent Phase III trial has shown
promising results for resmetirom, a thyroid hormone receptor beta-selective agonist, in improving liver fibrosis in patients with MASH
[7]. However, it will take some time for this drug to be available worldwide.

AXL, a receptor tyrosine kinase, is a part of the TAM (TYRO3, AXL, and MERTK) family of receptors [8,9]. It is activated by binding
to the ligand growth arrest-specific 6 (GAS6) and plays key roles in immune response modulation, cancer progression, inflammation,
and fibrosis [8,10,11]. The GAS6/AXL signaling pathway has been implicated in the pathophysiology of liver diseases. GAS6 exhibits
hepatoprotective effects in ischemia/reperfusion-induced injury and is involved in the wound healing response [12-14]. In the injured
liver, GAS6 and AXL are primarily expressed in macrophages, including Kupffer cells, and in activated hepatic stellate cells (HSCs)
[15]. The GAS6/AXL pathway promotes HSC activation and liver fibrosis in carbon tetrachloride-treated mice [16]. In patients, serum
levels of GAS6 and soluble AXL increase during the progression of chronic liver diseases, including alcoholic liver disease and chronic
hepatitis C [16]. Additionally, Tutusaus et al. have revealed elevated levels of GAS6 and soluble AXL in patients with MASH [11]. They
also demonstrated that bemcentinib, a AXL inhibitor, prevented liver injury in a diet-induced MASH model, with the preventive effect
limited to the early stage of MASH [11]. Pathological angiogenesis has been reported to be closely linked to fibrogenesis in the
progression of chronic liver disease [17]. Vascular endothelial growth factor-A (VEGFA), a proangiogenic factor, has been reported to
play a profibrogenic role via multiple mechanisms, including the release of inflammatory and fibbrogenic mediators from endothelial
cells, and directly affecting HSCs [17-19]. These functional mechanisms suggest that inhibiting the VEGFA/VEGFR pathway has
potential benefits for resolving fibrosis. Indeed, early studies have suggested that targeting VEGFR with tyrosine kinase inhibitors
(TKIs) can prevent liver fibrosis progression and reduce intrahepatic angiogenesis [20,21]. Additionally, recent research has
demonstrated that hepatocytes produce VEGFA, which activates adjacent HSCs and accelerates the MASH-HCC transition [22].

Cabozantinib, an orally administered small-molecule TKI, primarily targets VEGFR1-3, AXL, and c¢-MET [23]. In the clinical phase
III trial conducted in 2018, cabozantinib demonstrated clinical efficacy as a second- or third-line treatment for unresectable HCC [24].
However, the impact of cabozantinib’s inhibitory effects on AXL and VEGFR and, subsequently, liver fibrosis development and
hepatocarcinogenesis is still obscure in MASH.

The aim of this study was to determine the effects of cabozantinib on liver fibrosis progression and hepatocarcinogenesis in a diet-
induced MASH rat model.

2. Materials and methods
2.1. Animals and reagents

Six-week-old male F344/NSlc rats (Japan SLC, Hamamatsu, Japan) were housed in stainless steel mesh cages under controlled
conditions (temperature: 23 °C + 3 °C, relative humidity: 50 % =+ 20 %, ventilation: 10-15 times/h, illumination: 12 h/day). During
the study period, rats were allowed to drink tap water freely. This study was reviewed and approved by the Ethics Committee of Nara
Medical University and conducted in accordance with the Guide for the Care and Use of Laboratory Animals of the U.S. National
Research Council (approval no. 13119). Cabozantinib was purchased from Chemscene (Monmouth Junction, NJ, USA).

2.2. Animal experiments

Rats were fed a choline-deficient, L-amino acid-defined, high-fat diet (CDAHFD) to develop MASH liver fibrosis for eight weeks and
liver carcinogenesis for 16 weeks. A choline-supplemented L-amino acid-defined, normal-fat diet (CSANFD) was used as a negative
control. The ingredient compositions of both diets were shown in Supplementary Material (Supplementary Table 1) (Research Diets
Inc., New Brunswick, NJ, USA). For the fibrosis model, rats were grouped as follows (n = 8): (i) fed with CSANFD and administered
vehicle (CS), (ii-iv) fed with CDAHFD and administered (ii) vehicle (CD + Veh), (iii) cabozantinib (1 mg/kg/day; CD + CBZ-L), and
(iv) cabozantinib (2 mg/kg/day; CD + CBZ-H). Saline was used as the vehicle, and administration of the vehicle and cabozantinib was
initiated with the feeding of CSANFD or CDAHFD by gavage daily throughout the study. For the carcinogenesis model, rats were also
grouped (n = 8), as in the fibrosis model, with cabozantinib administered eight weeks after starting the CSANFD or CDAHFD diet. After
the experimental period, blood was collected, serum was separated, and animals were killed using mild isoflurane anesthesia. The
whole liver samples were retrieved for biochemical, histopathological and molecular analysis.

