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ABSTRACT

Purpose Hedgehog (Hh) and peroxisome proliferator-activated
receptor gamma (PPAR-y) are major signaling pathways involved in
the pathogenesis of liver fibrosis. Since Hh inhibitor, vismodegib
(GDC) and PPAR-y agonist, rosiglitazone (RSG) have poor water
solubility, our objective was to formulate biodegradable polymeric
nanoparticles encapsulating GDC and RSG for treating liver fibrosis.
Methods Methoxy-polyethylene-glycol-b-poly(carbonate-co-
lactide) [MPEG-b-p(CB-co-LA)] was synthesized and character-
ized using 'H NMR. Nanoparticles were prepared using this
polymer by emulsification/solvent evaporation method to encap-
sulate GDC and RSG either alone or in combination. Nanopar-
ticles were characterized for particle size, drug loading, drug
release, and anti-fibrotic efficacy after tail vein injection into com-
mon bile duct ligated (CBDL) fibrotic rats.

Results mPEG-b-p(CB-co-LA) copolymer has molecular weight
of 30,000 Da as determined by 'H NMR. Nanoparticles were
monodisperse with a mean particle size of 120—130 nm. Drug
loading was 5% and 2% w/w for GDC and RSG, respectively.
Nanoparticles carrying both GDC and RSG were formulated at
half of their individual drug loading. Systemic administration of
drug loaded nanoparticles protected liver injury in CBDL rats by
suppressing the activation of hepatic stellate cells, and decreasing
inflammatory cytokines.

Conclusion Polymeric nanoparticles for co-delivery of Hh inhib-
itor and PPAR-y agonist have the potential to treat liver fibrosis by
intervening complex fibrotic cascade.
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ABBREVIATIONS

ALT serum alanine transaminase

AST serum aspartate transaminase
CBDL common bile duct ligation

EMT epithelial to mesenchymal transition
GDC vismodegib

Hh Hedgehog

HSCs hepatic stellate cells

IL-6 interleukin-6

MPEG-b-p(CB-co-LA)

Methoxy-polyethylene-glycol-b-poly
(carbonate-co-lactide)

NFkB nuclear factor KB

PPAR-y peroxisome proliferator-activated
receptor gamma

Ptch-| Patched- |

ROS reactive oxygen species

RSG rosiglitazone

Shh Sonic hedgehog

TGF-BI transforming growth factor beta |

TNF-a tumor necrosis factor a

INTRODUCTION

Liver fibrosis is a pathological condition characterized by liver
inflammation, which activate hepatic stellate cells (HSCs) and
overproduce extra cellular matrix (ECM). Progression of liver
fibrosis may results in cirrhosis which is associated with signif-
icant morbidity and mortality worldwide. Upon liver injury,
damaged hepatocytes and other surrounding cells in the liver
secrete multiple signaling molecules and inflammatory cyto-
kines including hedgehog (Hh) ligand, transforming growth
factor beta 1 (TGF-B1), platelet derived growth factor beta
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(PDGF-f), interleukin 6 (IL-6) and tumor necrosis factor alpha
(TNF-a) (1). Hh pathway plays an important role in the con-
struction and remodeling of injured tissues (2). Hh ligand initiates
smoothened (SMO) mediated signaling to activate Gli family
transcription factors. Activation of Gli results in induction of
epithelial to mesenchymal transition (EMT) which is a key event
in the initiation and progression of fibrosis (3). Upon activation,
HSCs lose PPAR-y, a nuclear family receptors, which maintain
the quiescent state of HSCs through dimerization with liver X
receptor-a and alters the transcription of numerous genes includ-
ing PDGF-B, TNF-o and TGF-B1 (4,5).

Although much is known about the molecular basis and
pathophysiology of liver fibrosis, successful application of new
therapeutic approaches is limited. Thus, there is an urgent
need to develop alternative and effective treatment for liver
fibrosis. Common bile duct ligation (CBDL) activates HSCs
and increases the expression of patched homologue 1 (Ptch-1),
sonic hedgehog (Shh) and Gli-1, but down regulates PPAR-y
expression (6,7). We have recently shown that Hh inhibitors
such as cyclopamine and vismodegib (GDC) can significantly
reduce the progression of liver fibrosis induced by CBDL in
rats (8,9). Treatment with PPAR-y agonist rosiglitazone
(RSG) inhibits HSC activation and inflammatory pathways
such as nuclear factor kB (NFkB), IL-6, and TNF-a (10).

