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A B S T R A C T   

Liver diseases are the growing health problem with no clinically approved therapy available. Activated hepatic 
stellate cells (HSCs) are the key driver cells responsible for extracellular matrix deposition, the hallmark of liver 
fibrosis. Fibroblast growth factor 2 (FGF2) has shown to possess anti-fibrotic effects in fibrotic diseases including 
liver fibosis, and promote tissue regeneration. Among the fibroblast growth factor receptors (FGFRs), FGF2 
interact primarily with FGFR1, highly overexpressed on activated HSCs, and inhibit HSCs activation. However, 
FGF2 poses several limitations including poor systemic half-life and stability owing to enzymatic degradation. 
The aim of this study is to improve the stability and half-life of FGF2 thereby improving the therapuetic efficacy 
of FGF2 for the treatment of liver fibrosis. We found that FGFR1-3 mRNA levels were overexpressed in cirrhotic 
human livers, while FGFR1c, 2c, 3c, 4 and FGF2 mRNA levels were overexpressed in TGFβ-activated HSCs (LX2 
cells) and FGFR1 protein expression was highly increased in TGFβ-activated HSCs. Treatment with FGF2 in
hibited TGFβ-induced HSCs activation, migration and contraction in vitro. FGF2 was conjugated to super
paramagnetic iron-oxide nanoparticles (SPIONs) using carbodiimide chemistry, and the resulting FGF2-SPIONs 
were confirmed by dynamic light scattering (DLS), zeta potential, dot-blot analysis and Prussian Blue iron- 
staining. In vitro, treatment with FGF2-SPIONs evidenced increased therapeutic effects (attenuated TGFβ-in
duced HSCs activation, migration and contraction) of FGF2 in TGFβ-activated HSCs and ameliorated early liver 
fibrogenesis in vivo in acute carbon tetrachloride (CCl4)-induced liver injury mouse model. In contrast, free FGF2 
showed no significant effects in vivo. Altogether, this study presents a promising therapeutic approach using 
FGF2-SPIONs for the treatment of liver fibrosis.   

1. Introduction 

Liver diseases caused by viral infections (mainly hepatitis B and C 
viruses), metabolic disorders, alcohol or drug abuse and autoimmune 
disorders affecting millions of people, represents a major health pro
blem associated with high morbidity and mortality [1]. Acute liver 
injury is a transient, often reversible, wound healing response however 
persistent chronic injury to the liver results in progressive accumulation 
of extracellular matrix (ECM) components eventually resulting in liver 
cirrhosis, end-stage liver failure and hepatocellular carcinoma [2,3]. 
Due to the lack of effective therapy, liver diseases poses a major clinical 

challenge with an increasing number of patients requiring liver trans
plantation [1,4,5]. 

Hepatic stellate cells (HSCs) play a key role in the progression of 
liver fibrosis, regardless of the underlying cause [3,6,7]. Upon injury, 
hepatocytes undergo apoptosis or necrosis and release pro-in
flammatory and pro-fibrogenic mediators that stimulate recruitment 
and activation of inflammatory cells in the liver resulting in chronic 
liver inflammation. The resident and infiltrated immune cells, in turn, 
secrete pro-inflammatory and pro-fibrogenic factors that activate 
quiescent HSCs [2,3]. Quiescent HSCs transdifferentiate into myofi
broblast-like cells and become highly proliferative, migratory and 
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contractile cells producing excessive amounts of ECM components that 
accumulates in the liver parenchyma, disrupting liver architecture and 
forming the characteristic scar tissue [3,6,7]. 

Fibroblasts growth factors (FGFs) have been shown to regulate HSCs 
differentiation and liver fibrosis. There are seven subfamilies of FGFs: 
FGF1 subfamily (FGF1, FGF2); FGF4 subfamily (FGF4, FGF5, FGF6); 
FGF8 subfamily (FGF8, FGF17, FGF18); FGF9 subfamily (FGF9, FGF16, 
FGF20); FGF10 subfamily (FGF3, FGF7, FGF10, FGF22); FGF11 sub
family (FGF11, FGF12, FGF13, FGF14) and FGF19 subfamily (FGF15, 
FGF19, FGF21, FGF23) [8,9]. These subfamilies of FGFs are tissue 
specific and have different binding affinities with FGF receptors 
(FGFRs). There are four isoforms of FGFRs: FGFR1, FGFR2, FGFR3, and 
FGFR4 that have different splice variants and display tissue specific 
expression [8,9]. FGF-FGFR signaling is critical in several develop
mental processes including cellular proliferation, migration, differ
entiation, morphogenesis and organogenesis [10]. Furthermore, FGF- 
FGFR signaling pathways regulate liver homeostasis by regulating 
metabolism of lipids, cholesterol and bile acids, promoting hepatocyte 
proliferation and detoxification, and facilitating liver regeneration after 
partial hepatectomy [11]. 

Among other FGFs, FGF2 (also known as basic FGF) plays a crucial 
role in numerous cellular processes including organ development, 
wound healing and tissue regeneration [12]. FGF2 has been shown to 
regulate HSCs function and has been investigated in liver fibrosis 
however showed contradictory results [9,13]. Some studies have in
dicated the pro-fibrotic effects of FGF2, while numerous studies have 
demonstrated the anti-fibrotic effects of FGF2 in vitro and in vivo in 
preclinical animal models [13]. Using FGF1−/-FGF2−/− mouse models, 
Yu et al., demonstrated that acute carbon-tetrachloride (CCl4) admin
istration in FGF1−/-FGF2−/− mice resulted in elevated serum alanine 
aminotransferases (ALT) levels, HSCs activation marked by increased 
intra-hepatic expression of alpha smooth muscle actin (α-SMA) and 
desmin, accompanied with activation and migration of HSCs to the site- 
of-injury, while chronic CCl4 administration led to decreased collagen 
expression and fibrosis [14]. Pan et al., has demonstrated that 18 KDa 
low- (FGF2lmw) and 21 or 22 KDa high-molecular weight (FGF2hmw) 
forms have distinct role in liver fibrogenesis, and that the exogenous 
FGF2lmw treatment attenuated HSCs activation and fibrosis [15]. The 
presence of different FGF2 isoforms with distinct roles might explain 
the conflicting results reported on the effects of FGF2. Besides hepatic 
fibrosis, FGF2 treatment has also shown to attenuate bleomycin-in
duced pulmonary fibrosis [16] and ischemia reperfusion induced renal 
injury [17]. 