2.3. Biochemical analysis

Serum aspartate aminotransferase, alanine aminotransferase, and albumin levels were determined by enzyme-linked immuno-
sorbent assay (ELISA) kits (Abcam, Cambridge, UK) and Rat GAS6 Sandwich ELISA Kit (LSBio, Seattle, WA, USA) was used to measure
serum GAS6 levels. ELISA assays were performed according to the accompanying instructions.
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2.4. Histological analysis

Liver samples were fixed in 4 % paraformaldehyde and processed into paraffin sections for hematoxylin and eosin (H&E) and Sirius
Red staining. The pathological score was independently determined by two pathologists to assess liver tissue steatosis, ballooning, and
inflammation, as described previously [25]. Inmunohistochemical staining was performed as previously described [21]. The primary
antibodies include a rabbit monoclonal a-smooth muscle actin (ab124964, 1:1000, Abcam), a mouse monoclonal CD68 (GTX41868,
1:50, GeneTex, Irvine, CA, USA), a rabbit monoclonal CD34 (ab81289, 1:2500, Abcam), and a rabbit polyclonal antibody against
placental glutathione transferase (GST-P; 311, 1:300, Medical and Biological Laboratories, Nagoya, Japan). Immunofluorescence
analysis was performed to evaluate hepatocyte expression and cell proliferation, respectively, as previously described [21]. The
primary antibodies used were a rabbit monoclonal glutamine synthetase (GS) (ab176562, 1:500, Abcam) and a mouse monoclonal
Ki67 (NBP2-22112, 1:100, Novus Biologicals, Centennial, CO, USA). Semiquantitative analysis was performed as described [21].

2.5. Hepatic hydroxyproline content

The hepatic hydroxyproline content was measured in frozen rat liver tissue using the Hydroxyproline Assay Kit (Cell Biolabs, Inc.,
San Diego, CA, USA) according to the manufacturer’s instructions.

2.6. Cell culture and treatment

Human activated HSCs (LX-2, Cat: SCC064, Merck KGaA, Darmstadt, Germany) and human umbilical vein endothelial cells
(HUEAT-1, RRID: CVCL_4W51, the National Institutes of Biomedical Innovation, Health, and Nutrition, Osaka, Japan) were cultured in
Dulbecco’s Modified Eagle’s Medium (Nacalai Tesque Inc., Kyoto, Japan), while human monocyte-macrophages (THP-1, RRID:
CVCL_0006, the National Institutes of Biomedical Innovation, Health, and Nutrition) were cultured in Roswell Park Memorial Institute
1640 medium (Nakalai Tesque Inc.). The cells were incubated at 37 °C in a 5 % CO; in each medium supplemented with 5 % fetal
bovine serum (Gibco, Waltham, MA, USA) and 1 % penicillin and streptomycin. LX-2 cells were treated with recombinant human GAS6
(rGAS6; 500 ng/mL; R&D Systems) or recombinant human VEGF 165 (VEGFA; 10 ng/mL; Peprotech, Waltham, MA, USA) to stimulate
cell proliferation and profibrogenic activity. THP-1 cells were treated with the lipopolysaccharide Escherichia coli 0111:B4 (LPS; 50 ng/
mL; Sigma-Aldrich, St. Louis, MO, USA) for 24 h to induce an inflammatory response. HUEhT-1 cells were stimulated with VEGFA (10
ng/mL) to induce proliferation.

2.7. Cell viability and proliferation assays

LX-2, THP-1 and HUEhT-1 cells were seeded in 96-well plates with DMEM which included 10 % FBS for 24 h. After the exposure to
cabozantinib (0-500 nM) for 24 h, cell viability was determined by the Premix WST-1 Cell Proliferation Assay system (Takara Bio,
Shiga, Japan). Meanwhile, LX-2 cells were pretreated with rGAS6 (500 ng/mL) or VEGFA (10 ng/mL), and HUEhT-1 cells were
pretreated with VEGFA (10 ng/mL). After a 6-h pretreatment, cabozantinib (0, 1, 10, and 50 nM) were added. Cell proliferation was
then assessed after 24, 48, and 72 h by the BrdU Cell Proliferation ELISA Kit (Cosmo Bio, Tokyo, Japan).