Since GDC has anticancer activity and RSG causes cardiac
complications, the purpose of this study was to determine
whether we can treat liver fibrosis by co-delivery of these
two drugs at the half of their individual doses (11,12). Since
these two drugs are poorly soluble in water and RSG has short
half-life, we decided to encapsulate them into biodegradable
nanoparticles. Since nanoparticles can improve their pharma-
cokinetic profiles and reduce their side effects, we first synthe-
sized methoxy-polyethylene-glycol-b-poly(carbonate-co-
lactide)[mPEG-b-P(CB-co-LA)] copolymer and characterized
it by "H NMR. Nanoparticles were characterized for particle
size distribution, drug loading, and drug release. Anti-fibrotic
properties of the formulations were determined by measuring
the levels of Hh ligands, PPAR-y and other fibrosis related
markers in normal and CBDL rats after systemic administra-
tion of nanoparticles loaded with GDC and RSG as a single
drug or both at half of their individual doses. Our main
objective was to determine whether the combination treat-
ment even at half dose can provide hepatoprotection and treat
liver fibrosis.

MATERIALS AND METHODS
Materials
2, 2-Bis (hydroxymethyl) propionic acid, methoxy poly (ethyl-

ene glycol) (mPEG, Mn=5,000, PDI=1.03), stannous 2-
ethylhexanoate (Sn(Oct)y), and benzyl bromide were

purchased from Sigma Aldrich (St. Louis, MO). Enzyme color
endpoint assay kit for alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) were purchased from ID
Labs™ Inc. (London, ON, Canada), and rat TNF-a ELISA,
total bilirubin (BIL) detection kit from Bio scientific (Austin,
TX). Radioimmunoprecipitation assay (RIPA) buffer was
purchased from (Roche, Indianapolis, IN). L-lactide (LA)
was purchased from PURAC Biochem BV (Gorinchem,
Netherlands) and recrystallized from ethyl acetate. All other
reagents were obtained from Sigma Aldrich and used without
further purification.

Synthesis and Characterization
of mPEG-b-P(CB-co-LA)

mPEG-b-p(CB-co-LA) copolymer was synthesized by ring
opening polymerization (ROP) as described previously (13).
Briefly, mPEG, 5-methyl-5-benzyloxycarbonyl-1,3-dioxane-
2-one (MBC) and L-lactide were taken at a ratio of
1:2.5:2.5, respectively to synthesize a copolymer of targeted
average molecular weight of 30 kDa. Sn(Oct), (10 mol%
relative to mPEG) was used as a catalyst for the reaction.
The mixture was stirred for 24 h at 130°C under vacuum.
After cooling, the product was dissolved in chloroform and
purified by precipitation in excess of diethyl ether and hexane
(1:2). The copolymer was characterized by '"H NMR and
spectra were recorded with a Varian (500 MHz, T'=25) using
deuterated dimethyl sulfoxide (DMSO-d6) as solvent. Chem-
ical shifts were calibrated using tetramethylsilane as an inter-
nal reference and given in parts per million.

Preparation of Nanoparticles

Nanoparticles were prepared using mPEG-b-p(CB-co-LA)
copolymer by the emulsion/solvent evaporation technique
(14). Briefly, 30 mg copolymer was dissolved in dichlorometh-
anc and acetone mixture (50:50) containing 1.5 mg GDC or
0.6 mg RSG. For combination therapy, nanoparticles carry-
ing both GDC and RSG were prepared by dissolving both
these two drugs with copolymer in dichloromethane and
acetone mixture. The solution was then added to a vial
containing 5 ml of 1% aqueous poly (vinyl alcohol) solution
and emulsified by a probe sonicator (50 W, 2 min) on ice bath.
Organic solvents were evaporated under vacuum. Nanopar-
ticles were collected by ultracentrifugation at 25,000 rpm for
35 min, (Du point, Sorvall Inc.), washed three times with
distillated water and lyophilized.

Characterization of Nanoparticles
Mean particle size and size distribution of the nanoparticles

were determined by dynamic light scattering using a Zeta
Sizer'™ (Malvern 3800-ZLS, Boston, MA). Drug loading
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and encapsulation efficiency was determined using HPLC
analysis. Briefly, GDC and RSG loaded nanoparticles with
0.5 mg theoretical drug loading were dissolved in DCM for
drug extraction using a bath sonicator for 30 min at 37°C.
DCM was evaporated and acetonitrile was added to dissolve
residues. Drug content was determined by HPLC (Waters,
MA) by using a reverse phase C-18 Inertsil ODS column
(150 mm>4.6 mm, 5 pm) (GL Sciences Inc.). Mobile phase
composition was acetonitrile and 10 mM acetate buffer
(pH 4.5) (60/40, v/v) at a flow rate of 1.0 ml/min. Detection
wavelength of 330 nm and 254 nm were used for GDC and
RSG, respectively. Drug loading and encapsulation efficiency
were calculated using the following equations:
weight of drug encapsulated

Encapsulation efficiency(%) = itialweight of drug taken x 100

. weight of drug encapsulated
D load % = x 100
rug loading (*ow/w) total weight of formulation