With respect to myofibroblast (activated HSCs in liver) activation 
and differentiation, evidences have revealed that FGF2 promotes 
myofibroblast apoptosis in vivo, antagonizes activation and trans
forming growth factor beta (TGFβ) signaling, antagonizes contractile 
phenotypes and myofibroblast differentiation of non-fibroblasts pro
genitors, suppresses pro-fibrogenic gene expression, and promotes re
generative healing [13]. Mapping studies and crystal structures of FGF- 
FGFR complexes have revealed that FGF2 binds to different FGFR splice 
variants with varying affinity [18–20]. In human liver myofibroblasts, 
FGF2 has been shown to interact with FGFR1 which is highly over
expressed on myofibroblasts [21]. Although the underlying mechanism 
through which FGF2 affects liver fibrosis is not entirely understood, 
different FGF2-regulated signaling pathways have been proposed in 
several diseases and cell types including Janus kinase (JAK), signal 
transducer and activator of transcription (STAT), extracellular signal 
regulated kinase (ERK), mitogen-activated protein kinase (MAPK), c- 
jun N-terminal kinase (JNK) and serine/threonine kinase AKT (also 
known as protein kinase B, PKB) pathways [13]. Particularly, it has 
been demonstrated that selective inhibitor of phosphatidylinositol 3- 
kinase (PI3K) and mitogen-activated protein kinase kinase (MAPKK or 
MEK) abolished the protective effects of FGF2 suggesting involvement 
of PI3K/AKT and MEK/ERK signaling pathways in FGF2-mediated ef
fects [17]. 

While the attractiveness of using FGF2 as therapeutic is evident, 
there are several limitations including a short systemic half-life after 
intravenous administration (due to small size) and poor stability (owing 
to susceptibility to degradation by proteases) [22]. Conjugation of FGF2 
to superparamagnetic iron-oxide nanoparticles (SPIONs) could be a 
promising alternative for eliminating the drawbacks hampering future 
clinical application. SPIONs possess tailored surface chemistry, low 
cytotoxicity and unique magnetic properties [23,24]. Recent develop
ments of polymer (dextran/PEG)-coated SPIONs have shown tre
mendous improvements in biocompatibility and blood circulation. We 
have previously demonstrated an increased magnetic resonance ima
ging (MRI) contrast and therapeutic efficacy using Relaxin-SPIONs in 
liver fibrosis [25]. 

In this study, we have first analysed the expression of FGFR in 
human liver cirrhosis and TGFβ-activated human HSCs (LX cells) in 
vitro. We then investigated the effects of human recombinant FGF2 
(low-molecular weight) on TGFβ-activated human HSCs (LX2 cells) in 
vitro. In order to improve the stability and systemic half-life of FGF2 
thereby therapeutic efficacy, we conjugated FGF2 to dextran- and PEG- 
coated SPIONs. Subsequently, we examined the therapeutic effects of 
FGF2-SPIONs versus free FGF2 on TGFβ-activated human HSCs in vitro 
and in an acute CCl4 induced mouse model in vivo. 

2. Materials and methods 

2.1. FGFR gene expression analysis in the liver tissues from healthy and 
cirrhosis patients 

Publicly available transcriptome datasets of liver tissues (GSE6764) 
from normal healthy individuals (n = 10) and cirrhotic patients 
(n = 12) [26] were analysed using the Gene Expression Omnibus (GEO) 
database of the National Centre for Biotechnology Information (NCBI) 
to assess FGF receptor (FGFR) gene expression i.e. FGFR1, FGFR2, 
FGFR3, FGFR4 and FGF2 in normal and cirrhotic human livers. 

2.2. Cell lines 

Human hepatic stellate cells (LX2 cells), an immortalized human 
derived cell line, was provided by Prof. Scott Friedman (Mount Sinai 
Hospital, New York, NY, USA). LX2 cells were cultured in Dulbecco's 
Modified Eagle's Medium (DMEM)-Glutamax (Invitrogen, Carlsbad, CA, 
USA) supplemented with 10% fetal bovine serum (FBS, Lonza, Verviers, 
Belgium), 50 U/mL penicillin (Sigma, St. Louis, MO, USA) and 50 μg/ 
mL streptomycin (Sigma). 

2.3. Conjugation of FGF2 to SPIONs 

Human FGF2 (Peprotech, Rocky Hill, NJ, USA) was conjugated to 
dextran-coated PEG-COOH functionalized super-paramagnetic iron- 
oxide nanoparticles, SPIONs (micromod Partikeltechnologie, GmbH, 
Rostock, Germany) using carbodiimide chemistry as described pre
viously [25,27] and depicted in Fig. 5A. Briefly, 100 μL of SPIONs 
(5 mg/mL) were activated with 35 μmol NHS (N-hydroxysuccinimide, 
Sigma) and 10 μmol EDC (1-ethyl-3-(3-dimethylaminopropyl)-carbo
diimide HCl, Sigma) prepared in 125 μL of MES ([2(-N-morpholino) 
ethanesulfonic acid, Sigma) buffer (pH 6.3). After 45 min of reaction at 
RT with gentle shaking, SPIONs were washed thrice with PBS and 
purified using 30 kDa Amicon™ Ultra Centrifugal Filters (Merck Milli
pore, Darmstadt, Germany) by centrifugation at 5000 rpm. Afterwards, 
15 μg of FGF2 (0.06 nmol in 15 μL) was added to the activated SPIONs 
and left to react for overnight at 4 °C with gentle shaking. Samples were 
then purified and unconjugated COOH groups (on SPIONs) were re
acted with 10 μg of glycine (Sigma) for 30 min at RT. Eventually, FGF2- 
coated SPIONs (FGF2-SPIONs) were purified, resuspended in 100 μL 
PBS and stored at 4 °C. 
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2.4. Characterization of FGF2-SPIONs 

2.4.1. Size and zeta potential measurements 
The size of SPIONs and FGF2-SPIONs was measured using dynamic 

light scattering (DLS) with Zetasizer Nano (Malvern Instruments, UK). 
Briefly, 5 μL of SPIONs or FGF2-SPIONs were diluted in 1 mL PBS and 
measured in 1 mL disposable polystyrene cuvettes. For zeta potential 
measurements, 5 μL of SPIONs or FGF2-SPIONs were diluted in 1 mL 
KCl (10 mM) and measured in folded capillary cells DTS1060 (Malvern 
Instruments). 

2.4.2. Dot blot analysis 
Conjugation efficiency of FGF2 on SPIONs was determined by Dot 

blot analysis as reported previously [25, 27]. Briefly, FGF2, SPIONs and 
FGF2-SPIONs were serially diluted in TBS buffer (Thermo Scientific, 
Rockford, IL, USA). 2 μL of the samples were spotted on the ni
trocellulose membrane and allowed to dry for 10 min. The membrane 
was blocked for 1 h with 5% blotting-grade blocker (BioRad, Hercules, 
CA, USA) prepared in TBS buffer Tween®-20 (TBST) (Thermo 
Scientific). Afterwards, the membrane was incubated with rabbit anti- 
FGF2 monoclonal antibody (1:1000; Cell Signaling Technology, 
Massachusetts, MA, USA) for 1 h. The membrane was washed three 
times in TBST and incubated for 1 h with secondary rabbit anti-rat HRP- 
conjugated polyclonal antibody (1:1000, Dako, Glostrup, Denmark) 
followed by tertiary goat-anti rabbit anti-rat HRP-conjugated poly
clonal antibody (1:1000, Dako). Afterwards, the blot was developed 
using Pierce™ ECL Plus Western Blotting substrate (Thermo Scientific) 
and was imaged using FluorChem Imaging System (ProteinSimple, 
Alpha Innotech, San Leandro, CA, USA). The intensity of the dots was 
quantified using NIH ImageJ software (NIH, Bethesda, MD) and the 
conjugation efficiency was calculated using the standard curves pre
pared from known concentrations of FGF2 dots. 