2.8. RNA extraction and real-time polymerase chain reaction (RT-qPCR)

Total RNA was extracted from both cultured cells and rat liver tissue tissues using QIAzole and Qiagen RNeasy Mini Kits (Qiagen,
Hilden, Germany). Following the assessment of RNA purity and concentration, reverse transcription to complementary DNA was
carried out using the SYBR Green master mix (Applied Biosystems, Waltham, MA, USA). Quantitative RT-PCR was performed
employing the StepOnePlus™ Real-Time PCR system (Applied Biosystems). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
served as the reference gene. The determination of relative mRNA expression levels was achieved using the 2~ method. Detailed
primer sequences can be found in Supplementary Material (Supplementary Table 2).

2.9. Protein extraction and western blotting

LX-2 cells were lysed using Mammalian Protein Extraction Reagent (Thermo Fisher Scientific) and mixed with Halt™ Protease and
Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific) from 1 x 10 cultured cells. 20 pg proteins were added to each lane for SDS-
PAGE gel electrophoresis, and then the protein bands were transferred to Invitrolon™ Polyvinylidene Difluoride membrane (Thermo
Fisher Scientific). The membrane was then sealed with 5 % skim milk at room temperature for 1 h. After Tris-buffered saline containing
0.1 % Tween-20 (TBST) cleaning, the primary antibody was added and incubated overnight at 4 °C. The primary antibodies include
rabbit Phospho-AXL (Tyr702; #5724; 1:1000), rabbit AXL (#8661; 1:1000), rabbit Phospho-Akt (Ser473; #9271; 1:1000), and rabbit
Akt (#9272; 1:1000), all obtained from Cell Signaling Technology, Danvers, MA, USA. After another round of TBST cleaning, the
secondary antibody was added and incubated at room temperature for 1 h. Finally, chemiluminescence was used to detect the target
bands.
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2.10. Statistical analyses
Statistical analyses were performed using GraphPad Prism 9 (version 9.0.0, GraphPad Software, Inc., USA). All results were pre-

sented as the means and standard deviations of at least three independent experiments. All data are expressed as mean + standard
deviation. Independent t-test was used to compare two independent samples. The difference was statistically significant for p < 0.05.
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Fig. 1. Effect of cabozantinib on hepatic inflammation in CDAHFD-fed rats. (A) Experimental design of CDAHFD-induced liver fibrosis. (B)
Changes in the body weights during the experimental period. (C) Serum levels of aspartate aminotransferase (AST) and alanine aminotransferase
(ALT). (D) Liver/body weight at the end of experiment. (E) Representative microphotographs of hematoxylin and eosin (H&E) of the livers in the
experimental rats. (F-H) Pathological scores for (F) steatosis, (G) ballooning and (H) inflammation at a 400-fold magnification. Data are the mean +
SD (n = 8; B—D, F—H). ® ®: P < 0.05, 0.01 vs CS group, ™ ®*: P < 0.05, 0.01 vs CD + Veh group, significant difference between groups by Student’s t-
test. CS, CSANFD-fed and vehicle-treated group; CD + Veh, CDAHFD-fed and vehicle-treated group; CD + CBZ-L, CDAHFD-fed and cabozantinib (1
mg/kg)-treated group; CD + CBZ-H, CDAHFD-fed and cabozantinib (2 mg/kg)-treated group.
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3. Results
3.1. Cabozantinib suppresses hepatic inflammation in CDAHFD-fed rats

Fig. 1A illustrates the experimental design for MASH liver fibrosis. Rats were fed CDAHFD for eight weeks, resulting in a significant
delay in body weight gain (Fig. 1B) (26). Administration of cabozantinib did not affect the CDAHFD-induced weight loss at doses of 1
and 2 mg/kg (Fig. 1B). Oral intake remained unchanged with cabozantinib administration (data not shown). CDAHFD-fed rats showed
a marked increase in serum levels of hepatic enzymes, which were reduced by cabozantinib treatment at 2 mg/kg (Fig. 1C). Significant
hepatomegaly was observed in CDAHFD-fed rats, while treatment with cabozantinib (2 mg/kg) attenuated this effect (Fig. 1D).
Histological analysis with H&E staining revealed reduced hepatic inflammation in cabozantinib-treated CDAHFD-fed rats, whereas
hepatocytic steatosis and ballooning were not affected (Fig. 1IE—1H).

