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Abstract

Liver fibrosis is commonly observed in the terminal stages of nonalcoholic steatohepatitis (NASH)
and with no specific and effective antifibrotic therapies available, this disease is a major global
health burden. The MSP/Ron receptor axis has been shown to have anti-inflammatory properties in
a number of mouse models, due at least in part, to its ability to limit pro-inflammatory responses
in tissue-resident macrophages and hepatocytes. In this study, we established the role of the Ron
receptor in steatohepatitis-induced hepatic fibrosis using Ron ligand domain knockout mice on an
apolipoprotein E knockout background (DKO). After 18 weeks of high-fat high-cholesterol
feeding, loss of Ron activation resulted in exacerbated NASH-associated steatosis which is
precedent to hepatocellular injury, inflammation and fibrosis. H nuclear magnetic resonance
(NMR)-based metabolomics identified significant changes in serum metabolites that can modulate
the intrahepatic lipid pool in hepatic steatosis. Serum from DKO mice had higher concentrations
of lipids, VLDL/LDL and pyruvate, whereas glycine levels were reduced. Parallel to the
aggravated steatohepatitis, increased accumulation of collagen, inflammatory immune cells and
collagen producing-myofibroblasts were seen in the livers of DKO mice. Gene expression
profiling revealed that DKO mice exhibited elevated expression of genes encoding Ron receptor
ligand MSP, collagens, ECM remodeling proteins and pro-fibrogenic cytokines in the liver. Our
results demonstrate the protective effects of Ron receptor activation on NASH-induced hepatic
fibrosis.
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INTRODUCTION

In the United States the prevalence of honalcoholic fatty liver disease (NAFLD) is estimated
at 25%. The steady rise in cases is assumed to parallel the obesity epidemic.1-2 Further
aggravation of fatty liver disease by additional intrinsic insults such as inflammation and
oxidative stress promote high-risk nonalcoholic steatohepatitis (NASH) which can progress
to hepatic fibrosis and eventually cirrhosis.2 In the U.S, NASH affects 25% of patients with
NAFLD (5-6% of U.S. adults) and within that NASH population 25% (1-2% of US adults)
experience more advanced stages which trigger irreversible liver injury, scarring and failure.
4 Liver fibrosis marks the detrimental turning point of sustained liver injury in NASH, an
irreversible consequence of overly active wound healing in response to acute and chronic
liver damage. The poor prognosis of advanced steatohepatitis has resulted in its emergence
as a major cause of liver disease morbidity and mortality worldwide.5—2 Because of the high
risks associated with NASH, including the development of fibrosis, current research efforts
are directed toward understanding the intricate molecular pathways facilitating the onset and
progression of the NASH spectrum. Although many strides have been made to better
understand the progression of NASH, effective treatments that specifically target NASH and
associated hepatic fibrosis are not yet available. In this study, we explored the effects of a
potential therapeutic target for treating steatohepatitis-induced fibrosis.

Recepteur d’Origine Nantais (RON) is a receptor tyrosine kinase (RTK) belonging to the
MET proto-oncogene family. The ligand for RON is macrophage stimulating protein (MSP),
also known as hepatocyte growth factor-like protein (HGFL). We have shown previously that
the activation of RON by MSP promotes anti-inflammatory responses in tissue-resident
macrophages and other groups have shown similar effects in hepatocytes.19-16 When
activated by MSP, the biological function of Ron is primarily mediated by a two-tyrosine
docking site, which recruits the adaptor, growth factor receptor-bound protein 2 (Grb2).
Recruitment of the large scaffolding protein, Grb2-associated binding protein 1 (Gabl), is
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mediated by Grb2 and a unique Met binding domain (MBD) which promotes the interaction
of Gab1 with Met and Ron.11.17-19 Gab1 has been shown to have antifibrotic function in a
carbon tetrachloride (CCL,4)-induced liver fibrosis mouse model through its anti-
inflammatory and reparative properties.20 Other studies have demonstrated that the upstream
Met receptor also mitigates hepatic fibrogenesis in methionine-choline deficient diet
(MCD)- and CCL 4-induced mouse models.21:22 Collectively, these findings gave us the
incentive to investigate the effects of Ron on hepatic fibrosis. In previous studies, we have
shown that Ron receptor signaling suppresses steatosis, hepatocellular injury and
inflammation in a diet-induced model of NASH.4 However, the potential effects of Ron on
hepatic fibrosis was unexplored.

In this study, we report the effects of Ron on liver fibrosis using a steatohepatitis mouse
model subjected to high caloric feeding. Following administration of a high-fat high-
cholesterol diet, our mice rapidly developed advanced steatohepatitis with pathology
characteristics which mimics those found in humans with advanced NASH including
steatosis, infiltrated inflammatory immune cells, hepatocellular damage and fibrosis. Our
results show that mice with a targeted deletion of the Ron ligand binding domain were more
prone to the development of fibrosis. The pro-fibrotic effects of Ron deficiency were
mediated by metabolic abnormalities, increased infiltration of immune cells, enhanced
hepatic stellate cell activation, as well as upregulated expression of extracellular remodeling
proteins and inflammatory cytokines/chemokines. This study supports a critical role of Ron
in mitigating hepatic fibrosis in the context of NASH.

