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ARTICLE INFO ABSTRACT

Keywords: Hepatocyte damage during liver injury instigates activation of macrophages and hepatic stellate cells (HSCs)
Liver injury resulting in liver inflammation and fibrosis respectively. Improving hepatocyte survival and proliferation thereby
FGF7

ameliorating inflammation and fibrosis represents a promising approach for the treatment of liver injury. In the
liver, fibroblast growth factors (FGFs) play a crucial role in promoting hepatocyte proliferation and tissue
regeneration. Among 22 FGFs, FGF7 induces hepatocyte survival and liver regeneration as shown previously in
mouse models of cholestatic liver injury and partial hepatectomy. We hypothesized that FGF7 promotes hepa-
tocyte survival and proliferation by interacting with FGFR2b, expressed on hepatocytes, and ameliorates liver
injury (inflammation and early fibrogenesis) via paracrine mechanisms. To prove this hypothesis and to study the
effect of FGF7 on hepatocytes and liver injury, we administered FGF7 exogenously to mice with acute carbon
tetrachloride (CCly)-induced liver injury. We thereafter studied the underlying mechanisms and the effect of
exogenous FGF7 on hepatocyte survival and proliferation, and the consequent paracrine effects on macrophage-
induced inflammation, and HSCs activation in vitro and in vivo. We observed that the expression of FGF7 as well
as FGFR2 is upregulated during acute liver injury. Co-immunostaining of FGF7 and collagen-I confirmed that
FGF7 is expressed by HSCs and is possibly captured by the secreted ECM. Immunohistochemical analysis of liver
sections showed increased hepatocyte proliferation upon exogenous FGF7 treatment as determined by Ki67
expression. Mechanistically, exogenous FGF7 improved hepatocyte survival (and increased drug detoxification)
via AKT and ERK pathways while maintaining hepatocyte quiescence restricting hepatocarcinogenesis via P27
pathways. Flow cytometry analysis revealed that improved hepatocyte survival and proliferation leads to a
decrease in infiltrated monocytes-derived macrophages, as a result of reduced CCL2 (and CXCL8) expression by
hepatocytes. Moreover, conditioned medium studies showed reduced collagen-I secretion by HSCs (indicative of
HSCs activation) upon treatment with FGF7-treated hepatocytes conditioned medium. Altogether, we show that
exogenous administration of FGF7 induces hepatocyte survival and proliferation and leads to amelioration of
inflammatory response and fibrosis in acute liver injury via paracrine mechanisms. Our study further demon-
strates that FGF7, FGF7 derivatives, or nano-engineered FGF7 may benefit patients with hepatic dysfunction.

FGFR2b
Hepatocyte regeneration
Inflammation and fibrogenesis

1. Introduction resident Kupffer cell (KC) activation, and infiltration of bone
marrow-derived monocytes respectively causing liver inflammation [3].

Hepatocyte injury is the onset of acute and chronic liver diseases [1, Continuous hepatocyte injury and persistent inflammation lead to the
2]. Upon injury, hepatocytes release paracrine signals i.e., release of pro-fibrotic hepatokines by damaged hepatocytes and cyto-
pro-inflammatory cytokines and chemokines (hepatokines) initiating kines/chemokines by immune cells activating quiescent hepatic stellate
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cells (HSCs) that produce excessive amounts of extracellular matrix
(ECM) components, mainly collagen-I, inducing liver scarring referred
to as fibrosis [4]. Over recent years, several therapeutic strategies have
been explored that include the removal of the underlying cause of he-
patocyte injury or promoting hepatocyte regeneration, inhibition in
monocyte infiltration or inactivation of pro-inflammatory macro-
phages/activation of anti-inflammatory macrophages, elimination or
inactivation of activated HSCs, or degradation of ECM [5-9]. Liver
transplantation remains the only treatment option for (end-stage) liver
diseases however possesses several challenges such as limited donor
livers and life-long immunosuppressants [10,11]. Hence, there is an
urgent need for (new) therapies.

It is believed that hepatocyte damage as a consequence of injury,
necrosis, and lack of proliferation is the cause of liver disease progres-
sion [12,13]. Lee et al., indicated that full liver transplantation is not
necessary as long as proliferating hepatocytes are transplanted,
explaining hepatocyte capacity to proliferate is essential to success [14].
Concomitantly, novel therapeutics promoting hepatocyte proliferation
show promising results [15]. In the liver, fibroblast growth factors
(FGFs) play a crucial role in promoting hepatocyte proliferation and
tissue regeneration [16]. FGFs are proteins involved in embryonic
development, cell survival and proliferation, and progenitor cell dif-
ferentiation. Until now, 22 FGFs have been discovered that are sub-
divided into seven subfamilies: FGF1 (FGF1/2), FGF4 (FGF4/5/6), FGF7
(FGF3/7/10/22), FGF8 (FGF8/17/18), FGF9 (FGF9/16/20), FGF11
(FGF11/12/13/14) and FGF19 (FGF19/21/23). FGFs can bind to one or
more of the 4 FGF receptors (FGFRs), FGFR1-4, to induce their functions
[17]. Lack of one or more FGFs or FGFRs, during partial hepatectomy or
hepatic injury, evidenced diminished or total lack of liver regeneration,
indicating their vital role in liver regeneration [16,18]. Several FGFs,
FGF analogues, and FGFR agonists (and antagonists) are being evaluated
in ameliorating hepatic fibrosis, promoting hepatic repair, and/or
interfering with hepatocarcinogenesis [17]. These FGF subfamilies,
along with their corresponding FGFRs, constitute a complex network of
signalling pathways in the liver. Understanding their specific roles can
lead to the development of targeted therapies for various liver diseases,
offering new hope for patients and improving liver health outcomes.