A (o] CD+Veh CD+CBZ-L CD+CBZ-H
T
[
x =
[72]
=
=
7
<
E N
P
[«
100pm
B e Fibrosis e a-SMA* area
= e — 7 aa Oocs
[0) [0) aa o ? O CD+Veh
fe)) aa o 3
S 1.0 € 1.0- 3104 i ob —Petgbica
S S bb 1= *| & bb
° bb ° kA E .
S 0.5+ " S 0.5+ bt: 2 0.5+ i
0.0 0.0- 0.0 i
E Acta2 Col1a1 Tafb1
40+ aa 80— aa 10- ocs
S . 8 . 8 aa 0O CD+Veh
B4 ole B ole B4 . LY [m} CD+CBZ-L
@ 30- i‘ @ 60 'I‘ 2 8 O CD+CBZ-H
& : 5 * g 6- bb
X 20 bb X 40- X n
(0] ° bb [0} (0] 4 )
< + < bb < »I- bb
g 107 F‘El & 201 3 b F oo
£ |
0—lmm € 0 s M F 0 ™

Fig. 2. Effect of cabozantinib on hepatic fibrosis in CDAHFD-fed rats. (A) Representative microphotographs of Sirius-Red and a-smooth muscle
actin (SMA) staining of the livers in the experimental rats. (B and C) Quantification of (B) Sirius-Red stained fibrotic area and (C) a-SMA-positive
area in high-power field. (D) Hepatic concentration of hydroxyproline. (E) Hepatic mRNA level of profibrotic markers (Acta2, Collal and Tgfbl).
Gapdh was used as an internal control for qRT-PCR. Quantitative values are indicated as fold changes to the values of CD + Veh group (B and C) or
CS group (E). Data are the mean + SD (n = 8; B—E). ® : P < 0.05, 0.01 vs CS group, ™ P P < 0.05, 0.01 vs CD + Veh group, significant difference
between groups by Student’s t-test. CS, CSANFD-fed and vehicle-treated group; CD + Veh, CDAHFD-fed and vehicle-treated group; CD + CBZ-L,
CDAHFD-fed and cabozantinib (1 mg/kg)-treated group; CD + CBZ-H, CDAHFD-fed and cabozantinib (2 mg/kg)-treated group. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.2. Cabozantinib attenuates hepatic fibrosis progression in CDAHFD-fed rats

Next, we examined the impact of cabozantinib on CDAHFD-induced liver fibrosis development. In the livers of CDAHFD-fed rats,
we observed extensive collagen deposition, as indicated by an increase in Sirius Red-stained lesions, and an expansion of a-smooth
muscle actint myofibroblasts along with collagen deposition (Fig. 2A—2C). Notably, both doses of cabozantinib significantly atten-
uated the fibrotic changes (Fig. 2A—2C). In particular, treatment with cabozantinib (2 mg/kg) reduced the degree of liver fibrosis
development in CDAHFD-fed rats by approximately 25 %. Consistently, the hepatic content of hydroxyproline, a major component of
collagen, was reduced by cabozantinib treatment at both doses (Fig. 2D). Additionally, a significant reduction in the hepatic ex-
pressions of fibrogenic genes (Acta2, Collal, and Tgfbl) was observed in cabozantinib-treated rats (Fig. 2E).

3.3. Cabozantinib inhibits the GAS6/AXL signaling in activated HSCs

The GAS6/AXL signaling is reported to promote hepatic fibrogenesis in MASH [11]. Therefore, we investigated whether cabo-
zantinib’s antifibrotic effect is linked to its inhibition of the GAS6/AXL signaling. Fig. 3A showed that the serum levels of GAS6 were
elevated in CDAHFD-fed rats, and treatment with cabozantinib further increased these levels. Additionally, CDAHFD-fed rats exhibited
a higher hepatic mRNA expression of AXL, which was significantly reduced by cabozantinib treatment at both low and high doses
(Fig. 3B). Next, the impact of cabozantinib on activated human HSCs was assessed in relation to the GAS6/AXL signaling pathway
using LX-2 cells, a human HSC line. The effect of cabozantinib at the 0—50 nM range was investigated because the cytotoxicity is
observed above 50 nM in LX-2 cells (Supplementary Fig. 1A in Supplementary Material). Our findings revealed that cabozantinib
effectively inhibited rGAS6-induced AXL phosphorylation in LX-2 cells and attenuated Akt phosphorylation in a dose-dependent
manner along with AXL phosphorylation (Fig. 3C). Consequently, cabozantinib significantly reduced the proliferative capacity of
rGAS6-stimulated LX-2 cells (Fig. 3D). Moreover, stimulation with rGAS6 augmented the profibrogenic activity in a time dependent
manner, as indicated by an upregulation of fibrogenic gene expressions in LX-2 cells (Fig. 3E). Notably, cabozantinib dose-dependently
inhibited the upregulation of these genes (Fig. 3F).