MATERIALS AND METHODS

Chemical Reagents and Antibodies

D,0 was purchased from Cambridge Isotope Laboratories Inc. (Miami, FL). Antirat F4/80
antibody was obtained from AbD Serotech (Raleigh, NC). Antirabbit aSSMA antibody was
obtained from Abcam (Cambridge, MA). Secondary antibodies goat antirat I1gG, goat
antirabbit 1gG and tertiary antibody antigoat streptavidin horseradish peroxidase (HRP) were
purchased from Vector Laboratories (Burlingame, CA)

Animal Model and Diet

Male mice, six-week-old of age that are deficient for apolipoprotein E (ApoE KO) were
housed in temperature-controlled room at 22 °C and 60% relative humidity with 12 h light/
dark cycle throughout the experiment. Mice with a targeted deletion of the ligand binding
domain of Ron (Ron KO) were crossed with ApoE KO mice to generate Ron receptor
Apolipoprotein E double knockout mice (DKO). Male ApoE KO and DKO mice on a
C57BL/6 background were housed 2—3 mice per cage and fed a high-fat high-cholesterol
diet (HFHCD) [60% fat and 1.25% cholesterol] for 18 weeks. The cholesterol enriched high-
fat diet was purchased from Bioserv (F6334; Flemington, NJ). Concluding the 18-week diet
regimen, mice were euthanized by CO, asphyxiation. All experimental protocols used in this
study were approved by the Pennsylvania State University Institutional Animal Care and
Use Committee.
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Histopathological Examination

Livers were rapidly excised, weighed, and aliquots were stored accordingly. Livers were
snap-frozen in liquid nitrogen and stored at —80 °C for quantitative real-time PCR (qRT-
PCR). Additional liver tissues were fixed in 10% formalin for hematoxylin-eosin (H&E)
staining or immunohistochemistry. H&E staining was performed on fixed paraffin embedded
livers by Histoserv, Inc. (Germantown, MD). Paraffin blocks were prepared as 5 pm cross
sections for H&E staining and Sirius red staining. Images of stained liver sections were
captured at 20x magnification on bright-field microscope (Olympus BX51) for analysis.
Representative images were captured at 10x magnification. Grading of steatohepatitis and
hepatic fibrosis was performed blindly by a board-certified laboratory animal veterinarian
with training in pathology. The degree of steatohepatitis was evaluated using the following
scoring system (0 = no lesions; 1 = few or scattered lesions affecting <10% of the tissue; 2 =
mild lesions affecting 10-20% of the tissue, 3 = moderate lesions affecting 20-30% of the
tissue; 4 = severe lesions affecting >30% of the tissue). Histological grading of liver fibrosis
was performed using the following system (1 = normal to minimal fibrosis, with lesions
primarily around portal triads and central veins; 2 = mild fibrosis; lesions primarily
surrounding portal triads and central veins with occasional focal areas of fibrosis in
parenchyma; 3 = moderate fibrosis, lesions abundantly surrounding portal triads, centrals
veins, and in parenchyma).

Biochemical Tests

Blood was obtained through exsanguination of the heart and collected in serum separator
tubes. The clot was removed by centrifugation at 14 000g for 10 min. Serum was stored in
—80 °C until further use. 50-100 L of blood serum was used to detect the concentration of
alanine aminotransferase (ALT), aspartate aminotransferase (AST), total bilirubin (TBIL),
albumin (ALB), alkaline phosphatase (ALP), globulin (GLOB) and total protein (TP) using
the IDEXX VetTest Chemistry Analyzer coupled with the IDEXX VetLab Station
Laboratory Information Management System available at the Pennsylvania State University
Central Biological Laboratories.

IH Nuclear Magnetic Resonance (NMR)

To prepare serum samples for 1H NMR analysis, 200 /4 of serum and 400 uL of saline
solution containing 50% D,0 were mixed. Samples were then briefly vortexed and
centrifuged at 11 180g for 10 min at 4 °C and 550 gL of the supernatant was transferred to 5
mm NMR tubes. IH NMR spectra of serum was acquired as previously described.23:24

Spectral data processing and multivariate analysis was performed as previously described.
23,24

Immunohistochemical Examination

Standard immunohistochemical (IHC) staining of 5 zm cross-sectioned liver tissue was
performed by Histosev Inc. (Germantown, MD). Kupffer cells were detected using a primary
antirat F4/80 antibody (1:50). To visualize hepatic stellate cell (HSC) activation, a primary
antirabbit aSMA antibody was used (1:100). Primary antibody stained sections were
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incubated with the secondary antibody goat antirat 1gG or goat antirabbit 1gG at a 1:5000
dilution followed by an antigoat streptavidin HRP conjugated antibody.