In our previous study, we have shown that liver-specific delivery of
FGF2 using superparamagnetic iron oxide nanoparticles attenuated HSC
activation and early liver fibrogenesis in vivo [19]. In this study, we
focused our attention on FGF7, a paracrine FGF that belongs to the FGF7
subfamily. FGF7, also known as keratinocyte growth factor (KGF), is an
FGF that binds exclusively to FGFR2-IIIb, expressed on hepatocytes
[17]. FGF7-knockout studies have revealed that FGF7 is essential for cell
survival and proliferation of hepatocytes (and expansion of liver pro-
genitor cells) [20]. Furthermore, FGF7 upregulates detoxifying enzymes
in the liver [18], and has shown protective effects in cholestatic liver
injury [21,22]. Importantly, FGFR2-IIIb is downregulated in HCC while
re-expression correlated with reduced tumorigenicity independent of
FGF7 [23] suggesting exogenous FGF7 will not affect tumor progression.
Altogether FGF7, via interaction with FGFR2b, protects hepatocytes
from injury and promotes hepatocyte regeneration without affecting
hepatocarcinogenesis. During liver injury, FGF7 is secreted by HSCs
[24] while FGFR2-IIIb is expressed on hepatocytes [21]. We hypothesize
that FGF7 promotes hepatocyte survival and proliferation by interacting
with FGFR2b, expressed on hepatocytes, and ameliorates liver injury
(inflammation and early fibrogenesis) via paracrine mechanisms. To
prove this hypothesis and to study the effect of FGF7 on liver injury, we
administered FGF7 exogenously to mice with acute carbon tetrachloride
(CCly)-induced liver injury. We thereafter studied the underlying
mechanisms and the effect of exogenous FGF7 on hepatocyte survival
and proliferation, and the consequent paracrine effects on
macrophage-induced inflammation, and HSCs activation in vitro and in
vivo.
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2. Materials and methods
2.1. Materials

Carbon tetrachloride (CCly) (Cat. no. 02671, Sigma Aldrich, St.
Louis, MO, USA); olive oil (Cat. no. 01514, Sigma Aldrich); (2-
Hydroxypropyl)-p-cyclodextrin (Cat. no. 778966, Sigma Aldrich); Kol-
liphor HS15 (Cat. no. 42966, Sigma Aldrich); FGF7 (Cat. no.
NBP2-35149 Novus biologicals, Zillow, CO, USA); Roswell Park Me-
morial Institute (RPMI) 1640 with L-Glutamine (Capricorn Scientific,
Ebsdorfergrund, Germany); Penicillin/Streptomycin, (Capricorn Scien-
tific); Bovine Serum Albumin (BSA) (Cat. no. A7906, Sigma Aldrich);
Fetal Bovine Serum (FBS) (Cat. no. F7524, Sigma Aldrich); Phosphate
Buffered Saline (PBS) tablets (Cat. no. 524650, Millipore, Watford, UK);
Formaldehyde (Cat. no. F8775, Sigma Aldrich); Hoechst 33342, Trihy-
drochloride, Trihydrate (Cat. no. H1399, Thermo Fisher Scientific,
Wesel, Germany); Epredia Cryomatrix™ embedding resin (Cat. no.
6769006, Epredia, Runcorn, UK); 2-methylbutane (Cat. no. M32631,
Sigma Aldrich); 3-Amino-9-ethylcarbazole (AEC) (Cat. no. A6926,
Sigma Aldrich); Fluoroshield with 4',6-Diamidino-2-phenylindole dihy-
drochloride (DAPI) (Cat. no. F6057, Sigma Aldrich); Dimethylforma-
mide (DMF) (Cat. no. 227056, Sigma Aldrich); Haematoxylin solution
according to Mayer (Cat. no. 51275, Sigma Aldrich); Aqueous Mounting
Medium Aquatex (Cat. no. 1085620050, Sigma Aldrich); SV Total RNA
Isolation System (Cat. no. Z3105, Promega, Leiden, Netherlands); iScript
cDNA synthesis kit (Cat. no. 1708891, BioRad, Lunteren, Netherlands);
SensiMix Plus SYBR & Fluorescein (Cat. no. QT615-20, GC biotech,
Waddinxveen, Netherlands); Dulbecco’s Modified Eagle Medium
(DMEM) High Glucose (4.5 g/L) with L-Glutamine (Capricorn Scienti-
fic); Acetaminophen (APAP) (Cat. no. A-7085, Sigma Aldrich); Alamar
blue (resazurin sodium salt) (Cat. no. 199303, VWR, Langenfeld, Ger-
many); Recombinant FGF7 (Cat. no. NBP2-3514, Novus biologicals);
DMEM, high glucose, GlutaMAX™ Supplement, HEPES (Cat. no.
11584456, Thermo Fisher Scientific); Universal RNA kit (Cat. no.
E3598-02, Roboklon, Berlin, Germany).

2.2. CCly-induced acute liver injury mouse model

All the animal experiments were carried out according to the ethical
guidelines for the Care and Use of Laboratory Animals (Utrecht Uni-
versity, The Netherlands). CCl4 was prepared in olive oil (0.2 mL/kg)
and FGF7 (50 pug/kg) was prepared in (2-Hydroxypropyl)-p-cyclodextrin
(10 %) + Kolliphor HS15 (5 %) in MilliQ (85 %). Male C57BL/6 mice
(10-12 weeks old) received a single intraperitoneal (IP) injection of
olive oil (healthy, n = 12) or 0.2 mL/kg CCl4 (n = 24) on day 1. On days
2 and 3, the CCly-treated mice received vehicle [(2-Hydroxypropyl)-
B-cyclodextrin (10 %) + Kolliphor HS15 (5 %) in MilliQ (85 %), n = 12]
or 50 ug/kg FGF7 (n = 12) twice daily intraperitoneally. On day 4, all
the animals were euthanized. The liver, lungs, kidneys, spleen, and heart
were harvested, weighed, and processed for further analysis. Total
aspartate transferase (AST) levels were measured in the plasma as per
standard biochemical assays.