3.4. Cabozantinib suppresses hepatic macrophage activation in CDAHFD-fed rats

Our results revealed that treatment with cabozantinib reduced hepatic inflammation scores without improving steatosis and
ballooning in the CDAHFD-fed rats (Fig. 1E—H). Therefore, we hypothesized that cabozantinib might affect macrophages as well as
activated HSCs. In the CDAHFD-fed rats, CD68-positive macrophages infiltrated the liver extensively, and cabozantinib significantly
reduced macrophage infiltration at both 1 mg/kg and 2 mg/kg doses (Fig. 4A and B). Consistent with reduced macrophage infiltration,
cabozantinib-treated rats exhibited a profound decrease in hepatic gene expressions of inflammatory cytokines (Fig. 4C). Furthermore,
CDAHFD-fed rats exhibited an increase in hepatic mRNA levels of LPS-binding protein, a hepatogenic glycoprotein binding to LPS and
augmenting the body’s immune response. However, cabozantinib treatment did not alter LPS-binding protein expression (Fig. 4D).
Therefore, the impact of cabozantinib on the inflammatory response to LPS was assessed in THP-1 cells, a human macrophage. The
study was performed by adding cabozantinib at a concentration that was not cytotoxic to THP-1 cells (0—50 nM) (Supplementary
Fig. 1B in Supplementary Material). As shown in Fig. 4E, LPS challenge increased the mRNA expression of inflammatory cytokines.
These proinflammatory changes were significantly suppressed by cabozantinib treatment (Fig. 4E).

3.5. Cabozantinib inhibits VEGF-mediated HSC activation and intrahepatic angiogenesis in CDAHFD-fed rats

Cabozantinib is known to inhibit VEGFR2. CDAHFD-fed rats showed a marked increase in hepatic VEGFA content compared to
CSANFD-fed control rats (Fig. 5A). Consistently, hepatic gene expressions of Vegfa and Vegfr2 were upregulated in CDAHFD-fed rats in
line with hepatic fibrosis development (Fig. 5B and C). Treatment with cabozantinib significantly reduced VEGFA content and mRNA
expression of Vegfa and Vegfr2 (Fig. 5A—5C). Our previous report demonstrated that VEGFA can promote collagen synthesis and
proliferation in activated HSCs (18). Accordingly, the impact of cabozantinib on VEGFA-stimulated LX-2 cells was investigated. It was
found that Collal mRNA expression was increased in LX-2 cells cultured with VEGFA (Fig. 5D). Notably, cabozantinib suppressed the
VEGFA-induced upregulation of Collal at 10 and 50 nM (Fig. 5D). Additionally, VEGFA stimulation enhanced the proliferative ac-
tivity of LX-2 cells, which was attenuated by treatment with cabozantinib at 50 nM (Fig. 5E).