Quantitative RT-PCR Analysis

Whole liver samples were pulverized using a tissue homogenizer in RiboZol RNA
Extraction Reagent (Ameresco; Solon, OH) as instructed by the manufacturer. RNA
concentration was quantified using a Nanodrop spectrometer at an absorbance of A260.
Using 2 1g of RNA, cDNA was synthesized using the High Capacity Reverse Transcription
Kit (Applied Biosystems; Foster City, CA). The cDNA was assessed for gene expression
using FAM-labeled Tagman probes (Applied Biosystems; Foster City, CA). Real time PCR
was performed on the 7900HT Fast Real-Time PCR System (Applied Biosystems Foster
City, CA). Threshold cycle values were normalized to the housekeeping gene Gapadh.

Statistical Analyses

Values are represented as mean = SEM. Statistical significance was determined using the
two-tailed Student’s ftest at a threshold of 0.05, unless stated otherwise. Significant
differences are represented as the following, *p < 0.05, **p < 0.01, *** p< 0.001, ****p<
0.0001. All analyses were performed using GraphPad Prism 7.0 (San Diego CA).

RESULTS

Ron Receptor Deficiency Accelerates Diet-Induced Liver Steatosis

To evaluate the effects of the Ron receptor on steatosis associated with nonalcoholic
steatohepatitis, C57BL/6 male double knockout (DKO) mice generated by breeding
apolipoprotein E deficient (ApoE KO) mice with mice lacking the ligand binding domain of
the Ron receptor (Ron KO) were used in this study (Figure 1A). DKO animals and ApoE
KO control mice were maintained on a high-fat high-cholesterol diet (HFHCD) for 18 weeks
(Figure 1A). Ron receptor deficiency resulted in increased incidence of severe steatosis in
DKO mice (Figure 1C, E, and F) with no differences in body weights (Figure 1B), liver
weights and liver to body weight ratios (Figure D) between ApoE KO and DKO mice at 18
weeks following HFHCD feeding. Evaluation of H&E stained liver cross sections showed a
higher total pathology score which included histological grading of hepatocellular
vacuolation, lipidosis, inflammation and hepatocyte karyomegaly (Figure 1F). The gross
assessment of nonalcoholic steatohepatitis showed that livers from DKO mice frequently
exhibited moderately afflicted tissue (Score 3, 20-30%) when compared to ApoE KO
control mice, whereas control mice more frequently demonstrated less severe or fewer
affected tissue area (Score 1, <10%) (Figure 1F). Histological analysis demonstrated that
DKO livers exhibited increased prevalence of lipidosis with both macro- and micro-vesicular
steatosis present, which extensively accumulated in the hepatic parenchyma (Figure 1E and
F). Livers from DKO mice also showed a higher frequency of hepatocytes enlarged by large
fat globules that displaced their nuclei. In DKO mice, this pathology affected the liver tissue
more extensively as shown by higher histological scores (3, 20-30%; 4, >30%), whereas
livers from ApoE KO mice tended to show minimal (Score 1, <10%) to no affliction (Figure
1F). Glycogen vacuolation of nuclei, another common characteristic of NASH, was also
more frequently observed in DKO livers and more commonly affected larger areas of the
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tissue (Score 3, 10-30%; 4, >30%) (Figure 1F). Livers from DKO mice also exhibited
increased incidences of karyomegalic (with enlarged nuclei) hepatocytes often associated
with hepatocellular degeneration (Figure 1F). In support of the exacerbated NASH
pathology observed in DKO animals, serological markers of liver damage alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) were significantly increased
(Figure 1G). Other biochemical markers for liver disease including total bilirubin (TBil),
albumin (ALB) globulin (Glob) and total protein (TP) were also higher in DKO animals
when compared to ApoE KO mice (Figure 1G).

Ron Deficiency Alters Serum Metabolic Parameters

1H Nuclear magnetic resonance (NMR) was used to assess the metabolic profile of blood
sera from ApoE KO and DKO mice (Figure 2). The OPLS-DA score plot (RZX = 0.114,
RZY'=0.479, (? = 0.478) showed that sera from ApoE KO and DKO mice clearly clustered
into two groups (Figure 2A). In this study, the OPLS-DA model was validated by a
permutation test with 7 permutations (Figure 2B). Analysis of the OPLS coefficient and
statistical analysis showed that 8 metabolites responsible for the differentiation crossed the
level statistical significance at P value <0.05 (Figure 2C,D, and Supporting Information (SI)
Table S1). According to the correlation coefficient loading plot, loss of Ron activation in
DKO mice resulted in the relative contents of circulating lipids, pyruvate and very-low
density lipoprotein (VLDL)/low density lipoprotein (LDL) to be significantly higher than
that in ApoE KO sera (Figure 2C,D, and Sl Table S1). Alternatively, the relative content of
glycine was decreased in DKO sera (Figure 2C,D, and Sl Table S1). The augmented serum
levels of lipids in DKO animals may in part contribute to the increased intrahepatic lipid
accumulation observed in these animals. (Figure 2C,D, and Table S1)