2.3. Immunohistochemical staining

Liver tissues were harvested and transferred to cryomatrix, and snap-
frozen in 2-methylbutane chilled on dry ice. Cryosections (6 um) were
made using a Leica CM 1860 cryostat (Leica Microsystems, Nussloch,
Germany). The sections were air-dried and fixed with acetone for 20 min
at room temperature. Thereafter, tissue cryosections were rehydrated in
PBS and incubated with the primary antibody listed in supplementary
Table 1 at 4 °C overnight. The next day, sections were washed 3 times in
PBS. Endogenous peroxidase activity was blocked by 0.3 % H20, pre-
pared in methanol for 30 min. Sections were washed 3 times in PBS and
then incubated with horseradish peroxidase (HRP)-conjugated second-
ary antibody (listed in Supplementary Table 1) for 1 h at room
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temperature. Thereafter, sections were washed 3 times in PBS and
incubated with HRP-conjugated tertiary antibody (Supplementary
Table 1) for 1 h at room temperature and again washed 3 times in PBS.
AEC solution was freshly prepared by combining 4.5 mL MilliQ, 500 pL
1 M sodium acetate pH 5.5, and 250 L 3-Amino-9-ethylcarbazole (AEC)
in dimethylformamide (DMF) (1 tablet per 2.5 mL DMF). This was
filtered using a 4.5 um nylon filter and 5.2 pL 30 % Hy0, was added
before use. Peroxidase activity was developed using an AEC solution for
20 min at RT, and nuclei were counterstained with haematoxylin for 5
min. After 5 min of washing under tap water, sections were mounted in
Aquatex mounting medium. Slides were digitized using a NanoZoomer
2.0 HT whole slide scanner (Hamamatsu, Shizuoka, Japan), and
resulting digital images were visualized at 1680 x 1050-pixel resolution
with NDP software and analysed using FIJI/ImageJ software.

2.4. Immunofluorescent staining

Immunofluorescent staining was performed similar to immunohis-
tochemistry staining for Collagen-I, FGF7, FGFR2, and Ki-67: after
overnight incubation with primary antibody, cells were washed 3 times
with PBS and incubated with Alexa Fluor (AF)488 or AF594-conjugated
secondary antibody (see Supplementary Table 1) for 1 h at room tem-
perature. For Albumin: after rehydrated in PBS, liver sections were
incubated with the albumin biotinylated detection antibody listed in
Supplementary Table 1 at 4 °C overnight. The next day, sections were
washed 3 times in PBS and incubated with FITC streptavidin (Bio-
Legend, San Diego, California, USA) for 1 h at room temperature. After 1
h, all sections were washed 3 times in PBS and mounted with DAPI
mounting medium.

2.5. Mouse apoptosis signalling pathway

For protein isolation, liver tissues were lysed in RIPA buffer and
homogenized using the Tekmar Tissumizer Homogenizer (IKA-Werke,
Breisgau, Germany). After homogenization, protein content was
measured using the Pierce BCA protein assay kit (Thermo Fisher Sci-
entific) as per the manufacturer’s instructions. For the assay, multiple
samples were combined to perform the apoptosis assay to have repre-
sentative results. For CCl4 and CCl4 +FGF7 mice, all 12 samples were
paired and analysed, for healthy controls, 10 samples were paired and
analysed. Apoptosis assay analysis was performed using RayBio® C-se-
ries mouse apoptosis signalling pathway array (RayBiotech, Norcross,
GA, USA) as per the manufacturer’s instructions (see Supplementary
Fig. S1). Results were analysed with AzureSpot Analysis Software (Azure
Biosystems, Dublin, CA, USA).

2.6. Preparation of cell suspension and flow cytometric analysis

Freshly collected liver tissues were mechanically ground using the
TissueGrinder (TG, Fast Forward Discoveries GmbH, Mannheim, Ger-
many). Liver tissue pieces (approximately 30 mg) from all liver lobes
were cut into small pieces and put in 1 mL RPMI 1640 with L-Glutamine
supplemented with 1 % Penicillin/Streptomycin and 1 % Bovine Serum
Albumin (referred to as RPMI-TG-medium) in a 12-wells plate, which
was put on ice until processing. Tissues were then transferred into the
rotor unit of the 50 mL Falcon® Tube (TG-C-100, Fast Forward Dis-
coveries) with 750 uL. RPMI-TG-medium and the TG Falcon tube was
assembled as per manufacturer’s instructions. The tube was positioned
in the TG device and an optimized protocol for liver dissociation pro-
vided by the manufacturer was used. After grinding, the tube was
centrifuged for 5 min at 300 g. The cells were washed 3 times with 1 mL
PBS containing 2 % FBS. Cells were fixed with 4 % formaldehyde pre-
pared in PBS with 2 % FBS for 30 min. Cells were washed 3 times with 1
mL PBS with 2 % FBS, stained, and analysed within 7 days. Cells were
stained with 100 uL containing 1 pL fluorescent antibodies (listed in
Supplementary Table 2) for 1 h and Hoechst 33342 (10 pg/100 pL) was
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added for 30 min. Cells were washed 3 times with 1 mL PBS with 2 %
FBS. Cells were identified using flow cytometry (BD FACS Aria II BD,
Bioscience, San Jose, CA), and the data was analysed using FlowJo
v10.7.0 (Tree Star, Inc., Ashland, OR).