The impact of cabozantinib on proangiogenic activity in the livers of CDAHFD-fed rats was demonstrated by a decrease in hepatic
VEGFA content and Vegfa/Vegfr2 mRNA expression. Indeed, CD34-positive intrahepatic neovascularization was significantly reduced
by administration of cabozantinib in CDAHFD-fed rats (Fig. 5F and G). Additionally, the hepatic expression of other angiogenic
markers, including von Willebrand factor (Vwf) and angiopoietin-2 (Ang2) was downregulated in the cabozantinib-treated CDAHFD-
fed rats (Fig. 5H). These findings indicate that cabozantinib suppresses intrahepatic angiogenesis in the CDAHFD-fed MASH fibrosis
model. To further support this concept, we assessed the impact of cabozantinib on VEGFA-stimulated vascular endothelial cells.
Cabozantinib at the concentrations of 0-50 nM, which did not have the cytotoxicity, effectively suppressed the VEGFA-stimulated
proliferation of HUEhT-1 cells, a human umbilical vascular endothelial cell line (Supplementary Fig. 1C in Supplementary Material
and Fig. 5I).
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Fig. 3. Effect of cabozantinib on GAS6/AXL signaling in LX-2 cells. (A) Serum Gas6 level in the experimental rats. (B) Hepatic mRNA expression
of Axl in the experimental rats. (C) Western blotting for the effect of cabozantinib (CBZ) (0—50 nM) on the phosphorylation of AXL and AKT in
rGAS6 (500 ng/mL)-stimulated LX-2 cells. Whole images of blotting were shown in Supplementary Fig. 2 in Supplementary Material. (D) Effect of
CBZ (0—50 nM) on rGAS6 (500 ng/mL)-induced LX-2 proliferation. (E) Inducible effect of rGAS6 (500 ng/mL) on the mRNA expression of profi-
brogenic markers (ACTA2, COL1A1, TIMP1 and CTGF) in LX-2 cells. (F) Effect of CBZ (0—50 nM) on the mRNA expression of profibrogenic markers
in rGAS6 (500 ng/mL)-stimulated LX-2 cells. Gapdh/GAPDH was used as an internal control for qRT-PCR (B, E and F). Actin was used as an internal
control for western blotting (C). Quantitative values are indicated as fold changes to the values of CS group (B), the value of each group at 0 h (D),
the value at 0 h (E) and the value of rGAS6 (—)/CBZ () group (F). Data are the mean + SD (n = 8; A and B, n = 6; D—F). ® *: P < 0.05, 0.01 vs CS
group (A and B), rGAS6 (—)/CBZ () group at 72 h (D), 0 h group (E), rGAS6 (—)/CBZ (—) group (F), bbb, p 0.05, 0.01 vs CD + Veh group (A and
B), rGAS6 (+)/CBZ (—) group at 72 h (D), rGAS6 (+)/CBZ (—) group (F) significant difference between groups by Student’s t-test. CS, CSANFD-fed
and vehicle-treated group; CD + Veh, CDAHFD-fed and vehicle-treated group; CD + CBZ-L, CDAHFD-fed and cabozantinib (1 mg/kg)-treated group;
ED + CBZ-H, CDAHFD-fed and cabozantinib (2 mg/kg)-treated group.
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Fig. 5. Effect of cabozantinib on pathological angiogenesis and VEGF signaling in LX-2 and HUEhT-1 cells. (A) Hepatic VEGF-A content in
the experimental rats. (B and C) Hepatic mRNA expression of (B) Vegfa and (C) Vegfr2 in the experimental rats. (D and E) Effect of cabozantinib
(CBZ) (0—50 nM) on (D) COL1A1 expression and (E) proliferation in VEGF-A (10 ng/mL)-stimulated LX-2 cells. (F) Representative microphoto-
graphs of CD34 staining of the livers in the experimental rats. (G) Quantification of CD34-positive neovascularization in high-power field. (H)
Hepatic mRNA expression of Vwf and Ang2 in the experimental rats. (I) Effect of CBZ (0—50 nM) on cell proliferation in VEGF-A (10 ng/mL)-
stimulated HUEhT-1 cells. Gapdh/GAPDH was used as an internal control for qRT-PCR (B—D and H). Quantitative values are indicated as fold
changes to the values of CS group (B, C, G and H), and the value of VEGF-A (—)/CBZ () group (D), the value of each group at 0 h (E and I). Data are
the mean 4+ SD (n = 8; A—C, Gand H,n = 6; D, Eand I). ® *: P < 0.05, 0.01 vs CS group (A—C, G and H), VEGF-A (-)/CBZ (-) group (D), VEGF-A
(—)/CBZ (-) group at 72 h (E and I), b, bb. p 0.05, 0.01 vs CD + Veh group (A—C, G and H), and VEGF-A (+)/CBZ (—) group (D), VEGF-A (+)/CBZ
(—) group at 72 h (E and I), significant difference between groups by Student’s t-test. CS, CSANFD-fed and vehicle-treated group; CD + Veh,
CDAHFD-fed and vehicle-treated group; CD + CBZ-L, CDAHFD-fed and cabozantinib (1 mg/kg)-treated group; CD + CBZ-H, CDAHFD-fed and
Eabozantinib (2 mg/kg)-treated group.

3.6. Cabozantinib treatment has no detrimental effect on hepatocyte proliferation and prevents hepatocarcinogenesis in CDAHFD-fed rats

Cabozantinib inhibits c-MET, which may interfere with liver regeneration during severe hepatic injury. In the CDAHFD-fed rats,
proliferating hepatocytes, indicated by Ki67 positivity, were extensively observed, reflecting liver regeneration (Fig. 6A). Meanwhile,
the numbers of Ki67-positive proliferative hepatocytes were not altered in the cabozantinib-treated group compared to the vehicle-
treated group (Fig. 6A and B). Additionally, treatment with cabozantinib did not affect serum albumin levels in the CDAHFD-fed
rats (Fig. 6C), indicating no detrimental effect on hepatocyte proliferation in the MASH fibrosis model.

Finally, the impact of cabozantinib on MASH-based hepatocarcinogenesis was assessed. To induce hepatocarcinogenesis based on
MASH, rats were fed CDAHFD for 16 weeks (Fig. 6D). Progressive hepatocarcinogenesis, as indicated by an increase in the number and
size of GST-P™ preneoplastic lesions, was evident in rats fed the CDAHFD for 16 weeks (Fig. 6E—6G). Notably, treatment with
cabozantinib effectively ameliorated the progression of both number and size of GST-P* lesions (Fig. 6E—6G).

4. Discussion

Despite the high prevalence of MASH and the associated risk of progression to cirrhosis and HCC, approved pharmacological
compounds for MASH are still limited. To the best of our knowledge, we first demonstrate that cabozantinib can prevent the devel-
opment of liver fibrosis and hepatocarcinogenesis in MASH. The CDAHFD-fed rats were employed as models of MASH-based liver
fibrosis and hepatocarcinogenesis. The CDAHFD induces steatohepatitis with lipid metabolism failure, leading to progressive fibrosis
and HCC in rodents [26,27]. In this study and another study, adult male rats were fed the CDAHFD diet for 8-9 weeks, successfully
inducing steatohepatitis with advanced liver fibrosis [26,27]. A previous report suggests that 24 weeks of CDAHFD feeding would
already have led to tumorigenesis, so 16 weeks of feeding was considered appropriate to evaluate preneoplastic lesions preceding
tumorigenesis [28].