Ron Receptor Deficiency Accelerates Hepatic Fibrosis in a Diet-Induced NASH Model

Advanced steatohepatitis is a major cause of liver fibrosis, therefore we investigated whether
loss of Ron receptor signaling affected fibrosis development and progression in this model.
To evaluate the severity of fibrosis in livers from diet-fed animals, the localization and
distribution of Sirius red-stained collagen fibers were evaluated. Blinded histochemical
grading of Sirius red-stained liver sections revealed that HFHCD-fed DKO animals
exhibited more severe fibrotic lesions when compared with livers from ApoE KO animals
(Figure 3A and B). DKO livers frequently exhibited mild (Score 2, 41.7%) or moderate
fibrosis (Score 3, 58.3%) with fibrotic lesions accumulating around portal triads and veins
and in the parenchyma (Figure 3A and B). Alternatively, HFHCD-fed ApoE KO mice more
frequently showed minimal to no fibrosis (Score 1, 38.5%) or mild fibrosis (Score 2, 53.8%)
and were less likely to exhibit moderate fibrosis (Score 3, 7.7%) (A and B). Quantification
of collagen accumulation demonstrated that DKO livers exhibited a strong increase in Sirius
red positive areas, when compared to livers from ApoE KO control mice (Figure 3A and C).
To assess the transcriptional profile of fibrogenesis in these animals, we analyzed the
expression of tissue remodeling genes in livers derived from HFHCD-fed mice, including
type | collagen (Collal, ColiaZ), type 3 collagen (Col3al), type 4 collagen (Col4al), matrix
metalloproteinase —2 (MmpZ2), matrix metalloproteinase-9 (Mmp-9), tissue inhibitor of
metalloproteinase-1 (7imp-1), and inhibitor of metalloproteinase —2 (7imp-2). Livers from
DKO mice exhibited a significant increase in the expression levels of Co/lal, CollaZ,
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Col1a3 and Col4al, supporting the histological findings (Figure 3D). Alternatively, we
observed downregulated hepatic expression of fibronectin in these mice (Figure 3D).
Expression levels of Mmp-2and Timp-1 were drastically elevated in DKO livers, whereas
Mmp-9was significantly decreased in these animals (Figure 3E).

Ron Receptor Deficiency Results in Increased Hepatic Expression of MSP, Profibrogenic
Genes, And Hepatic Stellate Cell Activation

Liver injury has shown to increase the expression of growth factors, including MSP (or
HGFL), to facilitate liver regeneration and regulate inflammation which is essential for the
maintenance of important hepatic functions.2>-27 The increased level of this mitogenic
growth factor is thought to reflect the degree of liver dysfunction during chronic hepatic
injury. In accordance with the literature, the level of expression for MSP mRNA was
increased in livers from DKO mice when compared to that of ApoE KO control mice (Figure
4A). Several cytokines are central to the onset and progression of fibrosis, including platelet
derived growth factor (PDGF), connective tissue growth factor (CTGF) and transforming
growth factor 8 (TGFp). The expression of genes encoding the cytokines TGFgand PDGFs
(a and B), which are potent activators and mitogens of HSCs, was upregulated in livers from
DKO mice (Figure 4A). Similarly, Ctgfexpression which is known to regulate ECM gene
expression, as well as HSC migration and proliferation, was also higher in DKO livers
(Figure 4A). The PDGF receptors, PDGFRa and PDGFRg, are primarily expressed by
hepatic stellate cells (HSCs) and are often upregulated in liver fibrosis. In DKO livers, the
expression of Padgfr-g, but not Pdgfr-a, was elevated when compared to control ApoE KO
mice (Figure 4A). To determine whether HSC activation was increased in DKO livers,
immunohistochemistry was performed on liver sections to detect aSMA, a key marker for
HSC activation. Quantification of aSMA in immunostained liver sections revealed that
DKO animals exhibited increased accumulation of aSMA positive cells (Figure 4B and C).
Significantly elevated hepatic mRNA expression of aSmain DKO animals further
corroborated these findings (Figure 4D). Our results suggest that loss of Ron in a diet-
induced NASH model augments pro-fibrogenic transcriptional programs that could
positively regulate stellate cell activation, proliferation, and survival.

DKO Animals Exhibit Increased Immune Cell Recruitment and Inflammation in Fibrotic