In Vitro Drug Release

Drug-loaded nanoparticles containing 1 mg of GDC and
0.5 mg of RSG were placed in a dialysis bag with a molecular
weight cutoff of 1,000 Da (Spectrum Labs Inc., Rancho
Dominguez, CA). Dialysis bag were suspended in 50 mL of
PBS (pH 7.4) containing 1.0% (w/w) Tween 80 to facilitate
drug wetting and to maintain the sink conditions. Study was
performed in a closed chamber orbital shaker at 37°C, with a
rotation speed of 100 rpm. Samples (1 mL) were taken at
regular time intervals and replaced with the PBS (pH 7.4)
containing 1.0% (w/w) Tween 80. Drug content in the sam-
ples was analyzed by HPLC-UV method as described above
and cumulative drug release was plotted against time.

Animal Experiments

Animal experiments were performed in accordance with the
NIH guidelines using a protocol approved by the Institutional
Animal Care and Use Committee (IACUC) of the University
of Tennessee Health Science Center. Male Sprague Dawley
(SD) rats weighing 230-250 g were purchased from Charles
River Laboratories, Inc. (Wilmington, MA), housed under the
care of a licensed veterinarian and monitored daily for signs of
sickness or pain after surgery. The animals were maintained
on a 12-h light-dark schedule and had free access to normal
rat chow and water. To induce liver fibrosis, common bile
duct of SD rats was ligated as described previously (15).
Animals were divided into the following five groups (5 per
group): control (sham operated), CBDL untreated, CBDL treat-
ed with GDC loaded nanoparticles at a dose of 10 mg/kg,
CBDL treated with RSG loaded nanoparticles at a dose of
4 mg/kg, and CBDL treated with nanoparticles loaded with
GDC and RSG at a dose of 5 mg/kg and 2 mg/kg of GDC and
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RSG respectively. Nanoparticles containing GDC, RSG
and both drugs were administered daily after 3 days of
CBDL wvia intravenous tail vein injection for a week.
Animals were euthanized under isoflurane anesthesia at
the end of the study to collect serum and liver tissues.
Serum was used for biochemical analysis and the liver
was fixed in 10% neutral buffered formalin or snap
frozen in liquid nitrogen for further analysis.

Measurement of Serum Enzyme Levels and Liver
Histology

Serum concentrations of liver injury markers such as ALT,
AST and BIL were measured using standard assay kits ac-
cording to the manufacturer’s instructions. For staining, liver
specimens were fixed in 10% buffered formalin overnight,
saturated in 30% sucrose solution and embedded in OCT
(optimum cutting temperature) compound. For standard his-
tology, 5 um thick sections were stained with Hematoxylin—
Eosin (H&E) for detection of tissue architecture. Masson’s
trichrome staining was used to determine the levels of collagen
deposition.

Immunofluorescent Staining

For immunofluorescent staining, snap frozen liver sec-
tions were fixed on glass slides in 95% cold ethanol for
10 min and blocked with 10% goat serum. This was
followed by overnight incubation at 4°C with polyclonal
antibodies for TGF-B1, Gli-1, (Santa Cruz, CA), and o-
SMA (Abcam, Cambridge, MA). After washing with
tris-buffered saline containing (0.05% w/w) Tween 20
(TBST), slides were incubated with anti-rabbit or anti-
goat secondary antibodies (IgG - H&L DyLight® 488
(Abcam) for 2 h at room temperature and visualized
under a fluorescent microscope.

Quantitative RT-PCR

Total RNA was extracted from the liver tissues using RNeasy
Mini Kit (Qiagen, MD) and reverse transcribed to cDNA
using Tagman RT kit (Carlsbad, CA). Gene expression levels
were determined by Light Cycler 480 (Roche, IA) using
primer pairs (Table I) and standard protocol as described
previously (9). All the real time RT-PCR results were analyzed
using comparative CT method and gene expression was nor-
malized as compared to the control.

Western Blot Analysis
Snap frozen liver tissues were homogenized in RIPA buffer

containing protease inhibitor cocktail to extract total protein.
After resolving in sodium dodecyl sulfate-polyacrylamide gel
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Table I Primers Sequences Used