4.1. Inhibition of GAS6/AXL signaling on HSCs activation

Our research findings indicate that cabozantinib can attenuate hepatic fibrosis and inflammation without affecting hepatic steatosis
and ballooning. Hence, the focus of our study was on the pharmacological action of cabozantinib on activated HSCs and macrophages
by targeting the GAS6/AXL signaling pathway. GAS6 has been shown to have an antiapoptotic effect on HSCs and myofibroblasts,
acting as a survival factor and supporting transient myofibroblast accumulation during liver healing [15]. Additionally, GAS6 pro-
duced by HSCs and infiltrating macrophages activates the AXL-mediated PI3K/Akt signaling pathway during carbon
tetrachloride-induced liver injury [15]. Inhibition of the GAS6/AXL signaling pathway, either genetically or pharmacologically, can
reduce HSC activation (16). In our study, serum GAS6 and hepatic AXL expression were increased in CDAHFD-fed rats. However,
treatment with cabozantinib reduced hepatic AXL expression while increasing serum GAS6 levels, possibly as a compensatory
mechanism. Cell-based assays demonstrated that cabozantinib effectively inhibited Akt and AXL phosphorylation induced by rGAS6
stimulation, leading to reduced cell proliferation and profibrogenic activity. These findings indicate that cabozantinib can effectively
inhibit HSC activation by blocking the GAS6/AXL signaling.

4.2. Inhibition of GAS6/AXL signaling in macrophage activation

In our study, cabozantinib attenuated the infiltration of Kupffer cells and hepatic inflammation in CDAHFD-fed rats. The GAS6/AXL
signaling is implicated in monocyte-macrophage activation and the inflammatory response in chronic liver disease [11]. In cirrhotic
patients, an increase in AXL-positive monocytes is correlated with disease progression [29]. Thus, AXL expression in monocytes was
associated with disease severity, susceptibility to infection, the development of decompensation, and prognosis [29]. However, there
are conflicting findings regarding the functional role of the GAS6/AXL signaling in macrophages and the inflammatory response. Han
et al. have shown that AXL deficiency can exacerbate LPS or acute carbon tetrachloride-induced inflammatory response in the liver
[30]. On the other hand, Tutusaus et al. have demonstrated that GAS6-induced AXL activation in primary mouse Kupffer cells can
potentiate the LPS-induced upregulation of interleukin-1 beta and interleukin-6, which have been reduced by pharmacological in-
hibition of AXL in Kupffer cells [11]. Our in vitro results also demonstrated that cabozantinib could attenuate the increase in
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A

Fig. 6. Effect of cabozantinib on hepatic regeneration and hepatocarcinogenesis in CDAHFD-fed rats. (A) Representative microphotographs
of double-immunofluorescence with GS/Ki67/DAPI staining in the CDAHFD-fed fibrosis model. (B) Quantitation of Ki67-positive hepatocytes in
high-power field (HPF). (C) Serum albumin level in the CDAHFD-fed fibrosis model. (D) Experimental design of CDAHFD-induced hep-
atocarcinogenesis. (E) Representative microphotographs of placental glutathione transferase (GST-P)-positive preneoplastic foci in the experimental
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rats. (F) Number of GST-P-positive neoplastic lesions per square centimeter. (G) Relative size of GST-P-positive neoplastic lesions. Data are the mean
+ SD (n = 8; B, C, F and G). Quantitative values are indicated as fold changes to the values of CD + Veh group (G). ® **: P < 0.05, 0.01 vs CS group, b,
bb. p < 0.05, 0.01 vs CD + Veh group (B, C, F and G), significant difference between groups by Student’s t-test. CS, CSANFD-fed and vehicle-treated
group; CD + Veh, CDAHFD-fed and vehicle-treated group; CD + CBZ-L, CDAHFD-fed and cabozantinib (1 mg/kg)-treated group; CD + CBZ-H,
EDAHFD-fed and cabozantinib (2 mg/kg)-treated group.

proinflammatory cytokine expression in LPS-exposed human macrophages, suggesting that cabozantinib-mediated GAS6/AXL inhi-
bition may contribute to its antiinflammatory effects in MASH.