2.4.3. Prussian blue iron staining 
To estimate the recovery of SPIONs during the conjugation process, 

Prussian Blue staining kit (Sigma) was performed on the dot blots as per 
the manufacturer's instructions and described previously [25,27]. 
Briefly, FGF2, SPIONs and FGF2-SPIONs were serially diluted in TBS 
buffer (Thermo Scientific). 2 μL of the samples were spotted on the 
nitrocellulose membrane and allowed to dry for 10 min. Iron was de
tected using Prussian Blue staining kit (Sigma) containing potassium 
ferrocyanide and hydrochloric acid in 1:1 ratio. Images were captured 
using a normal digital camera. The intensity of the dots were quantified 
using NIH ImageJ software (NIH, Bethesda, MD) and the amount of iron 
staining (representative of SPIONs) was calculated using the standard 
curves prepared from known amounts of SPIONs dots. 

2.5. Cell binding and uptake experiments 

Cell binding and uptake studies were performed as per the stan
dardized protocols reported previously [25]. Briefly, LX2 cells were 
seeded at 1 × 104 cells/well and cultured overnight. Cells were then 
serum-starved for overnight and then incubated with 5 ng/mL TGFβ1 
(Roche, Mannheim, Germany) for 24 h. TGFβ-activated LX2 cells were 
then incubated with SPIONs or FGF2-SPIONs at RT for 2 h (binding 
study) or at 37 °C for 4 h (uptake study) in serum-free medium sup
plemented with 0.5% BSA (bovine serum albumin). After incubation, 
cells were washed thrice with Dulbecco's phosphate buffer saline 
(DPBS, Lonza) and were fixed with 4% formalin and stained using 
Prussian Blue iron staining as per manufacturer's instructions. Images 
were captured using Nikon E400 microscope (Nikon, Tokyo, Japan), 
cellular uptake was assessed by counting iron-positive cells/per field 
and has been depicted as % uptake. 

2.6. Immunofluorescent staining 

Cells were seeded in 24-well plates (3 × 104 cells/well) and cul
tured overnight. Cells were then serum-starved for overnight and in
cubated with either starvation medium alone, different concentrations 
of FGF2 (50 ng/mL, 100 ng/mL or 250 ng/mL) or 250 ng/mL FGF2, 
SPIONs, or FGF2-SPIONs, and 5 ng/mL TGFβ1 for 24 h. Afterwards the 
cells were washed with 1 x PBS, fixed with ice-cold acetone and me
thanol (1: 1 ratio) for 30 min at −20 °C followed by drying for 30 min 
at RT and rehydration with 1× PBS. The staining was performed using 
rabbit anti-FGFR1 (1:100) or goat anti-collagen I (1:100). Briefly, cells 
were incubated with the respective primary antibodies (refer to Table 
S1) followed by incubation with Alexa 488-conjugated secondary an
tibodies (Life Technologies, Gaithersburg, MD, USA). Cells were then 
mounted with DAPI-containing mounting medium (Sigma). The 
staining was visualized, the images were captured using fluorescent 
microscopy (Evos microscope, Tokyo, Japan), analysed using NIH 
ImageJ software and presented as relative expression versus TGFβ- 
treated LX2 cells. 

2.7. Cell viability studies 

Cells were seeded in 96-well plates (5000 cells/well) and cultured 
overnight. Cells were serum-starved for overnight and incubated with 
starvation medium alone, different concentrations of FGF2 (50 ng/mL, 
100 ng/mL or 250 ng/mL) or 250 ng/mL FGF2, SPIONs, or FGF2- 
SPIONs, and 5 ng/mL TGFβ1 for 24 h. Cells were then incubated with 
Alamar blue reagent (Invitrogen), incubated for 4 h and fluorescent 
signal was measured using a VIKTOR™ plate reader (Perkin Elmer, 
Waltham, MA). 

2.8. Western blot analysis 

Cells were seeded in 12-well plates (8 × 104 cells/well) and cul
tured overnight. Cells were serum-starved for overnight and incubated 
with starvation medium alone, different concentrations of FGF2 (50 ng/ 
mL, 100 ng/mL or 250 ng/mL) or 250 ng/mL FGF2, SPIONs, or FGF2- 
SPIONs, and 5 ng/mL TGFβ1 for 24 h. Cells were lysed using 1× lysis 
buffer prepared from 3× blue loading buffer and 30× reducing agent 
(1.25 M dithiothreitol, DTT) (Cell Signaling Technology, Massachusetts, 
MA, USA) as per manufacturer's instructions. The prepared samples 
were loaded on 10% Tris-glycine gels (Life Technologies) followed by 
transfer to the PVDF membrane (Roche). The membranes were devel
oped according to the standard protocols using primary and secondary 
antibodies (refer to Table S1). The bands were visualized using Pierce™ 
ECL Plus Western Blotting substrate (Thermo Scientific) and photo
graphed using FluorChem Imaging System. Intensity of individual 
bands was quantified using NIH ImageJ software, normalized with re
spective β-actin bands and presented as relative expression versus 
TGFβ-treated LX2 cells. 

2.9. Quantitative real time PCR 

Cells were seeded in 12-well plates (8 × 104 cells/well) and cul
tured overnight. Cells were then serum-starved for overnight and in
cubated with starvation medium alone, different concentrations of 
FGF2 (50 ng/mL, 100 ng/mL or 250 ng/mL) or 250 ng/mL FGF2, 
SPIONs, or FGF2-SPIONs, and 5 ng/mL TGFβ1 for 24 h. Cells were then 
lysed using RNA lysis buffer. Total RNA from cells was isolated using 
the GenElute Total RNA Miniprep Kit (Sigma) according to the manu
facturer's instructions. The RNA concentration was quantified using 
NanoDrop® ND-1000 Spectrophotometer (Thermo Scientific, Waltham, 
USA). Total RNA (1 μg) was reverse transcribed using the iScript cDNA 
Synthesis Kit (Bio-Rad, Hercules, CA, USA). Real-time PCR was per
formed using 20 ng of cDNA, pre-tested gene-specific primer sets (listed 
in Tables S2) and the 2× SensiMix SYBR and Fluorescein Kit (Bioline 
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GmbH, QT615-05, Luckenwalde, Germany) according to the manufac
turer's instructions. Finally, cycle threshold (Ct) values were normalized 
to the reference gene 18 s rRNA, and relative expression were calcu
lated using the 2-ΔΔCt method versus TGFβ-treated LX2 cells. 