for Real Time RT-PCR Amplification ~ GENE NCBI accession # Sequence
B3- actin NM 031144 CAACTGGGACGATATGGAGAAG (Sense)
CTCGAAGTCTAGGGCAACATAG (Antisense)
Shh NM 017221 CTGGATTCGACTGGGTCTACTA (Sense)
GCTTTCCCGGTTGCTTATCT (Antisense)
Ptch- | NM_ 053566 CAAAGCCAAGGTTGTGGTAATC (Sense)
GCGGTCAGGTAGATGTAGAAAG (Antisense)
Gli-1 NM_001191910.1 ACCTCCCTACCTCTGTCTATTC (Sense)
GGCAGGATAGGAGACTGATTTG (Antisense)
SMO NM 012807 CCAGGACATGCACAGTTACA (Sense)
GGAAGTAGCCTCCCACAATAAG (Antisense)
a-SMA NM_031004.2 CTGGCACCACTCCTTCTATAAC (Sense)
CTCCAGAGTCCAGCACAATAC (Antisense)
IL-6 NM_012589 CCGTTTCTACCTGGAGTTTGT (Sense)
GTTTGCCGAGTAGACCTCATAG (Antisense)
TGF-B1 NM 0215782 CTGTGGAGCAACACGTAGAA (Sense)
GGGTGCAGGTGTCCTTAAATA (Antisense)
E-cadherin NM 031334.1 AAGAGGGAGGTGGAGAAGAA (Sense)
ACAGACAGACTGGTAGGTAGAG (Antisense)
PPAR-y NM 0131243 CTGGCCTCCCTGATGAATAAAG (Sense)
GCGGTCTCCACTGAGAATAATG (Antisense)
TNF-a NM 012675 CAGCCGATTTGCCATTTCATAC (Sense)
GGCTCTGAGGAGTAGACGATAA (Antisense)
FN- 1 NM 019143.2 GTGTCCTCCTTCCATCTTCTTAC (Sense)
GTTCCCTCTGTTGTCCTTCTT (Antisense)
COLIAI NM_053304.1 CGGACTATTGAAGGAGCCTAAC (Sense)

TGATGCAGGACAGAGAGAGA (Antisense)

electrophoresis (SDS-PAGE), proteins were transferred to
Immobilon polyvinylidene fluoride membrane using iBlot '™
Dry Blotting System (Invitrogen, Carlsbad, CA). Transferred
membranes were blocked in Odyssey blocking buffer and
incubated with Shh, Gli-1, FN-1, NF-xB, a-SMA, TGF-p1
and PPAR-y primary antibodies for 16 h at 4°C. Membrane
was then incubated with anti-goat or anti-rabbit IRDye
680RD secondary antibodies for 1 h at room temperature.
All the blots were re-probed with total B-actin antibody as
control. Target proteins were imaged using Odyssey IR im-
aging system (Li-Cor, Lincoln, NE).

ELISA for Tumor Necrosis Factor-a

TNF-ot in rat serum was determined according to the manu-
facturer’s instructions of ELISA kit. Briefly, ELISA plate
provided in the kit was coated with capture antibody over-
night at 4°C. Plate was washed and blocked with assay diluent
and incubated at room temperature for 1 h. Rat serum
samples were added and incubated at 4°C overnight. After
washing, detection antibody was added and incubated at

room temperature for 1 h. Avidin-HRP conjugated secondary
antibody was added and incubated at room temperature for
30 min. Plate was washed and substrate solution was added to
cach well and read at 450 nm.

Statistical Analysis

All values in the figures and text were expressed as the mean +
S.D. The results were analyzed and individual group means
were compared using Student’s unpaired t-test. A p-value of at
least 0.05 was considered statistically significant.

RESULTS

Preparation and Characterization of Drug-Loaded
Nanoparticles

We synthesized mPEG | 4-b-p(CBs5-co-LA¢) triblock
amphiphillic copolymer and characterized it by 'H NMR.
The polymer had an average molecular weight of 30,000 Da
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with carbonate and lactic acid contents of 55+5 and 16015
moles, respectively, and mPEG content of 16.6 2% as deter-
mined by '"H NMR (Fig. 1a).

Using the above synthesized copolymer, we were able to
formulate nanoparticles with a mean particle size of 120—
130 nm and a polydispersity index of less than 0.2 (Fig. 1b).
Drug loading was found to be 5.0% and 2.0% w/w for GDC
and RSG, respectively, with little effect on the mean particle
size and size distribution. The encapsulation efficiency was
98% and 95% for GDC and RSG, respectively. Nanoparti-
cles carrying these two drugs were prepared using half of 5%
& 2% theoretical drug loading with encapsulation efficiencies
of 95% and 90% for GDC and RSG, respectively (Fig. 1c).

In vitro release profile of drug-loaded nanoparticles was
determined in PBS at 37°C. Nanoparticles carrying GDC
and RSG followed Higuchi model with 80£2.7% release in
10 days and 96+ 3.1% in 4 days cumulative release for GDC
and RSG, respectively (Fig. 1d). At the end of the study,
remaining unreleased drug was recovered from the dialysis
bags. There was an initial burst release for about 5 h possibly
due to the dissolution and diffusion of surface adsorbed and
poorly entrapped drug in the nanoparticles.