4.3. Inhibition of VEGF signaling in HSCs and intrahepatic angiogenesis

In addition to GAS6/AXL signaling, cabozantinib also inhibits VEGF signaling [23,24,31]. VEGF is a key angiogenic factor in
chronic liver injury, promoting HSC collagen production, proliferation, and migration [17,18,32]. CDAHFD-fed rats exhibited an
increase in hepatic VEGFA levels and an upregulation of VEGFA/VEGFR2 expression as liver fibrosis progressed, consistent with
previous research [33]. Furthermore, VEGFA was found to stimulate collagen production and proliferation in LX-2 cells. Interestingly,
cabozantinib reduced hepatic VEGFA levels and expression in rats, as well as VEGFA-induced profibrogenic effects in LX-2 cells.
Blocking VEGF and various TKIs targeting VEGFR, such as brivanib and lenvatinib, can ameliorate hepatic fibrosis by suppressing HSC
activation in experimental mice [21,34]. These findings suggest that cabozantinb may suppress liver fibrosis by regulating VEGF
signaling in HSCs.

Moreover, we found that cabozantinib treatment suppressed intrahepatic angiogenesis by inhibiting VEGF signaling in CDAHFD-
fed rats. Angiogenesis is a crucial step in inflammation and fibrosis in MASLD. Hepatic steatosis leads to hypoxia due to increased
oxygen consumption from lipid metabolism and mechanical pressure on the sinusoids. Consequently, HSCs and macrophages secrete
VEGF to promote angiogenesis under hypoxic conditions [35]. Indeed, patients with MASLD, especially those with advanced fibrosis,
exhibited higher expression of the endothelial marker vWF in the liver [36,37]. Furthermore, patients with MASLD and advanced
fibrosis have significantly elevated serum and hepatic levels of Ang2, a key factor supporting angiogenesis in pathological conditions
[38]. Besides liver fibrosis development, pathological angiogenesis promotes hepatocarcinogenesis in MASH. During tumorigenesis,
angiogenesis begins early, even if the tumor cells are only a few hundred cells in number [39]. Our previous report has shown a
significant increase in intrahepatic neovascularization and VEGF expression during hepatocarcinogenesis in experimental MASH [40].
Therefore, cabozantinib-mediated inhibition of VEGF signaling may significantly impede liver fibrosis development and prevent
hepatocarcinogenesis in MASH.

4.4. Limited impact of c-MET inhibition on liver regeneration
While cabozantinib may benefit MASH by inhibiting AXL and VEGFR, there is also a risk of detrimental consequences due to c-MET

inhibition. The activation of the c-MET pathway by its ligand, hepatocyte growth factor (HGF), is known to alleviate hepatic steatosis
by promoting the breakdown of accumulated lipids in MASH through the activation of fatty acid oxidation [41,42]. HGF also alleviates
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Fig. 7. Graphic representation of the effect of cabozantinib on MASH-related liver fibrosis and hepatocarcinogenesis.
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inflammation caused by high-fat diet intake by suppressing the expression of inflammatory cytokines [43]. These findings suggest that
the inhibition of HGF/c-MET signaling may exacerbate hepatic steatosis and inflammation, but this was not observed in our study with
cabozantinib treatment. Furthermore, the HGF/c-MET signaling participates in liver regeneration, and inhibiting c-MET may delay
regeneration during liver injury, including MASH [44-46]. Unexpectedly, our findings showed no obvious attenuation in hepatocyte
proliferation or decline in serum albumin levels with cabozantinib treatment, indicating that the drug shows no detrimental effects in
liver regeneration. Therefore, in our model, the c-MET inhibitory effect of cabozantinib appears to be limited. Further investigation
into the underlying mechanism is warranted to fully understand these observations.

Despite the contributions of this study, several limitations should be acknowledged. Our data showed that cabozantinib halted the
hepatic fibrosis progression in MASH alongside CDAHFD feeding. However, the effect of treatment from a condition in which liver
fibrosis has already developed has not been examined. In clinical practice, it is necessary to study the efficacy of cabozantinib since it is
expected to be administered to patients with advanced hepatic fibrosis. Second, the current study examined the effects of cabozantinib
in only one animal model, and its effects on other MASH models need to be confirmed.

5. Conclusion

Collectively, cabozantinib demonstrated potent preventive effects on hepatic fibrosis and hepatocarcinogenesis in CDAHFD-fed
rats with steatohepatitis. The underlying mechanism involves the suppression of HSC proliferation and profibrogenic activity,
macrophage activation, and pathological angiogenesis via the inhibition of AXL and VEGFR signaling pathways (Fig. 7). Notably,
cabozantinib demonstrated efficacy at a lower dose than typically used for cancer treatment without inducing hepatotoxicity in rats.
Overall, these findings indicate that cabozantinib may be a therapeutic option for preventing the progression of MASH in clinical
practice.
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