Gating strategy (see Supplementary Fig. S2): Cells were visualized on
an SSC/FSC plot (step 1). For the identification of the infiltrated
monocyte-derived macrophages (MoMFs), we first excluded all the
debris and other non-nuclear events using Hoechst (step 2). All Hoechst
positive cells (blue) were subsequently plotted on an SSC/APC plot to
identify CD45+ leukocytes (red) by gating the APC-CD45 positive cells
(step 3). Thereafter, the CD45+ cells were further investigated on the
SSC/APC plot, and lymphocytes and NK-cells (light green) were
excluded by excluding the population that has low granularity (SSC) and
were CD45++ (step 4). The remaining cells were plotted on a graph
with CD11b (y-axis) and F4/80 (x-axis) where the CD11b++, F4/80+/-
population was considered as the MoMF population (orange), and
CD11b+/- and F4/80++ population was considered as the KC popula-
tion (dark green) (step 5 and 6).

2.7. Quantitative real-time PCR

Total RNA from liver tissue was isolated using SV Total RNA Isola-
tion System (Promega) as per manufacturer’s instruction. The RNA
concentration was quantified with a BioSpec-nano Spectrophotometer
(Shimadzu Europa GmbH, Duisburg, Germany), and total RNA (1 pg)
was reverse transcribed using the iScript cDNA Synthesis Kit. Real-time
PCR was performed using 20 ng of cDNA, pre-tested gene-specific
primer sets (Sigma Aldrich), listed in Supplementary Table 3 and 2x
SensiMix SYBR according to the manufacturer’s instructions. PCR was
performed in the CFX384 Touch Real-Time PCR Detection System (Bio-
Rad). Finally, cycle threshold (Ct) values were normalized to reference
gene GAPDH and relative gene expression was calculated using the 2
AACt method.

2.8. Cell lines

HepG2, an immortalized human hepatocyte cell line (American Type
Culture Collection, ATCC, Manassas, Virginia, USA) was cultured in
DMEM high Glucose (4.5 g/L), supplemented with 200 mM L-Gluta-
mine, 10 % FBS, 50 U/mL penicillin and 50 pg/mL streptomycin. LX-2,
an immortalized human hepatic stellate cell (HSC) line provided by Prof.
Scott Friedman (Mount Sinai Hospital, New York, USA), was cultured in
DMEM, high-glucose, with GlutaMAX supplemented with 10 % FBS, 50
U/mL penicillin and 50 pg/mL streptomycin. The cells were passaged
twice a week as per established experimental protocols.

2.9. Invitro studies on HepG2 cells

Cells were either seeded in 12-well plates (2 x 10° cells/well/mL)
(viability and FGFR2b expression) or in 6-well plates (6 x 10° cells/well
in 3 mL) (for conditioned medium) and cultured for 24 h. Cells were
incubated with medium alone (0 mM APAP) or 10 mM APAP for 24 h, to
induce hepatocyte injury. Cells were washed twice with 500 uL PBS and
incubated with medium alone (0 ng/mL FGF7) or 50 ng/mL FGF7 for 6
h. For the conditioned medium (see Supplementary Fig. S3), the medium
was collected and centrifuged for 3 min at 300 g, to remove (dead) cells.
For PCR analysis, cells were washed with 500 pL. PBS and lysed with
RNA lysis buffer. RNA was isolated using a Universal RNA kit as per the
manufacturer’s instructions. RNA concentration measurements, cDNA
synthesis, and quantitative PCR were performed as described previously.
For viability, after 3 h of incubation with FGF7, Alamar blue reagent was
added and incubated for the remaining 3 h. After a total of 6 h, 100 uL
medium was collected and measured using a Victor X3 plate reader
(Perkin Elmer, Waltham, MA, USA).
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2.10. In vitro studies on LX-2 cells

FGF7 expression was measured in non-activated and TGFf-activated
LX-2 cells. Cells were seeded in 12-well plates (1 x 10° cells/well in 1
mL) and cultured for 24 h. The next day, cells were serum-starved for 24
h and were incubated with medium alone or with 5 ng/mL TGFp for 24
h. Cells were washed, and lysed and total mRNA was purified for
quantitative PCR analysis as previously described.

For conditioned medium experiments (see supplementary Fig. S3),
cells were plated and starved as previously described. After 24 h of
starvation, LX-2 cells were incubated with conditioned: fresh medium
(2:1) for 24 h. After 24 h, cells were washed with 500 uL PBS and lysed.
RNA was isolated and total mRNA was purified for quantitative PCR
analysis as previously described.

2.11. Graphs and statistical analysis

All graphs were made, and statistical analysis was performed using
GraphPad Prism version 10.0.1 (GraphPad Prism, La Jolla, CA, USA).
The results are expressed as the mean + standard error of the mean
(SEM). Multiple comparisons between different groups were calculated
using the one-way analysis of variance (ANOVA) with the Bonferroni
post hoc test. Statistical differences between the two groups were
calculated using a two-tailed unpaired t-test. Differences were consid-
ered significant when *p < 0.05, **p < 0.01, ***p < 0.001, or ****p <
0.0001.