Effect of Drug Treatment on Liver Histology

To treat CBDL induced fibrotic rats, drug-loaded nanoparti-
cles were injected daily intravenously after 3 days of CBDL for
a week. CBDL resulted in bile accumulation in bile duct,
resulted in proliferation and enlargement of bile duct (16). In
untreated CBDL rats, maximum proliferation was observed

Fig. I Polymer synthesis,

but reduced after intravenous injection of nanoparticles en-
capsulated with GDC, RSG or in combination. These results
suggest that treatment with GDC and RSG immproved the
overall condition of these liver fibrotic rats.

CBDL is known to cause increase in intra-biliary pressure
and leakage of bile into the liver parenchyma, which aggra-
vates bile infarcts due to hepatocyte death (17). Liver speci-
mens from CBDL rats demonstrated extensive bile infarcts,
while the number and area of infarction was significantly
reduced upon administration of GDC or RSG loaded nano-
particles as evident from H&E staining. These results suggest
that Hh inhibitor and PPAR-y agonist can attenuate liver
injury and protect liver architecture (Fig. 2a).

Liver sections were stained with Masson’s trichrome stain
for collagen. The increased deposition of collagen was evident
by intense blue color staining for the interstitial collagen in
CBDL rats (Fig. 2b). However, collagen staining was much
weaker when nanoparticles loaded GDC, RSG either alone
or in combination were administered into CBDL rats, indi-
cating significant inhibition of collagen accumulation in the
enlarged periductal area and essentially no collagen accumu-
lation in the liver interstitum.

Measurement of Liver Injury Markers

ALT, AST and BIL are surrogate markers for liver injury and
their levels are known to increase upon bile duct ligation (18).
As evident from Fig. 3, CBDL rats had many fold increase in
serum AST, ALT and BIL levels as compared to the sham
operated control rats. Treatment with GDC and RSG loaded

b
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sections of CBDL rats after systemic administration of nanoparticles
loaded with GDC, RSG or combination. (a) Treatment with GDC
and RSG loaded nanoparticles reduced histological liver injury, includ-
ing bile infarcts. Geographic borders of infarcts indicated by black
arrows were large in number and area in untreated CBDL rats and
reduced upon treatment with nanoparticles carrying GDC and RSG
(original magnification x20). (b) Dark blue staining shows increased
collagen deposition in CBDL rats (Black Arrows). Systemic administra-
tion of GDC and RSG loaded nanoparticles effectively reduced blue
collagen staining (original magnification, X 10).

nanoparticles resulted in decreased serum levels of all of these
markers. These results indicate that the liver is suscepti-
ble to hepatocellular injury following CBDL, and GDC
and RSG loaded-nanoparticles protected livers from the
injury resulting in significant decrease in ALT, AST,
and BIL (Fig. 3,*P<0.005).

Expression Levels of Hh Ligand and PPAR-y

Hh signaling controls proliferation and migratory activities of
Hh-responsive HSCs by promoting EMT (1). Therefore, we
measured Hh pathway ligands expression in CBDL rats after
7 days of systemic administration of GDC or RSG loaded
nanoparticles and compared with the sham operated control
by RT-PCR and Western blotting method. Shh mRNA was
increased by 4.3 folds in CBDL rat livers. There was also
significant increase in transcription of Ptch-1 by 2.7 folds,
SMO by 2.8 folds and Gli-1 by 3.6 folds as compared to the
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¢ 5
I
4 - . .
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Control CBDL GDC RSG GDC+RSG

Fig. 3 Serum biomarkers. Effect of GDC and RSG loaded nanoparticles on
serum (@) AST, (b) ALTand (c) BIL levels. Serum markers in CBDL rats after
systemic administration of GDC and RSG loaded nanoparticles were signifi-
cantly lower than those in the CBDL rats. Results are presented as mean =
S.D. (n=5); (**p <0.00! treated rats as compared to CBDL).
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control (Fig. 4a). Systemic administration of GDC loaded
nanoparticles significantly decreased Shh expression levels.
Ptch-1, SMO and Gli-1 expressions were also significantly
reduced in the liver when CBDL rats received nanoparticles
carrying GDC alone or with RSG. Decrease in mRNA ex-
pression of Shh and Gli-1 was confirmed by Western blot
analysis of liver tissue protein extract (Fig. 4b).

In contrast to Hh signaling, PPAR-y mRNA was signifi-
cantly downregulated in CBDL rat livers, which is in good
agreement with the literature (7). Treatment of CBDL rats
with RSG-loaded nanoparticles significantly restored PPAR-y
gene expression to the basal level (Fig. 4c). These results were
also confirmed by Western blot analysis (Fig. 4d).