Livers

Persistent tissue damage, as a result of chronic steatosis, provokes the recruitment of
immune cells, facilitates HSC activation, and initiates liver fibrosis. Histological analysis of
H&E stained liver sections demonstrated greater numbers of inflammatory foci in the livers
of diet-fed DKO animals (Figure 5A and B). On average, 10-20% (Score 2) of the DKO
liver was infiltrated by immune cells. Immune cell infiltrates that affected 20-30% (Score 3)
of the liver were also frequently observed in DKO animals. Alternatively, ApoE KO animals
exhibited minimal to mild infiltration affecting either <10% (Score 1) or 10-20% (Score 2)
of the liver (Figure 5B). Previously, we have shown that loss of Ron receptor signaling
affects Kupffer cell heterogeneity, however macrophage infiltration was not previously
assessed. Following 18 weeks of HFHCD feeding, livers from DKO mice exhibited
significantly higher mRNA expression of Kupffer cell/macrophage markers including F4/80,
CD68 and CD11c (Figure 5C). Upregulation of Ly6c transcript expression, a monocyte
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marker, was also observed in DKO livers when compared to ApoE KO control animals
(Figure 5C). Because macrophages are the primary source of inflammation in steatohepatitis
and fibrosis, we analyzed macrophage recruitment in these livers. Toward that end,
immunohistochemistry for F4/80 was performed on liver cross sections from these HFHCD-
fed animals (Figure 5D). Our analysis concluded that DKO livers harbored elevated
intrahepatic accumulation of F4/80* Kupffer cells when compared to control animals
(Figure 5E).

A consequence of intrahepatic immune cell recruitment is chronic inflammation which plays
a crucial role in triggering pro-fibrogenic events. Significant elevation in the mRNA
expression of the pro-inflammatory cytokines 7nfa and //-12b was detected in livers from
DKO animals when compared to ApoE KO controls, whereas expression of /rnos remained
unchanged (Figure 5F). Interestingly, loss of Ron receptor signaling resulted in a significant
downregulation of //-18 expression in DKO livers (Figure 5F). TLR4 mediated
inflammation has been acknowledged as a critical factor for both the onset and progression
of liver fibrosis. In livers from DKO mice, 7/r4 expression was significantly upregulated
(Figure 5F). The expression of relevant chemokines and their receptors was also measured
given the increased recruitment of immune cells (ICs) observed in DKO livers. In agreement
with the increased recruitment of ICs, mMRNA levels of Cxcl2/MipZ2, Ccl2and Ccr2were
drastically upregulated in the livers of HFHCD-fed DKO mice (Figure 5F). We also
examined the expression of macrophage-specific anti-inflammatory marker, Ym-Z1, in whole
liver extract from HFHCD-fed mice. Ym-1 gene expression was reduced in DKO livers
(Figure 5F). These results highlight the exaggerated levels of inflammation in the liver, a
major risk factor for liver fibrosis, when Ron signaling is disrupted.

DISCUSSION

The onset and pathogenesis of hepatic fibrosis relies on dramatic changes to the extracellular
matrix microenvironment through the actions of inflammatory insults elicited during
steatohepatitis. Steatohepatitis progresses to fibrosis in response to inflammatory signals
released by damaged hepatocytes and recruited immune cells.3-28 The effects of these pro-
fibrogenic insults can be seen as excessive wound healing responses marked by the
increased deposition of extracellular matrix components.328-30 Activation of stellate cells
by cytokines including PDGF, TGF, and CTGF transforms these cells to myofibroblasts
that synthesize ECM components such as collagens (Type I, 111, V), fibronectin, and
hyaluronic acids.31-33 In stellate cells, activation upregulates the expression of key
fibrogenic target genes encoding cytokines (TGFS, CTGF, PDGFs), chemokines (CCR2,
CCL5, MIP-2), growth factor receptors, cytoskeletal proteins (aSMA), extracellular matrix
components and ECM remodeling proteins (MMP-2, MMP-9, TIMP-1).33:34 These pro-
fibrogenic events are highly regulated by the secretion of cytokines such as TNFa, IL-6,
CCL2, IL-1, PDGFs, and TGFA by recruited and tissue-resident macrophages.3:30:35-40
Altogether, fibrogenesis is driven by the interactions between stellate cells and inflammatory
signals which act to launch a cascade of pathophysiological events crucial in establishing
and maintaining liver fibrosis.
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In this study, we provide evidence that deletion of the ligand binding domain of Ron results
in enhanced liver fibrosis in a diet-induced steatohepatitis mouse model. Our observations
confirm the critical role of Ron receptor signaling in the pathophysiology of NASH-
associated hepatic fibrosis. Dietary feeding of ApoE KO rodents induced the development of
hepatic fibrosis that mimics the progression of human NASH. The loss of Ron receptor
activation resulted in exacerbated pathological characteristics of advanced steatohepatitis.
This aggravated phenotype included increased steatosis, immune cell infiltrates,
karyomegaly, hepatocellular vacuolation and hepatocyte damage marked by elevated ALT
and AST levels. Diet-induced liver disturbances often trigger alterations in glycolysis which
can cause a rise in circulating pyruvate.*! This may explain the elevated pyruvate levels in
DKO sera. In DKO sera, our 'H NMR analysis revealed that glycine levels were lower than
that in ApoE KO sera which supports findings from other studies. In multiple studies, it has
been shown that NASH patients have reduced levels of glycine in the plasma.#2-45
Moreover, glycine treatment was shown to have ameliorative effects on NASH and hepatic
fibrosis in rodent models.*6-48 The nonessential amino acid, glycine, inactivates hepatic
macrophages or Kupffer cells by blunting cytokine production and antagonizes apoptosis of
sinusoidal endothelial cells in the liver.4° These events are crucial in the development of
NASH and hepatic fibrosis.