3. Results
3.1. Upregulation of FGF7 and FGFRZ in vitro and in vivo

Previous studies have shown a correlation between FGF7 expression
with the fibrosis stage in human livers and mouse livers both at the
mRNA and protein level [24,25]. Moreover, increased FGFR2b expres-
sion levels are observed during the early stages of liver fibrosis while
downregulation in FGFR2b levels is observed in cirrhotic liver tissue
possibly due to the loss of hepatocytes and the proportional reduction in
FGFR2b [24,25]. In this study, we examined the mRNA expression of
Fgf7 and FgfR2b in the livers of mice with CCls-induced acute liver injury
versus healthy controls. As shown in Fig. 1A, we observed upregulation
in Fgf7 and FgfR2b gene expression levels in CCly mice versus healthy
controls (p < 0.05). We further confirmed the cellular source of FGF7
and FGFR2. As reported earlier [24], we found that FGF7 mRNA
expression was increased in TGFf-activated human HSCs (LX2 cells) (p
< 0.05) (Fig. 1B). FGFR2b is shown to be exclusively expressed on he-
patocytes [24], and the expression is down-regulated in HCC cells and
tissues while re-expression induces a higher apoptosis rate and reduced
proliferation [26]. Although studies have reported that FGFR2b is
upregulated in hepatocytes after partial hepatectomy [20,24,25], none
of these studies have analysed the expression of FGFR2b upon hepato-
cyte injury. In this study, we investigated the expression of FGFR2b in
acetaminophen (APAP)-treated human hepatocytes and found
decreased mRNA expression of FGFR2-IIIb in acetaminophen (APAP)--
treated human hepatocytes (HepG2 cells) versus healthy HepG2 cells
(Fig. 1B). This reduced expression of FGFR2b in vitro correlates with
reduced FGFR2b expression observed during liver cirrhosis and possibly
confers a lower rate of apoptosis and increased proliferation.

We further assessed the protein expression of FGF7 and FGFR2b in
CCly mice versus healthy controls and confirmed their co-localization
with HSCs and hepatocytes in vivo respectively. We performed co-
immunostainings using FGF7 and collagen-I (HSCs); and FGFR2b and
albumin (hepatocytes). Fig. 1C-D shows the representative images of
FGF7-stained (in red), collagen-I-stained (in green), and DAPI-stained
(nuclear staining in blue) liver sections from healthy (Fig. 1C) and
CCly (Fig. 1D) mice. A strong increase in FGF7 expression can be seen in
CCly-treated mice livers, which can be explained by the activation of
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HSCs during fibrogenesis as correlated with increased collagen-I
expression. Furthermore, the expression of FGF7 (in red) colocalized
with collagen-I matrix (in green), indicating the possible capture of
HSCs-secreted FGF7 by the matrix (Fig. 1C-D). Furthermore, we inves-
tigated the expression of FGFR2b (in red), in combination with albumin
(in green) as shown in Fig. 1E-F. We found that FGFR2b expression is
increased in CCls-mice versus respective healthy controls as documented
previously in early liver fibrosis [24,25]. Moreover, FGFR2b expression
was mainly localized in damaged hepatocytes around the damaged areas
(Fig. 1E-F).

Taken together, these results confirm the overexpression of FGF7 and
FGFR2b during liver injury and that FGF7 and FGFR2b are expressed by
HSCs and hepatocytes respectively.

3.2. Endogenous FGF7 treatment promotes hepatocyte proliferation

Several studies have proven that FGF7 promotes hepatic regenera-
tion after partial hepatectomy [20] and hepatocyte survival during
cholestatic liver injury [21]. In this study, we investigated if exogenous
FGF7 treatment promotes hepatocyte proliferation following CCly-in-
duced acute liver injury in mice. Liver injury was induced by 0.2 mL
CCly/kg in C57BL/6 mice, followed by 2 days of treatment with
50 nug/kg FGF7 or vehicle twice daily (Fig. 2A). Liver sections from
healthy, CCl4, and CCl4+ FGF7 mice were stained with Ki-67, a
commonly used proliferation marker [27]. We found that the expression
of Ki-67 was significantly upregulated (p < 0.01) in CCl4 mice versus
healthy controls indicating an initial response of repair after injury.
FGF7-treated CCly; mice showed higher expression of Ki-67 versus
vehicle-treated CCly mice (p < 0.05) (Fig. 2B-C) indicating a pro-
nounced proliferation effect upon exogenous FGF7 treatment. To
confirm hepatocyte proliferation upon FGF7 treatment, we performed a
fluorescent co-immunostaining with Ki-67 and albumin. Fig. 2D shows
the co-localization of Ki-67 and albumin, indicating albumin-expressing
hepatocytes proliferate upon FGF7 treatment.

To further validate hepatocyte proliferation upon FGF7 treatment,
we performed in vitro studies and assessed cell viability using Alamar
blue assays. Human hepatocytes (HepG2 cells) were treated with or
without APAP for 24 h to mimic hepatocyte injury and were subse-
quently treated with 50 ng/mL FGF7 for 6 h (Fig. 2E). Results show
increased cell viability indicative of increased cell proliferation
following FGF7 treatment both in hepatocytes incubated with and
without APAP (Fig. 2F).

Together these data suggest that treatment with FGF7 induces he-
patocyte proliferation and/or improves cell viability in vitro and in vivo.