Progression of liver fibrosis leads to an increase in the synthesis
and deposition of extracellular matrix (ECM) proteins, particu-
larly collagen in the liver interstitium (19). We determined
mRNA expression level of collagen type-I (COLIAL) and ob-
served 4.7 folds higher expression in the CBDL rats as compared
to the control, but its expression decreased upon treatment with
nanoparticles carrying GDC (1.48 fold) or RSG alone (1.8 fold)
or combination (1.34 fold) which is consistent with the results
observed in Masson’s trichrome staining (Fig. 5a).

a-SMA and FN-1 are characteristic markers of EMT (20).
Therefore, we determined transcription levels of a-SMA and
FN-1 and found upregulation of their expression by 2.3 and
3.2-folds, respectively in CBDL rats (Fig. 5a). After systemic
administration of nanoparticles carrying GDC or RSG either
alone or in combination into CBDL rats, a-SMA and FN-1
expression decreased significantly both at mRINA and protein
level (Fig. 5a, b). NF-kB promotes the secretion of inflamma-
tory factors and its expression is known to be elevated in liver
fibrosis (5). We found its level elevated in CBDL rats and upon
treatment with nanoparticles containing drugs decreased its
protein level (Fig. 5b). TGF-B1 is involved in early prolifera-
tion of HSCs through SMAD3 /SMAD?2 signaling after
CBDL (21). Similarly, TGF-B1 expression was upregulated
(3.64 folds) at mRNA level and significantly increased at
proteins levels after CBDL, and was decreased in GDC or
RSG alone or in combination treatment groups to basal level
(Fig. 5a, b). E-cadherin is a transmembrane glycoprotein
found in most epithelial cells, and promotes cell adhesion by
forming a complex with p-catenin. Upon EMT, epithelial cells
lose E-cadherin expression (22). Therefore, we determined E-
cadherin expression and found its expression was decreased to
40% in CBDL rats as compared to the sham operated control
rats. After treatment with nanoparticles carrying GDC or
RSG alone or in combination we observed significant increase
in its mRNA level (Fig. 5¢).

Expression of Proinflammatory Cytokines

Increased TGF-B1 induces IL-6 secretion at the site of injury
(23). We observed mRINA levels of IL-6 to be significantly
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upregulated in CBDL rats compared to the control rats.
Significant down regulation of IL-6 mRNA was seen in the
CBDL rats treated with GDC and RSG loaded nanoparticles
(Fig. 4c). Moreover, we determined TNF-a expression which
is an important proinflammatory cytokine in progression of
liver injuries and fibrosis (24). RT-PCR and ELISA results
showed TNF-ao mRINA and protein levels were significantly
higher in CBDL rats as compared to the sham operated
control rats. Upon systemic administration of nanoparticles
loaded with GDC or RSG alone or combination to CBDL
rats resulted in reduced TNF-a gene expression at both
mRNA and protein level (Fig. 6a, b).

Immunofluorescent Staining

Immunofluorescence for Hh-regulated transcription factor,
Gli-1 overexpression was localized in the nucleus of Hh-
responsive cell population. This observation suggests that
Hh ligands are highly activated in CBDL rats, resulting in
intense immunofluorescent staining of Gli-1. However, Gli-1
expression was significantly reduced in CBDL rats after sys-
temic administration of nanoparticles carrying GDC alone or
with RSG (Fig. 7a).

Immunoreactivity of mesenchymal cell markers, a-SMA
and TGF-B1 correlate well with the progression of liver fibro-
sis. Immunofluorscent staining of the liver sections indicate
that CBDL rats have increased number of a-SMA expressing
myofibroblasts in and around portal tracts (Fig. 7b). TGF-p1
positive cells were distributed with high density in the portal
venule pericytes with perisinusoidal distribution. Treatment
groups showed decreased number of a-SMA and TGF-$1
producing cells in CBDL rats treated with nanoparticles car-
rying GDC or RSG. However, there was still fair a number of
TGF-B1-positive cells in the liver sections of CBDL rats treat-
ed with GDC or RSG loaded nanoparticles, which distributed
mainly at the fibrous septa band (Fig. 7c¢).

DISCUSSION

Liver fibrosis is affecting millions of people and is a significant
cause of morbidity and mortality worldwide. Liver fibrosis is
the result of wound-healing response to the liver injury, viral
hepatitis or biliary tract disease. Fibrosis is characterized by
the excessive production and deposition of ECM proteins.
Chronic liver injuries result in the transformation of quiescent
HSCs into active myofibroblasts (25). Initiation and progres-
sion of liver fibrosis involves multiple regulatory events in the
liver and coordinated changes in the activity of several tran-
scription factors. A number of different approaches have been
used earlier for treatment, including the inhibition of collagen
synthesis, interruption of matrix deposition, stimulation of
matrix degradation, modulation of HSC activation, induction
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RT-PCR. (b) Western blot analysis 2 200 o **
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of HSC apoptosis and modulation of immune responses at the
affected site (9,26-30). However, the complexity and rapid
progression of the disease requires the use of multipronged
approach by targeting more than one factor. PPAR-y is one of
the key factors whose activity is decreased in activated HSCs.
On the other hand, there is an increase in Hh activity in