2.10. 3D collagen gel cell contraction assay 

A collagen suspension (5 mL) containing 3 mL of collagen G1 (5 mg/ 
mL, Matrix biosciences, Morlenbach, Germany), 0.5 mL of 10× M199 
medium (Sigma), 85 μL of 1 N NaOH (Sigma) and sterile water was 
mixed with 1 mL (2 × 106) of LX2 cells. The gel and cell suspension 
(0.6 mL/well) were plated in a 24-well culture plate and was allowed to 
polymerize. Polymerized gels were incubated with 1 mL of serum- 
starved medium with or without human recombinant TGFβ1 (5 ng/mL) 
together with different concentrations of FGF2 (50 ng/mL, 100 ng/mL 
or 250 ng/mL), or 250 ng/mL of FGF2, FGF2-SPIONs, and SPIONs 
(equimolar concentration), followed by detachment of the gels. Digital 
images were made after 72 h of treatment using a normal digital 
camera. The size of the gels was digitally measured using NIH ImageJ 
software, and were normalized with their respective well size (mea
sured using NIH ImageJ software) in each image and presented as re
lative gel contraction versus TGFβ-treated LX2 cells. 

2.11. Cell migration assay 

Cells were plated in 12-well culture plates (1 × 105 cells/well), 
cultured overnight and serum-starved for 24 h. A standardized scratch 
was made using a 200 μL pipette tip fixed in a custom-designed holder. 
Afterwards, cells were washed twice and incubated with starvation 
medium (control), or with 5 ng/mL TGFβ1 prepared with or without 
different concentrations of FGF2 (50 ng/mL, 100 ng/mL or 250 ng/mL), 
or 250 ng/mL FGF2, SPIONs, or FGF2-SPIONs. Microscopic images 
were taken at 0 and 24 h to measure the size of the scratch. The images 
acquired for each sample were analysed quantitatively using NIH 
ImageJ software. For each image, an area between one side of scratch 
and the other was measured at time 0 and 24 h to obtain the scratch 
closure on the basis of the areas that were measured using ImageJ 
software. Graph represents relative wound healing versus TGFβ-treated 
LX2 cells. 

2.12. CCl4-induced acute liver injury mouse model 

All the animal experiments were carried out strictly according to the 
ethical guidelines for the Care and Use of Laboratory Animals (Utrecht 
University, The Netherlands). Male Balb/c mice (8–10 weeks old) re
ceived single intraperitoneal injection of 1.0 mL/kg carbon tetra
chloride (CCl4, Sigma) at day 1. CCl4-treated mice were treated with 
two intravenous administrations of PBS (n = 5), FGF2 (250 ng/dose, 
n = 5) or FGF2-SPIONs (250 ng/dose, n = 6) at day 3 and day 5. 
Healthy controls (n = 6) received olive oil alone. All the animals were 
euthanized at day 6. Liver tissues and blood samples were retrieved for 
further analyses. All the animals were weighed before sacrificing, and 
the respective organs were weighed directly after sacrificing. Alanine 
aminotransferase (ALT) activity was determined in the plasma samples 
using a colorimetric ALT activity assay kit (Sigma MAK052) according 
to the manufacturer's instructions. 

2.13. Histological immunostainings 

Collected liver tissues were transferred to Tissue-Tek OCT embed
ding medium (Sakura Finetek, Torrance, CA, USA) and snap-frozen in 2- 
methyl butane in a dry ice. Cryosections (5 μm) were cut using a Leica 
CM 3050 cryostat (Leica Microsystems, Nussloch, Germany). The 
cryosections were air-dried and fixed with acetone for 20 min. Tissue 
sections were rehydrated with PBS and incubated with the primary 
antibody (Collagen I or F4/80) overnight at 4 °C (refer to Table S1). 

This was followed by incubation with horseradish peroxidase (HRP)- 
conjugated secondary antibody for 1 h at RT. Next, the samples were 
incubated with HRP-conjugated tertiary antibody for 1 h at RT. 
Thereafter, peroxidase activity was developed using the AEC (3-amino- 
9-ethyl carbazole) substrate kit (Life Technologies) for 20 min and 
nuclei were counterstained with hematoxylin (Fluka Chemie, Buchs, 
Switzerland). Endogenous peroxidase activity was blocked by 3% H2O2 

prepared in methanol. The sections were mounted with Aquatex 
mounting medium (Merck) and were scanned using Hamamatsu 
NanoZoomer Digital slide scanner 2.0 HT (Hamamatsu Photonics). For 
quantitation, the high resolution scans were viewed using NanoZoomer 
Digital Pathology (NDP2.0) viewer software (Hamamatsu Photonics). 
About 20 images (100×) of each stained liver tissue section (from NDP) 
were imported into ImageJ software and were analysed quantitatively 
at a fixed threshold. 

2.13.1. Prussian blue staining combined with collagen I immunostaining 
Cryosections were dried and fixed with 4% formaldehyde (Sigma) 

for 30 min. The sections were washed thrice with 1× PBS and in
cubated with primary collagen I antibody for 1 h at RT, followed by 
incubation with 0.3% hydrogen peroxide for 30 min. Next, the sections 
were incubated with horseradish peroxidase (HRP)-conjugated sec
ondary antibody for 1 h and HRP-conjugated tertiary antibody for 1 h. 
Sections were then stained with AEC for 20 min as per manufacturer's 
instructions. Thereafter, the sections were washed with Milli Q water 
and incubated with freshly prepared Prussian blue solution (Sigma). 
The sections were incubated with Prussian blue mix solution for 30 min, 
washed in deionized water followed by mounting with aquatex 
mounting medium, and imaged using NanoZoomer. 

2.14. Graphs and statistical analyses 

All graphs were made using GraphPad Prism version 8.4.1 
(GraphPad Prism, La Jolla, CA, USA). The results are expressed as the 
mean + standard error of the mean (SEM). Statistical analyses were 
performed using GraphPad Prism version 8.4.1 (GraphPad Prism, La 
Jolla, CA, USA). Multiple comparisons between different groups were 
calculated using the one-way analysis of variance (ANOVA) with the 
Bonferroni post hoc test. Statistical differences between two groups 
were calculated using a two-tailed unpaired t-test. Differences were 
considered significant when #p  <  0.05, ##p  <  0.01, ###p  <  0.001 
or *p  <  0.05, **p  <  0.01, ***p  <  0.001. 