3.3. FGF7 improves hepatocyte survival by modulating various signalling
pathways

Besides proliferation, increased cell viability via FGF7 can be caused
by decreased cell apoptosis or improved cell survival by modulating
signalling pathways and/or by increasing drug detoxification. To
delineate the mechanisms involved, signalling pathway analysis using a
mouse apoptosis signalling pathway phospho-antibody array was per-
formed. We analysed 17 site-specific and phospho-specific antibodies
(Supplementary Fig. S1A-B) i.e., AKT (P-Ser473), ATM (P-Ser1981),
BAD (P-Ser112), Caspase-3 (P-Asp175), Caspase-7 (P-Asp198), CHK1 (P-
Ser296), elF-2a (P-Ser52), ERK1/2 (P-Thr202), HSP27 (P-Ser82), IKBa
(P-Ser32), JNK (P-Thr183), NF-kB P65 (P-Ser536), p27 (P-Thr198), p38
(P-Thr180/Tyr182), P53 (P-Serl5), SMAD2 (P-Ser245) and TAK1 (P-
Ser412) and quantified using AzureSpot Analysis Software. Many
phospho-specific proteins showed differences as can be visualized in the
heat map (Fig. 3A) and the nested plot and individual phospho-protein
plots (Supplementary Fig. S1C-D), suggesting FGF7 controls multiple
pathways in the liver. More prominently AKT, ERK, and P27 were
significantly upregulated in FGF7-treated mice versus vehicle control
(Fig. 3B). AKT and ERK pathways are known to regulate cell
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Fig. 1. The expression of FGF7 and FGFR2b in vivo and in vitro. (A) mRNA expression of Fgf7 and Fgfr2b in the healthy (n = 12) and acute CCly-induced liver injury
mouse model (n = 12). (B) Relative mRNA expression of FGF7 (normalized with GAPDH) in control and TGF-p-activated hepatic stellate cells (n = 5). Relative mRNA
expression FGFR2b (normalized with GAPDH) in control and APAP-treated hepatocytes (n = 5). (C and D) Representative (single-channel and composite) images of
liver sections from healthy mice and mice with acute CClg-induced liver injury stained with FGF7 (red), Collagen-I (green), and DAPI (nuclear staining, blue). (E and
F) Representative (single-channel and composite) images of liver sections from healthy mice and mice with acute CCls-induced liver injury stained with FGFR2 (red),
Albumin (green), and DAPI (nuclear staining, blue). All results are presented as mean + SEM; *p < 0.05, **p < 0.01; two-tailed t-test.
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proliferation, and previous studies have shown that FGF-FGFR interac-
tion activates multiple transduction pathways including ERK1/2, p38
and JNK kinase, and the PI3K-AKT pathway [18,28,29]. In this study, we
observed that FGF7 activates AKT and ERK in accordance with previous
studies [18,29]. Another protein that stood out in our analysis is p27
(Fig. 3B). P27 is expressed throughout the wild-type liver and is involved
in maintaining hepatocyte quiescence [30]. Down-regulation of p27
indicates aberrant cell proliferation and increased p27 correlates with
maintained hepatocyte quiescence and regulating uncontrolled prolif-
eration causing carcinogenesis [30]. Notably, no significant differences
were observed in the expression of phospho-specific proteins between
healthy and vehicle control groups. This could be attributed to the fact
that the changes in phosphorylated protein levels are generally
short-lived. In this study, the CCls-administration was performed 72 h
while FGF7 administration was performed less than 24 h before
sacrificing.

Altogether, these results suggest the increased proliferation of he-
patocytes via ERK and AKT pathways, while ensuring controlled

hepatocyte proliferation without causing carcinogenesis via the p27
pathway.

We further analysed the expression of transcriptional regulators Al-
bumin D-site-Binding protein (DBP), and thyrotrophic embryonic factor
(TEF) that affect the expression of their target genes that encode for
detoxifying cytochrome P450 enzymes [18]. Previous studies have
shown that loss of Dbp and/or Tef in mice results in increased serum
transaminase levels, impaired removal of pentobarbital, and enhanced
toxicity of chemotherapeutics [18,31]. Moreover, it has been shown that
FGF7 upregulates Dbp and Tef expression in wild-type mice and not in
the FgfR1/2-albumin-specific knockout mice suggesting FGF7 via
FGFR2b interaction controls drug detoxification in hepatocytes in the
liver [18]. In this study, we show FGF7 upregulates Dbp and Tef gene
expression (Fig. 4A) consistent with significant downregulation in
plasma AST levels suggesting FGF7 promotes hepatic detoxification
improving hepatocyte survival (Fig. 4B).
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3.4. FGF7 inhibits inflammation during acute liver injury via paracrine
mechanisms

During liver injury, injured hepatocytes play a key role in inducing
inflammation by secreting chemo-attractants, such as C-C motif che-
mokine ligand-2 (CCL-2), thereby inducing the recruitment of C-C motif
chemokine receptor-2 (CCR2)-expressing monocytes [32]. Upon
recruitment, these CCR-2 monocytes are activated into
pro-inflammatory macrophages causing liver inflammation [33]. The
surface markers expressed on these monocyte-derived macrophages
(MoMFs) are different from the liver resident KCs. MoMFs are CD11b++
and F4/80+/-, while the KCs are F4/80++ and CD11b+/- [34]. Using
flow cytometry, we identified and enumerated MoMFs and KCs in the
liver tissues (Supplementary Fig. S2A-B). We observed a significant
upregulation of the MoMFs in the vehicle-treated CCl4 animals, which is
significantly decreased upon FGF7 treatment (Fig. 5A-B). No significant
differences in the number of KCs were observed in healthy, CCl4, and
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CCl4+FGF7 mice (Supplementary Fig. S2C).

We further analysed the total (F4/80-positive) macrophages and
proinflammatory (iNOS-expressing) macrophages in the liver. A signif-
icant increase in F4/80 and iNOS expression was observed in the livers
of CCly-mice compared with healthy controls, while a significant
decrease in F4/80 and iNOS expression was evidenced in the FGF7-
treated CCly-mice (Fig. 5C-D).