fibrotic livers. Therefore, inhibition of inflammation and

Fig. 5 RT-PCR and Western blot a
analysis of liver fibrosis markers. 400 OControl  ®CBDL
Systemic administration of RSG and 350
GDC nanoparticles into CBDL rats
reduced gene expression of £ 300
CollAl, a-SMA, FN-1 and 3
TGF-B1. (@) RT-PCR (b) Western g
blot analysis of TGF-B1, a-SMA, T 200
FN-1 and NF-KB proteins from liver R
tissues of various groups. (€) RT- %
PCR of E-cadherin. Results are & 100
presented as mean = S.D. (n =3) 50
(*p <0.05, **p <0.001, Treated vs
CBDL). 0
Cc
< 120
=z
T 100
S e
SO
83 60
w
g 40
L
& 20
0

Control CBDL

IL-6

#BGDC

GDC

EMT by combining of PPAR-y agonist and Hh inhibitor
can be a potential strategy to reverse liver fibrosis.

PPAR-y agonist keeps HSCs in quiescent state by blocking
the profibrotic effects of TGF-1 and reducing TNF-a activ-
ity. Thus, the loss of these receptors leads to trans-

differentiation of HSCis from the retinoid storing state to the
ECM-producing myofibroblasts (7,31,32). RSG is a PPAR-y

ORSG GDC+RSG

b
RS - -

o-SMA -_— | a— —
B-actin — — — — —
FN-1 - - - - | =21

NFxB [& i‘!*

ractin e w— a— — —
Control CBDL GDC RSG GDC+RSG

RSG GDC+RSG
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Fig. 6 RT-PCR and ELISA of
inflammatory cytokine TNF-a1.
(@) mRNA level. (b) Serum TNF- o 300
level. Results are presented as
mean = S.D. (n =3) (*p <0.00I
Treated vs CBDL).

Q

200

100

RelativeTNF-a mRNA levels

0

CBDL GDC

Control

agonist which 1s a thiazolidinediones derivative used as an
anti-hyperglycemic agent (33). In this study, RSG was chosen
because it is non-toxic to the liver and does not induce cyto-
chrome enzymes, like other members of this family (34).

Previously, we found that the progression of liver fibrosis is
accompanied by the activation of Hh pathway leading to the
proliferation and EMT of HSCs (8). Treatment with hedge-
hog mbhibitor, GDC ameliorated fibrotic condition in CBDL
rats (9). However, administration of GDC required complex
formation with B-CD (beta-cyclodextrin) at low pH range,
which is not suitable for systemic administration. Moreover,
GDC shows poor complex formation withp-CD.

Taking care of their poor aqueous solubility and potential
side effects of GDC and RSG, in this study we aimed at
formulating nanoparticles encapsulating these two ]drugs
using mPEG-b-p(CB-co-LA) copolymer. First we synthesized
amphiphillic mPEG-b-p(CB-co-LA) copolymer and charac-
terized it using "H NMR (Fig. 1a). We have selected this
copolymer because of its capacity to encapsulate poor water
soluble drugs with high drug loading, biodegradable and
nontoxic properties (13). We have simultaneously encapsulat-
ed these drugs into nanoparticles successfully and tested this
combination at half of their individual doses for treating liver
fibrosis for minimizing any drug related toxicity.

These nanoparticle were not specifically targeted to the
liver, however our group previously reported that micelles
prepared from similar backbone copolymer PEG block-
poly(2-methyl-2-benzoxycarbonyl-propylenecarbonate) tend
to accumulate in the liver and spleen. (35). Based on these
results, we expect nanoparticles containing GDC or RSG to
be having same biodistribution profiles.

Drug-loaded nanoparticles were formulated using o/w
emulsification followed by solvent evaporation. Using this
copolymer, we formulated uniform size distributed nanopar-
ticle with high drug loading (Fig. 1b and c). The outer coating
shell of mPEG prevents particles from aggregation and also
provides stealth properties. This is necessary for nanoparticles
to escape from the reticuloendothelial system (RES) and pro-
long systemic circulation. Owing to the differences in their

@ Springer
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hydrophobicity, their loading capacity in the formulated
nanoparticle was different. At higher payload, the encapsula-
tion capacity of both drugs decreaseed, which may be due to
the saturation of inner hydrophobic core. Nanoparticles car-
rying GDC and RSG were prepared at 5% and 2% w/w
initial drug loading of GDC and RSG respectvely. Drug-
loaded nanoparticles had a mean particle size of 130—
140 nm. Nanoparticles provided sustained release with 80%
drug release in 10 days and 96% in 4 days for GDC and RSG,
respectively (Fig. 1d). We observed different release profile for
these two drugs as GDC is more hydrophobic than RSG, and
thus GDC had slower release rate. PBS containing 1.0%
Tween 80 was used as release medium to maintain the sink
conditions and to prevent drug precipitation upon release.