A main source of stored intrahepatic fat relies on the uptake of circulating lipids into the
liver. Our rodent model demonstrated that loss of Ron activation resulted in increased
circulation of lipids, which suggests that the lipid-rich metabolic profile of DKO animals
may contribute to the increased accumulation of intrahepatic fat observed in these mice
(Figure 6). Lipid uptake into the liver and storage as triglycerides (TG) is associated with
enhanced TG mobilization through VLDL secretion by the liver. This may explain the
increased circulating levels of VLDL (the major carrier of serum TG) in DKO animals. Of
note, the availability of VLDL and LDL play a crucial role in initiating atherosclerotic
lesions through the retention of these lipid-rich lipoproteins in the subendothelial space of
the arterial wall.>9 Along those lines, in a previous study using this diet-induced rodent
model, we demonstrated that the progression of atherosclerosis was accelerated in mice
lacking Ron receptor signaling. DKO mice exhibited more extensive atherosclerotic plaques
when compared to ApoE KO control animals.1

The exacerbated steatohepatitis in DKO mice was paralleled by accelerated hepatic fibrosis.
In livers from DKO animals, fibrotic lesions were more frequently developed and deposition
of scarred tissue was most abundant surrounding portal triad and central vein and throughout
the parenchyma. Immunohisto-chemistry of aSMA confirmed that the aggravation of liver
fibrosis in DKO animals was due to the enhanced activation of hepatic stellate cells (HSCs).
The activation of stellate cells was also implicated by the higher expression of pro-
fibrogenic markers including Pdgf-a, Pdgr-b, Pdgfr-B, Ctgf, and TgfBin DKO livers. These
growth factors are potent inducers of collagen production, consistent with the increased
accumulation of Sirius red-stained collagen and upregulated collagen genes (Co/lal,
CollaZ, Col3al, Col4al)in DKO livers. Alternatively, the expression of the ECM
glycoprotein, fibronectin, was significantly decreased. Fibronectin has been shown to reduce
the availability of active TGF and thus reduce fibrogenesis by decreasing HSC
responsiveness to TGF3.51:52 The protective function of fibronectin can thus explain the
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trend observed in the livers of DKO mice. In fibrogenesis, the replacement of normal ECM
with fibrillar, contractile ECM is a key event in the initiation of liver scarring. Dynamic
changes in the expression of MMPs and TIMPs in injured livers regulate extracellular matrix
remodeling in liver fibrosis.>3-55 In agreement with this, Mmp-2and Timp-1 expression was
upregulated in highly remodeled fibrotic DKO livers. Alternatively, Mmp-9 expression was
downregulated in livers from these mice. Active recombinant MMP-9 has been
demonstrated to induce apoptosis of stellate cells /n vitro, and overexpression of Mmp-9 in
vivo was able to reduce collagen content in the liver.56-59

Inflammation is a main executor of fibrogenesis, facilitating the activation, proliferation and
survival of hepatic stellate cells. It is regulated by the actions of cytokines that are released
by immune cells infiltrating into the injured liver. In the highly fibrotic livers of DKO
animals, immune cell infiltrates were increased. In agreement with these findings, higher
expression of leukocyte markers Ly6c, F4/80. and CD68was also observed in DKO livers.
The altered expression of the macrophage markers, F4/80and CD68, suggests that there was
increased trafficking of macrophages into the liver. Immunohistochemistry of F4/80
corroborated our gene expression findings, where livers from DKO mice exhibited increased
accumulation of F4/80* Kupffer cells (KCs). The expression of the MI marker, CD11c, was
elevated in DKO livers. These results are consistent with our previous observations that Ron
alters the balance of macrophage activation in the progression of nonalcoholic
hepatosteatosis.1* Taken together, these results suggest that there is a shift in the polarization
of macrophage populations in the absence of Ron activation.

Kupffer cells represent the largest macrophage population among all tissues. 35:60.61
Maintenance of liver function, in part, relies on tightly regulating a balance of macrophage
phenotypes. As a result, the dominating phenotype of macrophages plays a major role in
dictating the pathogenesis of liver fibrosis. Liver fibrosis pathogenesis depends on a
prevailing pro-inflammatory (MI) macrophage phenotype which facilitates the activation and
survival of HSCs by promoting the release of specific growth factors and cytokines.
35-38,62,63 | previous studies, we characterized different KC populations isolated from
HFHCD-fed ApoE KO animals. CD11c* Ml-like KCs exhibited decreased expression of
Ron, whereas M2-like KCs lacking CD11c expression exhibited higher expression of Ron.14
KCs lacking Ron expression exhibited a M1-like phenotype marked by increased INOS
expression.14 Alternatively, KCs expressing Ron exhibited higher expression of the M2
marker, Arginase 1.14 Several studies point to the antifibrotic role of arginase I-expressing
macrophages, and depletion of arginase I-expressing macrophages was shown to exacerbate
the development of liver fibrosis.39 Collectively, our findings suggest that Ron receptor
expression and signaling corresponds to a reparative (M2) macrophage phenotype which is
protective in liver disease. Therefore, Ron receptor signaling may act to curb inflammatory
responses, promote the restoration of tissue integrity following liver injury, and thus retards
the development of liver fibrosis (Figure 6). Consistent with this notion, we demonstrated
that ApoE KO control mice exhibit reduced hepatic expression of pro-inflammatory markers
(Tnfa, 1I-12b, Tir4) and chemokines (Cxcr2/Mip-2, Ccl2, Ccr2, Ccl5/Rantes). Alternatively,
ApoE KO mice showed higher expression of macrophage-specific M2 marker, Ym-1. These
results are in agreement with findings from our previous study.14 Because Ron was shown to
restrain further aggravation of steatohepatitis by limiting steatosis, hepatocellular damage
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and inflammation, 14 we speculate that the ability of Ron to mitigate these events protects
against liver fibrosis.