3. Results 

3.1. Upregulation of FGF receptors (FGFRs) mRNA expression in cirrhosis 
patients 

We first examined the mRNA expression levels of fibroblast growth 
factor receptors (FGFRs) and fibroblast growth factor 2 (FGF2) in 
human cirrhotic liver tissues using the publicly available human mi
croarray datasets GSE6764 from the NCBI GEO database [26]. Patients 
were categorized into two groups: normal and cirrhosis representing 
normal and cirrhotic livers respectively. The available corresponding 
microarray datasets were analysed using an online database GEO2R. 
There are four known isoforms of FGFRs: FGFR1, FGFR2, FGFR3 and 
FGFR4, and all FGFRs are shown to be expressed in the liver [28]. 
Transcriptomic data analysis revealed a significant increase in the 
mRNA expression levels of FGFR1 (p  <  0.05), FGFR2 (p  <  0.001) and 
FGFR3 (p  <  0.05) in the cirrhotic livers compared to the normal livers 
(p  <  0.05) (Fig. 1A). However, no significant difference in FGFR4 
mRNA expression (p = 0.1037) was observed in cirrhotic versus normal 
livers. Plasma levels of basic FGF (FGF2) were found to be significantly 
elevated with the progression of liver disease (chronic hepatitis > liver 
cirrhosis > hepatocellular carcinoma (HCC) [29]. However, no sig
nificant difference in FGF2 mRNA expression, in the analysed dataset 
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GSE6764, was observed in the cirrhotic human livers as compared to 
the normal healthy livers (Fig. 1A). 

3.2. Upregulation of FGFRs expression in vitro in human HSCs (LX2 cells) 

FGFRs have shown to be expressed by hepatocytes and HSCs, and 
are involved in epithelium-mesenchymal paracrine signaling thereby 
regulating organogenesis [8]. During liver injury, different FGFs pro
duced by HSCs bind and activate the FGFRs on hepatocytes, and he
patocyte-derived FGFs bind and activate FGFRs on HSCs thereby reg
ulating hepatic fibrogenesis [9]. Here, we examined the expression 
levels of different FGF receptors and FGF2 in control and human HSCs 
activated by TGFβ since TGFβ is the major fibrogenic cytokine re
sponsible for the activation and trans-differentiation of quiescent HSCs 
in the liver. We activated LX2 cells (a human HSC cell line) with 5 ng/ 
mL of recombinant human TGFβ1 for 24 h and examined the mRNA 
expression levels of FGFRs and FGF2 in TGFβ-activated LX2 cells versus 
control LX2 cells. We observed that mRNA expression of the FGFRs 
isoforms: FGFR1c (p  <  0.05), FGFR2c (p  <  0.05), FGFR3c 
(p  <  0.05) and FGFR4 (p  <  0.05) was significantly upregulated in 
TGFβ-activated LX2 cells compared to control cells as shown in Fig. 1B. 

No significant differences in the mRNA expression for FGFR1b, 
FGFR2b, FGFR3b were observed in activated human HSCs [30]. 
Moreover, we found a significant increase in FGF2 mRNA levels 
(Fig. 1B), which is in accord with the recent study whereby induced 
FGF2 mRNA was observed in activated human HSCs [30]. Since FGF2 
primarily interacts with FGFR1, overexpressed by human myofibro
blasts [21], we assessed the protein expression of FGFR1 using western 
blot analysis and immunofluorescent staining in TGFβ-activated HSCs 
versus control cells. We found that FGFR1 was highly upregulated in 
the TGFβ-induced LX2 cells compared to control cells (Fig. 1C, D). 

3.3. FGF2 inhibited collagen and α-SMA expression in TGFβ-activated 
human HSCs (LX2 cells) via pAKT signaling pathway 

FGFs are categorized into seven subfamilies: FGF1, 4, 8, 9, 10, 11 
and 19 as mentioned before [8,9]. Among other subfamilies, FGF1 
subfamily, FGF1 and FGF2 have been investigated for their effects on 
HSCs and liver fibrogenesis [9]. In particular, FGF2 has been shown to 
regulate HSCs activation [9]. In this study, we investigated the effects of 
FGF2 on TGFβ-activated HSCs. Upon incubation with TGFβ, we ob
served a significant upregulation of major extracellular matrix (ECM) 

Fig. 1. Expression of fibroblast growth factor receptors (FGFR) and FGF2 in human cirrhotic livers and TGFβ-activated human hepatic stellate cells (HSCs, LX2 cells). 
(A) Normalized FGFR1, FGFR2, FGFR3, FGFR4 and FGF2 mRNA expression levels from publicly available human microarray datasets (GSE6764). Normal livers 
(n = 10) and cirrhosis livers (n = 12). (B) Relative mRNA expression (normalized with 18 s rRNA) of FGFR1c, FGFR2c, FGFR3c, FGFR4 and FGF2 in control and 
TGFβ-activated LX2 cells, n = 6. (C) Representative image and quantitative analysis of western blot showing expression of FGFR1 and β-actin, performed on control 
and TGFβ-activated LX2 cells, n = 6. (D) Representative immunofluorescent images showing expression of FGFR1 (green) in control and TGFβ-activated HSCs (LX2 
cells). Blue staining represents DAPI-nuclear staining, n = 3. Graphs represent mean + SEM; statistical differences were calculated using two-tailed unpaired t-test, 
*P  <  0.05, ***P  <  0.001. (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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protein, collagen I and mRNA expression of major HSCs activation 
markers, alpha-smooth muscle actin (α-SMA), collagen I and TGFβ1, in 
TGFβ-activated LX2 compared to control LX2 cells. After treatment 
with increasing concentrations of FGF2, dose-dependent inhibition in 
collagen I protein expression and mRNA expression of α-SMA, collagen 
I and TGFβ1 was found (Fig. 2A-C and Fig. S1). 

Moreover, FGF2-mediated dose-dependent inhibition of TGFβ-in
duced collagen I and α-SMA protein expression which was confirmed 
by western blot analysis (Fig. 3). We also investigated the possible 
mechanism of action underlying FGF2-mediated inhibitory effects on 
TGFβ-activated HSCs. Previously, it has been shown that FGF2 reg
ulates proliferation, migration, and invasion of cancer cells through the 
phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathway [31]. In 
an ischemia-reperfusion induced renal injury model, it has been de
monstrated that selective inhibition of phosphatidylinositol 3-kinase 
(PI3K) [and mitogen-activated protein kinase kinase (MAPKK or MEK)] 
abolished the protective effects of FGF2 confirming an involvement of 
the PI3K/AKT (and MEK/ERK signaling pathways) in FGF2-mediated 
effects [17]. Moreover, activation of the PI3K/AKT signaling pathway, 

regulated by TGFβ, has been shown to stimulate collagen synthesis by 
fibroblasts in different fibrotic diseases e.g. by HSCs in hepatic fi
brogenesis [32]. In this study, we examined the expression of p-AKT in 
control LX2 cells and TGFβ-activated LX2 cells treated without and with 
increasing concentrations of FGF2. We observed that TGFβ led to an 
increased expression of pAKT in LX2 cells which was dose-dependently 
inhibited with increasing concentrations of FGF2 (Fig. 3). 