CBDL rats showed large infarcts and intense blue collagen
staining, whereas systemic treatment with nanoparticles con-
taining GDC, RSG or combination reduced number as well
as area of infarcts and decreased intensity of collagen specific
staining (Fig. 2a and b). Liver injury markers such as serum
AST, ALT and BIL were found significantly elevated in
CBDL rats as compared to GDC, RSG or combination
nanoparticles treated rats (Fig. 3). A significant increase in
Hh ligand and Gli-1 expression in CBDL rats was observed,
as analyzed by RT-PCR, (Fig. 4a) Western blot analysis
(Fig. 4b), and immunofluorescence (Fig. 7a). Upon systemic
administration of GDC and RSG loaded nanoparticles to
CBDL rats, significant decrease in HSC activation and liver
fibrosis was observed.

There was significant decrease in PPAR-y expression in
CBDL rats as compared to the sham control. This reduction is
related to upregulation of TNF-a, which is known to inhibit
PPAR-y expression (4). However, the treatment of CBDL rats
with nanoparticles of RSG or in combination with GDC
restored PPAR-y expression at mRNA as well as protein
levels, suggesting upregulation of this gene (Fig. 4c and d).

There was significant increase in TGF-pl gene ex-
pression after CBDL in rats, possibly due to HSC
activation (Figs. 5¢ and 7c¢). Moreover, activated HSCs show
abundance of a-SMA proteins which is a well-known EMT
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Control

CBDL

GDC

RSG

GDC + RSG

marker and used to identify the early stages of liver fibrosis ~ expression was decreased significantly in fibrotic livers
(Figs. 5a, b and 7b) (36). Epithelial marker E-cadherin  (Fig. 5¢). GDC and RSG carrying nanoparticles decreased
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4 Fig. 7 Immunofluorescent staining of liver sections: (a) Gli-1 expression in
the liver sections of CBDL rats as reflected by intense green staining. GDC or
combination treatment reduced Gli-1 expression as evident from faint green
staining. (b) Sections from sham operated control rats do not express 0-SMA,
whereas CBDL rats showed strong fluorescent staining around the fibrous
septa. 0-SMA expression was decreased significantly after systemic
administration of GDC and RSG loaded nanoparticles into CBDL rats. (c)
Sham operated control rats showed weak staining for TGF- 31, whereas
strong green staining can be seen in CBDL rats. Treatment groups showed
weak staining for TGF-B1 as compared to CBDL group. Shown are
representative images (original magnification, x40).

TGF- Bl and a-SMA expression and also restored E-cadherin
(Figs. 5 and 7b) suggesting nanoparticles loaded with these
drugs have prevented EMT. FN-1 is among the first ECM
proteins which is upregulated after liver injury, and mediates
differentiation into myofibroblasts (37). After CBDL, upregu-
lation of TGF-B1 also resulted in increased FIN-1 expression
(38). Treatment with GDC and RSG significantly abrogated
FN-1 expression (Fig. 5a and b). Downregulation of these
regulators is possibly the result of reduced activation of HSCs.
Increase in collagen deposition was observed by Masson’s
trichrome staining and real-time RT-PCR . Following treat-
ment with RSG and GDC carrying nanoparticles, reduced
collagen level was observed in CBDL rats (Figs. 2b and 5c¢).

Upon liver injury, Kupffer cells increase TNF-a0 produc-
tion via NF-kB pathway and its increased activity is found in
activated HSCs”(5). TNF-a induces neutrophil infiltration
and stimulates mitochondrial reactive oxygen species (ROS)
production in hepatocytes. These reactive oxidants activate
HSCs and stimulate inflammatory as well as fibrogenic signals
(39). TNF-a was elevated in CBDL rats, which indicates high
inflammatory state in the liver. RSG decreased the expression
of genes implicated in the inflammation of liver tissues during
the progression of liver fibrosis. RSG negatively interferes with
NT-kB inflammatory pathway by blocking its nuclear translo-
cation and by reducing the production of TNF-a (Fig. 6) and
IL-6 (Fig. 4c).

CONCLUSION

In conclusion, mPEG-b-p(CB-co-LA) copolymer of 30,
000 Da was synthesized and GDC and RSG loaded
nanoparticles were prepared. Systemic administration
of nanoparticles encapsulating GDC and RSG provided
hepatoprotection by reducing Hh pathway ligands and
increasing PPAR-y activity, respectively. GDC was more
effective than RSG in treating experimental liver fibrosis
when single drug was used. Combination therapy of
GDC and RSG was able to treat early stage liver
fibrosis even at a reduced dose and may provide a
new strategy for treating liver fibrosis.
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