Receptor tyrosine kinases have long been implicated in antifibrotic events; however, the
effects of Ron activation on hepatic fibrosis in a diet-induced model were not previously
investigated. The Gabl adaptor protein, involved in signaling downstream of the Met and
Ron receptors, has been shown to regulate pro-fibrotic chemokine CCL5 synthesis in
hepatocytes.20 Loss of hepatocyte-specific Gab 1 resulted in increased CCL5 synthesis,
increased macrophage infiltration and accelerated liver fibrosis.29 Met was also shown to
protect against the development of liver fibrosis. Met expression in hepatocytes suppressed
pro-fibrogenic programs involved in inflammatory cell trafficking, cytoskeletal network
reorganization, cell proliferation and DNA damage and stress response.2! Similarly,
recombinant HGF and HGF gene therapy, was shown to attenuate liver fibrosis onset and
progression.84-7 In clinical trials, activation of the HGF/Met signaling axis has been shown
to be safe and effective in improving multiple diseases and conditions, including fulminant
hepatitis, liver failure, diabetic neuropathy and critical limb ischemia.68-72 Here, we
demonstrate the potential therapeutic role of the MSP/Ron receptor axis for treatment of
liver fibrosis.

CONCLUSIONS

In conclusion, this study highlights the protective role of Ron in liver fibrosis development
and progression in a diet-induced NASH model (Figure 6). Because DKO animals harbor a
targeted deletion in the ligand binding domain of Ron in all cells, further investigation
involving conditional Ron knockout mouse models is necessary to delineate the specific
antifibrotic effects of Ron in vivo. In past efforts, we have extensively explored the in vitro
and in vivo anti-inflammatory actions of Ron on tissue resident macrophage function
including Kupffer cells, which are major drivers of the NASH spectrum. The diet-induced
NASH model, although it simulates human NASH, does not pinpoint whether the mitigated
liver fibrosis is due to improved steatohepatitis or a direct consequence of Ron-regulated
fibrogenic signaling pathways. Hence, further experimentation is required to elucidate how
Ron impacts liver fibrosis pathways in key fibrogenic cells including HSCs. Our results
suggest that the MSP/Ron signaling axis may be a viable therapeutic target for the treatment
of steatohepatitis-induced liver fibrosis.
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Figure 1.
Increased hepatic damage in HFHCD-fed ApoE KO mice with impaired Ron signaling. (A)

Scheme of experimental design shown. Six-week-old mice were maintained on a HFHCD
for 18 weeks. (B) Measured body weights of HFHCD-fed animals at indicated time points (7
= 12-16 per group, two-way ANOVA followed by a Bonferroni’s posttest). (C)
Representative images of gross liver morphology for diet-fed ApoE KO and DKO mice. (D)
Liver weights of ApoE KO and DKO mice maintained on a HFHC diet for 18 weeks (7=6
per group). (E) Representative images that show liver cross sections stained with
hematoxylin and eosin (Scale bar = 100 xm). (F) Histological scoring of H&E stained livers
from ApoE KO and DKO mice (7= 12 per group). (G) Serum levels of alanine transaminase
(ALT), aspartate transaminase (AST), total bilirubin (TBIL), alkaline phosphatase (ALP),
albumin (ALB), globulin (GLOB), and total protein (TP) in HFHCD-fed mice (7= 12-16
per group). Data are depicted as mean = SEM and degree of statistical significance is
presented as *p < 0.05, ** p< 0.01.
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Figure 2.

Increased levels of circulating lipids and serological markers of liver disease in HFHCD -fed
ApoE KO mice with impaired Ron receptor signaling. (A) OPLS-DA score plot of
metabolite profiles on 1H NMR spectra of blood sera derived from HFHCD-fed mice. Each
red and black circle represents one *H CPMG NMR of serum of a DKO and an ApoE KO
mouse, respectively. (B) Validation plot of the OPLS-DA score plot for HFHCD-fed ApoE
KO (n=17) and DKO (= 12) groups generated using 7-fold cross validation method. (C)
OPLS-DA color-coded coefficient plot of sera obtained from HFHC diet-fed ApoE KO and
DKO mice. The upward orientation of the peaks denotes higher concentration of the
metabolite in the corresponding group of HFHCD-fed mice. The color of the signals
signifies the strength of relationship between the metabolite and corresponding HFHCD-fed
mouse group with red representing highest significance and blue representing least
significance. (D) Vertical bar graphs of significant 1H NMR metabolites. Bar graphs
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represent the data as mean + SEM and degree of statistical significance is presented as *p <
0.05, ** p<0.01, *** p< 0.001.
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Figure 3.