3.4. FGF2 inhibited TGFβ-induced migration and collagen gel contractility 
of human HSCs (LX2 cells) 

Upon TGFβ activation, HSCs become highly migratory and con
tractile cells that drives the fibrotic alterations associated with chronic 
liver disease [3,6]. Therefore, we also assessed the effects of FGF2 on 
TGFβ-induced HSCs migration and contraction. We performed a scratch 
assay to assess HSCs migration and observed that TGFβ potentiated 
migration of HSCs which was significantly and dose-dependently in
hibited by an increasing concentrations of FGF2 (Fig. 4A, C). We also 
examined the HSCs contraction using a 3D collagen gel contraction 

Fig. 2. Effects of FGF2 on collagen I and α-SMA 
expression on TGFβ-activated LX2 cells. (A) 
Representative immunofluorescent images and (B) 
quantitative analysis of collagen I (green colour) 
stained control and TGFβ-activated LX2 cells treated 
with medium alone or FGF2 (50, 100 and 250 ng/ 
mL), n = 7. Blue staining represents DAPI-nuclear 
staining. (B) Relative gene expression analysis (nor
malized with 18 s rRNA) for α-SMA and collagen I as 
examined in control and TGFβ-activated LX2 cells 
treated with medium alone or FGF2 in different 
concentration (50, 100 and 250 ng/mL), n = 4. 
Graphs represent mean + SEM, statistical differ
ences were calculated using one-way ANOVA with 
the Bonferroni post hoc test, ##P  <  0.01,  
###P  <  0.001 represent significance versus control 
cells; *P  <  0.05, **P  <  0.01, ***P  <  0.001 re
present significance versus TGFβ-treated cells. (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the web ver
sion of this article.) 
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assay and found that FGF2 dose-dependently decreased TGFβ-induced 
HSCs contraction (Fig. 4B, D). Finally, we analysed the effect of FGF2 
on cell viability and observed no significant differences on cell viability 
with tested FGF2 concentrations (Fig. 4E). 

3.5. Characterization of FGF2-SPIONs 

After confirming the pharmacological effects of FGF2 in vitro on 
TGFβ-activated HSCs, we conjugated FGF2 protein to SPIONs. Biologics 
such as peptides and proteins have very short half-life and are highly 
prone to enzymatic degradation and therefore are rapidly eliminated 
from the body or degraded reducing their therapeutic efficacy [33]. 
Several strategies including nanocarriers-mediated peptide/protein 
drugs delivery have been evolved over years to protect them from de
gradation and to prolong their systemic half-life [34]. In this study, we 
used SPIONs to improve the half-life of FGF2 and target FGF2 to the 
livers. We conjugated FGF2 to dextran-coated PEG-COOH functiona
lized SPIONs using carbodiimide reaction chemistry as illustrated in a 
schematic picture in Fig. 5A. 

We conjugated the cysteine part of the FGF2 to the functionalized 
SPIONs and left the FGF2 receptor-binding domain abide to interact 
with FGFR1 on the HSCs surface. The conjugation of FGF2 to SPIONs 
was confirmed by changes in size and zeta potential, and by dot-blot 
analysis. DLS measurements showed a slight increase in the mean hy
drodynamic size of SPIONs after conjugation with FGF2 (9̴5 nm FGF2- 
SPIONs versus 8̴0 nm SPIONs) (Fig. 5B). We also observed an increase 

in the negative zeta potential) of the nanoparticles after FGF2 con
jugation (mean value of about −10 mV for FGF2-SPIONs versus about 
−4 mV for SPIONs) (Fig. 5B). The successful conjugation of FGF2 to 
SPIONs was confirmed by a dot blot analysis using anti-FGF2 antibody 
(Fig. 5C). Based on the quantitative analysis of FGF2 and FGF2-SPIONs, 
about 82% of FGF2 was estimated to be conjugated to the SPIONs as 
derived from FGF2 standard curves presented in Fig. S2. Prussian Blue 
iron-staining and the respective quantitative analysis confirmed that 
about 88% SPIONs were recovered after conjugation due to the nano
particle loss during the purification steps as determined by SPIONs 
standard curves presented in Fig. S2. 

Quantitative analysis of dot blot FGF2 staining and iron staining 
(Fig. S2) suggested 93% conjugation of FGF2 to SPIONs indicating 4–5 
FGF2 molecules per SPION. Finally, we characterized the binding and 
uptake of FGF2-SPIONs in TGFβ-activated LX2 cells. The result de
monstrated an increase in binding and uptake of FGF2-SPIONs as 
compared to the unconjugated SPIONs (Fig. 5D). 

Subsequently, we analysed the effect of FGF2-SPIONs and SPIONs 
on cell viability and observed no significant effects on cell viability with 
tested concentrations (up to 250 ng/mL) (Fig. 5E). FGF2-SPIONs were 
examined for long-term stability at 4 °C using DLS measurements (size) 
and dot blot (FGF2 conjugation/release) analysis. The results showed 
that FGF2-SPIONs retained their size and FGF2 conjugation after 
4 weeks of storage at 4 °C. 

Fig. 3. FGF2 mediates the effects on TGFβ-activated LX2 cells via pAKT signaling pathway. Representative images and quantitative analysis of western blot depicting 
bands for collagen I, pAkt, Akt, α-SMA and β-actin, examined in control and TGFβ-activated LX2 cells treated with medium alone or increasing concentrations of 
FGF2 (50, 100 and 250 ng/mL), n = 3. Graphs represent mean + SEM, statistical differences were calculated using one-way ANOVA with the Bonferroni post hoc 
test, ##P  <  0.01, ###P  <  0.001 represent significance versus control cells; *P  <  0.05, **P  <  0.01, ***P  <  0.001 represent significance versus TGFβ-treated 
cells. 
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3.6. FGF2-SPIONs inhibited expression of fibrosis markers, migration, and 
contractility of human HSCs (LX2) in vitro 

Following FGF2 conjugation to SPIONs, we examined whether FGF2 
retains its pharmacological activity after chemical conjugation. To as
sess the effects of FGF2-SPIONs, we used 250 ng/mL FGF2 based on our 
previous dose-dependent studies (Figs. 2, 3, 4). We investigated the 
effects of FGF2-SPIONs on collagen I and α-SMA protein expression, 
and collagen I, α-SMA and TGFβ1 mRNA expression on TGFβ- activated 
LX2 cells and found that FGF2-SPIONs reduced both TGFβ-induced α- 
SMA and collagen I expression, and TGFβ1 mRNA expression (Fig. 6 
and Fig. S3). 