To confirm if the effects observed on liver inflammation in vivo are
due to the paracrine effects of FGF7-treated hepatocytes, we analysed
the mRNA expression of chemoattractant CCL2 and pro-inflammatory
CXCL8 (interleukin-8, IL-8) in hepatocytes incubated with 10 mM
APAP. Corroborated with previous studies [35], hepatocytes incubated
with APAP showed higher expression of CCL2 and CXCL8 (Fig. 5E).
FGF7 treatment post-APAP-induced hepatocyte injury led to a signifi-
cant decrease in CCL2 and CXCL8 expression (Fig. 5E) suggesting a
paracrine effect of FGF7-treated hepatocytes on liver inflammation.

3.5. FGF7 inhibits fibrogenesis during acute liver injury via paracrine
mechanisms

Following liver injury, damaged hepatocytes and inflammatory
macrophages secrete profibrotic (paracrine) factors e.g., PDGFf and
TGFp that lead to the proliferation and activation of HSCs respectively.
HSCs upon activation secrete large amounts of ECM mainly collagen-I.
We hypothesized that injured hepatocytes activate HSCs while FGF7
treatment will inhibit (TGFp-induced) HSCs activation via paracrine
mechanisms.

Indeed, we observed increased collagen-I (a major ECM protein
secreted by HSCs) and alpha-smooth muscle actin (x-SMA, HSCs acti-
vation marker) expression in the livers of CCly-mice (Fig. 6A-B), and
FGF7 treatment inhibited the expression of collagen-I and a-SMA
(Fig. 6A-B) indicating paracrine effects of FGF7. This inhibition could be
a consequence of inhibition in macrophage infiltration and activation as
observed previously (Fig. 5) and improved hepatocyte viability/survival
resulting in reduced secretion of profibrogenic factors attenuating HSCs
proliferation and activation.

To evaluate if these HSCs-inhibitory effects are mediated partially
via FGF7-treated hepatocytes, we performed conditioned medium
studies. We induced hepatocyte injury by APAP and treated APAP-
hepatocytes with FGF7 (Supplementary Fig. S3). We collected the
conditioned medium from the hepatocytes (APAP-hepatocytes + FGF7)
and incubated LX-2 cells (human HSCs) with a 2:1 (conditioned: fresh
medium) and investigated the collagen-I gene expression. We found that
LX-2 cells treated with conditioned medium from APAP-+FGF7-treated
hepatocytes showed a significant reduction in collagen-I expression,
compared to LX-2 cells treated with medium from APAP-treated hepa-
tocytes that did not receive FGF7 treatment (Fig. 6C). No differences in
TGFp gene expression were observed in hepatocytes suggesting that
these effects are mediated via other paracrine factors secreted by he-
patocytes (hepatokines).

3.6. FGF7 treatment shows no severe adverse effects

To determine possible side-effects of FGF7, we analysed the body
weight and organ-to-body weight of five vital organs: liver, lungs, kid-
neys, spleen, and heart (Supplementary Fig. S4). No significant differ-
ences in body weight were found between healthy, CCl4-mice, and CCly
+FGF7-treated mice. FGF7 treatment showed improved body weight
change compared to CCly-mice (non-significant) (Supplementary
Fig. S4). During liver injury, the liver-to-body weight was increased
significantly, and FGF7 treatment did not show any effects on liver
weight. Lastly, no significant changes have been found in any other
organ, except the spleen which might be due to an increase in the
number of splenocytes as shown previously [36].
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test (B and D), two-tailed t-test (E).

4. Discussion

In this study, we investigated the therapeutic potential of FGF7 in
promoting hepatocyte survival and proliferation, thereby ameliorating
inflammation and fibrosis via paracrine mechanisms during acute liver
injury. We first examined the expression of Fgf7 and FgfR2b during acute
liver injury in mice and found the expression of Fgf7 as well as FgfR2b to
be upregulated in liver disease. Steiling et al. reported that primary
murine and human HSCs produce FGF7 [24]. On the other hand, Takase
et al. showed that Thy-1-expressing cells also produce FGF7 [21]. These
Thy-1-expressing cells are portal fibroblasts, that infiltrate the liver
during acute liver injury and contribute to liver fibrogenesis [37]. In
accordance with the previous studies [21,24,37], we observed that

co-staining of FGF7 and collagen-I revealed that FGF7 is expressed by
HSCs (and portal fibroblasts). We further show that FGFR2b is expressed
by hepatocytes in vivo during acute liver as shown previously [24].
Additionally, we assessed the expression of FGF7 in LX-2 (human HSCs)
and FGFR2b in HepG2 (human hepatocytes). In LX-2, we found a similar
upregulation of FGF7 after TGF-p activation, supporting the hypothesis
that these cells express FGF7 upon activation during liver injury [38].
Interestingly, FGFR2b expression was decreased in HepG2 upon
APAP-induced damage. This decrease could be explained by decreased
cell viability and increased apoptosis, resulting in a reduced cell number
and reduced FGFR2b expression.