Ron receptor deficiency results in increased expression of genes involved in extracellular
matrix remodeling and collagen deposition. (A and B) Histomorphological analysis
assessing the stage of liver fibrosis using standard scoring index (Score 1 = normal to
minimal fibrosis, 2 = mild fibrosis, 3 = moderate fibrosis), 7= 12 per group. (C)
Quantitative analysis of Sirius red stained collagen accumulation in ApoE KO and DKO
livers (=12 per group). (D) Expression levels of genes involved in ECM assembly
including collagen type 1 (Col/lal, Colla2), collagen type 3 (Col3al), collagen type 4

(Col4al), and fibronectin. (E) Gene expression of ECM disassembly-related genes such as
matrix metalloproteinase-2 (Mmp-Z2), matrix metalloproteinase-9 (Mmp-9), tissue inhibitor
of metalloproteinase —1 (77/mp-1), and tissue inhibitor of metalloproteinase-2 (7imp-2).
Graphs depict the data as mean + SEM (n= 12—16 per group). Statistical significance was
presented as *p < 0.05, ** p< 0.01, *** p<0.001, **** p< 0.0001.
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Figure 4.

Deficiency in the Ron receptor augments the expression of MSP, pro-fibrogenic cytokines
and hepatic stellate cell activation. (A) Transcript levels of Msp (Hgfl) and pro-fibrogenic
cytokines/receptors such as 7g7B, Pdgrfa, Pdgi Pdgfra, Pdgfrp, and Ctgfin livers from
ApoE KO and DKO mice maintained on a HFHCD for 18 weeks (/7= 12-16 per group. (B)
Photomicrograph of aSMA immunostained livers from HFHC diet-fed animal. Scale bar
represents 100 xm. (C) Quantitative analysis of aSMA positive area (%) in fibrotic livers
from mice on a HFHCD (7= 10 per group). (D) Gene expression of aSMA in the liver
determined by quantitative RT-PCR (mean + SEM; = 12-16 per group). Statistical
significance was presented as *p < 0.05, ** p< 0.01, *** p< 0.001, or **** p< 0.0001.
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Figure5.

Increased immune cell recruitment and inflammation in livers of HFHCD-fed DKO animals.
(A) Representative H&E histology photomicrographs of immune cell infiltrates in livers
shown by black arrows. (B) Inflammation index for livers from ApoE KO and DKO mice
maintained on a HFHC diet for 18 weeks (7= 12per group). (C) Gene expression of immune
cell markers determined by quantitative RT-PCR (7= 12-16 per group). (D) Representative
F4/80 immunohistochemistry (IHC) images and (E) quantification of F4/80 positive areas
(%), n=8 per group. (F) Gene expression of the pro-inflammatory markers 7nfa, //-12b,
Inos, 1l-1B3, 1l-6 and Tlr4 and anti-inflammatory marker Ym-1, as well as the chemokines/
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chemokine receptors Cxcl2or Mip2, Ccl2, Ccr2, and Ccl5 or Rantes evaluated by
guantitative RT-PCR. The data presented as mean + SEM (7= 12-16 per group), * p< 0.05,
**p<0.01, *** p<0.001, **** p< 0.0001.
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Schematic depiction of hepatic fibrosis exacerbation in DKO mice. In response to a high fat
high cholesterol diet, DKO mice exhibit increased circulating levels oflipids. The higher
circulating concentrations of lipids contribute to accelerated hepatic steatosis development.
The fat-laden hepatocytes sustain exacerbated cellular damage, releasing greater amounts of
chemokines, cytokines and danger-associated molecular patterns (DAMPS) that recruit and
classically activate macrophage. In DKO mice, the Ron receptor lacks the ligand-binding
domain resulting in cells that are incapable of being stimulated by the Ron receptor ligand,
macrophage stimulating protein (MSP). Consequently, MSP cannot exert its anti-
inflammatory effects on inflammatory cells including liver macrophages. Hepatic
macrophages lacking the ligand binding domain of the Ron receptor, in the presence of
inflammatory stimuli, undergo unrestrained classical (M1) activation and secrete greater
amounts of fibrogennic inflammatory mediators. The aggravated inflammatory response, in
turn, stimulates the activation, proliferation, and survival of neighboring hepatic stellate
cells. Activated hepatic stellate cells transdifferentiate into fibrogenic myofibroblast-like
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cells that produce collagen and other extracellular components, resulting in accelerated
fibrogenesis and liver fibrosis development. LB = ligand binding; NLB = nonligand binding.
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