Collaborating with our previous results, FGF2-SPIONs also inhibited 
the protein expression of pAkt in TGFβ-activated LX2 cells (Fig. 6C, D). 
We further examined the effect of FGF2-SPIONs on TGFβ-induced HSCs 
migration and contraction and observed that FGF2-SPIONs attenuated 

TGFβ-induced HSCs migration (Fig. 7A) and contraction (Fig. 7B). The 
results clearly demonstrated that conjugation of FGF2 to SPIONs re
tained the pharmacological effects of FGF2 and showed similar or 
slightly improved HSCs inhibitory effects as compared to free un
conjugated FGF2. Of note, SPIONs alone did not show significant in
hibition of HSCs as also reported previously [25]. 

3.7. FGF2-SPIONs ameliorated fibrosis and inflammation in the CCl4- 
induced acute liver injury mouse model 

FGF2-SPIONs were subsequently evaluated for their therapeutic 
effects in the acute CCl4-induced liver injury mouse model. Single CCl4 

administration resulted in an increased expression of intra-hepatic 
collagen I (major ECM marker indicative of HSCs activation and ECM 
production, and fibrogenesis) and increased F4/80 (macrophage 
marker indicative of macrophage-driven liver inflammation) expression 

Fig. 4. Efficacy of FGF2 on TGFβ-induced migration and contractility of TGFβ-activated LX2 cells. (A) Representative images (at 0 and 24 h) and (C) quantitative 
analysis (after 24 h) of migration by control and TGFβ-induced LX2 cells treated with medium alone or FGF2 (50, 100 and 250 ng/mL). (B) Representative images 
(after 72 h) and (D) quantitative analysis of 3D collagen gel contraction by control and TGFβ-activated LX2 cells treated with medium alone or FGF2 (50, 100 and 
250 ng/mL). (E) % cell viability of control cells and TGFβ-activated LX2 cells treated with medium alone or FGF2 (50, 100 and 250 ng/mL). Graphs represent 
mean + SEM, statistical differences were calculated using one-way ANOVA with the Bonferroni post hoc test, ##P  <  0.01, ###P  <  0.001 represent significance 
versus control cells; **P  <  0.01, ***P  <  0.001 represent significance versus TGFβ-treated cells. 
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in CCl4-treated mice when compared with olive oil treated control mice. 
FGF2-SPIONs (and not free FGF2) significantly attenuated collagen I 
and F4/80 protein expression when compared with CCl4 mice or CCl4 

mice treated with free FGF2 (P  <  0.05) as shown in Fig. 8A, B. Fur
thermore, % liver weight (normalized with respective body weight) was 
found to be increased in CCl4 mice and CCl4 mice treated with free 
FGF2. Notably CCl4 mice treated with FGF2-SPIONs showed sig
nificantly lowered % liver weights when compared with CCl4 mice 
(P  <  0.001), or CCl4 mice treated with free FGF2 (P  <  0.01) 

(Fig. 8C). We further examined the localization of FGF2-SPIONs in the 
fibrotic livers. Following Prussian blue iron staining of collagen-I 
stained liver sections, we observed localization of FGF2-SPIONs 
(stained with Prussian blue) in the fibrotic regions stained with col
lagen-I secreted by activated HSCs confirming HSCs-specific localiza
tion of FGF2-SPIONs in the fibrotic livers (Fig. S4). This observation 
aligns and supports our previous findings where we have shown an 
increased, possibly HSCs-specific, uptake of RLX-SPIONs (relaxin-con
jugated SPIONs) in the fibrotic livers when compared to unconjugated 

Fig. 5. Characterization and HSCs-specific binding/uptake of FGF2-SPIONs. (A) Schematic representation of FGF2 conjugation to SPION using carbodiimide 
chemistry. (B) Schematic of FGF2-SPIONs and table showing the hydrodynamic size, polydispersity index (PDI) and zeta potential of SPIONs and FGF2-SPIONs from 
n = 3 independent conjugations. (C) Dot blot image displaying FGF2 conjugation on SPIONs performed by FGF2 staining and SPIONs detection by Prussian Blue iron 
staining. FGF2-SPIONs, FGF2 and SPIONs were serially diluted and spotted on the membrane, thus the different dots in the figure represents the serial dilution of the 
respective samples. (D) Representative microscopic images and quantitative image analysis showing binding and uptake of FGF2-SPIONs versus SPIONs in TGFβ- 
activated LX2 cells, n = 8. (E) % cell viability of control LX2 cells and TGFβ-activated LX2 cells with and without SPIONs, FGF2, FGF2-SPIONs treatment, n = 8. 
Graphs represent mean + SEM; statistical differences were calculated using two-tailed unpaired t-test, ***P  <  0.001. (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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SPIONs using MRI [25]. 
Finally, we examined plasma ALT levels and observed highly sig

nificant downregulation in ALT levels following treatment with FGF2- 
SPIONs when compared with CCl4 mice (P  <  0.001) or CCl4 mice 
treated with free FGF2 (P  <  0.05) (Fig. 8D). Based on the previous in 
vitro results and our previous studies [25,27,35] demonstrating that 
multiple administrations of SPIONs didn't show any beneficial ther
apeutic effects, SPIONs were not tested in vivo in the acute CCl4-in
duced liver injury mouse model. 

4. Discussion 

In this study, we demonstrated an improved therapeutic efficacy of 
FGF2 after conjugation to SPIONs, as a promising approach for the 
treatment of liver fibrosis. We confirmed an upregulation of in
trahepatic mRNA expression of FGFRs in cirrhotic patients and TGFβ- 

activated HSCs. We further observed an increased protein expression of 
FGFR1, a major FGF2-binding receptor in TGFβ-activated HSCs. Human 
recombinant FGF2 attenuated TGFβ-induced HSCs activation, collagen 
I production, migration and contraction mediated via the pAKT 
pathway. FGF2-conjugated SPIONs showed improved inhibition of 
TGFβ-activated HSCs in vitro, and ameliorated inflammation and col
lagen I production in vivo in the acute CCl4-induced liver injury mouse 
model. 