Next, we investigated the therapeutic potential of FGF7 in an acute
CCly-induced liver injury mouse model. We first investigated the effect
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of FGF7 treatment on hepatocyte proliferation as shown in a mouse
model of partial hepatectomy [20]. We analysed the Ki-67 (a prolifer-
ation marker) expression in healthy, vehicle-treated, and FGF7-treated
CCly-mice livers. Takase et al. showed that Fgf7 knock-out animals
showed decreased Ki67 expression, thereby implicating that Fgf7 is
involved in proliferation as visualized by Ki-67 staining [21]. This is in
line with our data showing an increasing Ki-67 expression in
FGF7-treated CCly-mice. The co-immunofluorescent staining shows the
localization of Ki-67 with albumin indicating proliferation of hepato-
cytes. This proliferation was further confirmed in vitro using an Alamar
blue assay where we observed that FGF7 treatment improved HepG2 cell
viability with and without APAP treatment suggesting that FGF7 induces
hepatocyte proliferation. We further delineated the mechanisms
involved in FGF7-induced effects on hepatocytes, we analysed a panel of
17 phosphoproteins involved in cell apoptosis/proliferation. We
observed several pathways are regulated by FGF7, however, more
prominently, a significant upregulation of extracellular signal-regulated
kinase (ERK) and protein kinase B (AKT) phosphoproteins were
observed suggesting increased activation of ERK and AKT signalling
pathways resulting in improved cell proliferation. This upregulation has
been reported and the precursory cascade has also been elucidated. The
binding of FGF7 to FGFR2b leads to the activation of a signalling cascade
starting with FGFR substrate 2a (FRS20) and growth factor
receptor-bound-2 (GBR2) that activates AKT pathway via phosphati-
dylinositol 3-kinase (Pi3K) [17,29] and ERK pathway via reticular
activating system (RAS) [39,40].
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Furthermore, it has been shown that FGFR2 deletion leads to reduced
expression of P27, which was correlated with increased apoptosis [41,
42]. This suggests a protective effect of FGFR2 on hepatocytes via P27,
which we also observed in this study. On the other hand, P27 is a key
inhibitor of the cell cycle and proliferation, thereby sustaining a quies-
cent state [30]. P27 upregulation could indicate improved hepatocyte
survival and maintained hepatocyte quiescence regulating uncontrolled
proliferation and carcinogenesis. As reported previously FGF7 also in-
creases the expression of transcription factors Dbp and Tef [18] that
regulate the expression of hepatic detoxifying enzymes and metabolic
activity [43,44], we also analysed the expression of Dbp and Tef in vivo
in acute injury mouse livers. We found increased expression of these
transcription factors upon FGF7 treatment and reduced AST levels
suggesting that FGF7 promotes hepatic detoxification further improving
hepatocyte survival.

We next examined the paracrine effects of (FGF7-treated) hepato-
cytes on inflammation and fibrosis. Damaged hepatocytes release
paracrine factors (hepatokines) e.g., chemoattractants such as CCL2 and
CXCL8/IL-8 to induce recruitment of CCR2 expressing circulating
monocytes and neutrophils respectively [32]. Upon recruitment, these
monocytes differentiate into macrophages (MoMFs) and contribute to
liver inflammation together with other immune cells including neutro-
phils [33]. We hypothesized that FGF7-induced hepatocyte survival and
proliferation would decrease the expression of these inflammatory
hepatokines attenuating infiltration of immune cells and inflammation.
To examine this hypothesis, using flow cytometry analysis, we first
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analysed the infiltrated monocyte (CD11b++ F4/80+/-) population
populations [34,45], and found a significant upregulation of MoMFs in
the vehicle-treated animals, which was significantly decreased upon
FGF7 treatment indicating that improved hepatocyte survival leads to
decreased infiltration of MoMFs. No significant effect of FGF7 treatment
was observed on the resident macrophages (KCs). These results were
further confirmed by immunostainings using F4/80 (pan-macrophage
marker) and iNOS (pro-inflammatory macrophage marker) which was
inhibited by FGF7 treatment. To further analyse if this effect is indeed
mediated by reduced hepatocyte-chemokine (hepatokine) levels, we
analysed the mRNA expression of major chemokines secreted by hepa-
tocytes i.e., CCL2 and CXCL8 in APAP-injured HepG2 cells with and
without FGF7 treatment in vitro. The expression of CCL2 and CXCL8 was
significantly decreased upon FGF7 treatment, emphasizing the role of
hepatocyte survival in ameliorating immune cell infiltration and liver
inflammation.

Hepatocyte injury induces fibrosis via necrosis products [46] and
indirectly via activation of inflammatory cells, which subsequently
activate HSCs [47]. It has been investigated that hepatocyte survival can
reduce portal hypertension and ameliorate fibrosis [48]. Here, we
investigated if FGF7-induced cell survival leads to decreased fibrosis via
paracrine mechanisms. In vivo in the CCls-induced acute liver injury
model, we observed a significant decrease in collagen-I and a-SMA
expression indicating reduced fibrosis. To further investigate the para-
crine effect of hepatocyte survival on HSCs, we performed conditioned
medium studies where LX-2 cells were incubated with conditioned
medium from APAP-injured HepG2 with and without FGF7 treatment.
Conditioned medium from APAP-HepG2 cells treated with FGF7 showed
a significant reduction in collagen-I expression suggesting paracrine
effects of hepatocytes on HSCs [49]. This could be attributed to the
reduced secretion of pro-fibrotic hepatokines by hepatocytes [50] upon
FGF7 treatment.

One of the limitations of our study is the use of acute livery injury
mouse model (due to ethical reasons) that does not correspond to the
clinical situation. Patients normally present to the clinic when liver
damage progresses to chronic-to-advanced liver disease. More studies
are hence warranted in different (etiological) liver disease models to
examine the therapeutic potential of FGF7-therapy.

In conclusion, in this study, we have successfully analysed the
therapeutic potential of FGF7 treatment in acute liver injury. FGF7-
induced hepatocyte survival and proliferation mediated via multiple
signalling pathways ameliorated liver inflammation and fibrosis via
paracrine mechanisms. This study warrants the exploration of FGF7,
FGF7 derivatives, nano-engineered FGF7, or FGFR2b agonists for further
development and for future clinical applications driving hepatocyte and
liver regeneration.
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