Acute liver injury is a transient wound healing response character
ized by liver inflammation (increased infiltration and activation of 
macrophages) and fibrogenesis (enhanced activation of quiescent 
HSCs). When the injury persists, liver undergoes progressive scarring 
and degeneration in a process known as fibrosis. HSCs are the main 
pathogenic cells responsible for the production of abnormal fibrillar 
collagens in liver fibrosis. Therefore, substantial efforts have been made 
to target HSCs for the treatment of liver fibrosis which showed 

Fig. 6. Effects of FGF2-SPIONs on TGFβ-activated LX2 cells. (A) Representative immunofluorescent images (n = 4) and quantitative analysis of collagen I stained 
control and TGFβ-activated LX2 cells treated with medium alone, FGF2, FGF2-SPIONs or SPIONs. (B) Gene expression analysis for α-SMA and collagen I (normalized 
with 18 s rRNA) in control and TGFβ-activated LX2 cells treated with medium alone, FGF2, FGF2-SPIONs or SPIONs, n = 6. (C) Representative images and (D) 
quantitative analysis of western blot depicting bands for collagen I, pAkt, Akt, α-SMA and β-actin, examined in control and TGFβ-activated LX2 cells treated with 
medium alone, FGF2, FGF2-SPIONs or SPIONs, n = 3. Graphs represent mean + SEM, statistical differences were calculated using one-way ANOVA with the 
Bonferroni post hoc test, #p  <  0.05, ##P  <  0.01, ###P  <  0.001 represent significance versus control cells; *P  <  0.05, **P  <  0.01, ***P  <  0.001 represent 
significance versus TGFβ-treated cells. 
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promising results [3–5,7]. Upon hepatocellular injury, HSCs are acti
vated in the presence of growth factors, particularly TGFβ, that results 
in activation, proliferation, migration, contraction and collagen pro
duction by HSCs. Activation of HSCs is regulated by several growth 
factors and signaling pathways [3,4,6]. Among others, FGFs have also 
been shown to regulate HSCs [13], in particular FGF2 that has been 
shown to possess both pro- and anti-fibrotic effects [9,13]. In the pre
sent study, we found that exogenous low-molecular weight FGF2 atte
nuated HSCs activation, migration, contraction and collagen expres
sion. Our results are in complete agreement with a study where high- 
and low-molecular weight FGF2 isoforms were compared and demon
strated that low-molecular weight FGF2, as also used in this study, 
potently ameliorated HSCs activation [15]. 

FGF2 can bind to different FGFR receptors with varying affinity. 
However, it mainly interacts with FGFR1 that has shown to be over
expressed on HSCs [21]. In this study, we also assessed the expression 
levels of different types of FGFRs in human cirrhosis and in TGFβ-ac
tivated human HSCs. Interestingly we found that almost all of the dif
ferent FGFRs (except FGFR4) were upregulated in human cirrhotic li
vers. FGFR1c, FGFR2c, FGFR3c and FGFR4 mRNA levels were 
upregulated in TGFβ-activated human HSCs, and FGFR1 protein was 
highly expressed on TGFβ-activated human HSCs. Although several 
mechanisms have been proposed with regard to FGF2-FGFR1 
[13,15,36], in this study we found an involvement of the PI3K/AKT 
signaling pathway since pAKT expression was significantly dose-de
pendently inhibited by an increasing concentrations of FGF2. These 
results corroborate with previous reports where selective inhibition of 
the PI3K/AKT signaling pathway was shown to abrogate the protective 
functions of FGF2 [13,17,31,32]. 

Our results confirmed the anti-fibrotic effects of FGF2. However 
FGF2, like other biologics, has several limitations such as short systemic 
half-life and susceptibility to enzymatic degradation thereby reduced 
stability [22]. rFGF2, when administered together with heparin, 
showed improved systemic circulation of FGF2 with slower clearance of 
heparin/rFGF-2 complexes [22]. Nanotechnological advancements in 
the last decades have improved the pharmacokinetics and targeted 
delivery of biologics e.g. using nanocarriers [33,37]. SPIONs provide 
several other advantages such as a small size and dextran-PEG surface 
coating for evading the mononuclear phagocytic system (MPS), and a 
large surface area allowing surface conjugation of biologics and de
tection using MRI [23,37,38]. 

FGF2 has been shown to possess anti-fibrotic effects as also reported 
by others [13,14,15,21,36]. In this study, by coupling FGF2 to the 
SPIONs, we aimed to enhance the systemic half-life and stability, and 
improve the targeting of FGF2 to the liver. Following successful 
synthesis of FGF2-SPIONs, we confirmed the biological activity of 
FGF2, and found that FGF2-SPIONs showed enhanced inhibition of 
HSCs activation, migration, contraction and collagen production, most 
likely, due to the increased FGF2 stability. Subsequently, we in
vestigated the effects of FGF2 and FGF2-SPIONs in the acute CCl4-in
duced liver injury mouse model. We found that two doses of 250 ng/ 
dose/mouse FGF2-SPIONs attenuated fibrosis and inflammation in the 
early liver fibrogenesis model as confirmed by reduced collagen I (ECM) 
expression and F4/80 (macrophage) expression respectively. FGF2, in 
unconjugated free didn't show the significant inhibition in fibrogenesis 
in vivo at the tested doses. These results suggests that SPIONs improved 
the half-life and possibly liver accumulation and HSCs-specific tar
geting, and stability of FGF2 resulting in improved biological activity of 

Fig. 7. Effects of FGF2-SPIONs on TGFβ-induced migration and contractility of human HSCs (LX2). (A) Representative images (at 0 and 24 h) and quantitative 
analysis (after 24 h) of migration by control and TGFβ-induced LX2 cells treated with medium alone, FGF2, FGF2-SPIONs or SPIONs. (B) Representative images (after 
72 h) and quantitative analysis of 3D collagen gel contraction containing control and TGFβ-activated LX2 cells treated with medium alone, FGF2, FGF2-SPIONs or 
SPIONs, n = 6. Graphs represent mean + SEM, statistical differences were calculated using one-way ANOVA with the Bonferroni post hoc test. #P  <  0.05, 
##P  <  0.05 versus control LX2 cells; *P  <  0.05, **P  <  0.01, ***P  <  0.001 versus TGFβ-treated LX2 cells. 
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FGF2 in vivo. Since FGF2 is also known to be involved in liver home
ostasis, tissue repair and regeneration [11,40,41], it is also possible that 
FGF2-SPIONs positively improve hepatocyte proliferation and hence 
promote liver regeneration. To our best knowledge, this is the first 
study that explore the delivery of FGF2 to the diseased liver. However, 
this study has been performed in acute liver injury (early liver fibrosis) 
model that does not correspond to the clinical situation. Patients nor
mally presents to the clinic when liver damage progresses to cirrhosis 
associated with liver dysfunction. Nevertheless, this study provides the 
first proof-of-concept results highlighting that FGF2-SPIONs can be a 
promising therapeutic approach, and therefore should to be further 
explored in an advanced models of liver cirrhosis. 

In conclusion, this study demonstrates that SPIONs-mediated de
livery of FGF2 potentiates the therapeutic efficacy of FGF2 in vitro and 
in vivo thereby suggesting FGF2-SPIONs as a potential therapeutic 
approach for the treatment of liver fibrosis. Moreover, SPIONs also 
provides a possibility for MRI-based diagnosis therefore may also pro
vide a personalized theranostic approach with combined therapy and 
diagnosis for personalized disease management. Altogether, this study 
presents a novel approach for the delivery of FGF2 as an effective 
treatment of liver fibrosis. 
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