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Halofuginone upregulates the expression of heparanase
in thioacetamide-induced liver fibrosis in rats

Olga Ohayon', Nidal Mawasi'”, Anna Pevzner', Ana Tryvitz', Tsvia Gildor', Mark Pines?, Marcos Rojkind>*,
Melia Paizi' and Gadi Spira’

Advanced hepatic fibrosis is characterized by excessive extracellular matrix deposition, where collagen and proteoglycans
are the main constituents of scar tissue. In previous studies, we showed that heparanase, a heparan sulfate-degrading
enzyme, and vascular endothelial growth factor (VEGF) play an important role during liver development and remodeling.
In this communication, we investigated the relationship between heparanase and VEGF in thioacetamide-induced liver
fibrosis in rats. Our study shows that heparanase mRNA expression levels correlate with those of VEGF during the
induction and recovery stages of liver fibrosis. We further demonstrated that treating fibrotic rat livers with halofuginone
(HF), a multipotent antifibrogenic drug, and subsequently subjecting them to hydrodynamics-based transfection with
human VEGF-165 resulted in elevated expression of heparanase mRNA. Moreover, these rats demonstrated an improved
capacity to regenerate following 70% partial hepatectomy. In vitro, HF stimulated heparanase and VEGF mRNA expression
in hepatic stellate cells. Taken together, our results suggest that in addition to the known multiple functions of HF, it also
enhances heparanase and VEGF expression and promotes liver regeneration. Accordingly, HF seems to possess ideal

properties required to become an excellent antifibrogenic agent in humans.
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Hepatic fibrosis is a dynamic process characterized by ex-
cessive accumulation of interstitial extracellular matrix
(ECM), distortion of normal hepatic architecture, hemo-
dynamic alterations and hepatic dysfunction. In the late
stages of the disease, collagen and proteoglycan content may
be up to six times higher than that found in healthy livers."
Other ECM components like non-fibril forming collagens,
which include collagen type IV and laminin, also increase.”
Although most liver cells express various ECM components,
hepatic stellate cells (HSCs) are the main producers of the
ECM found in scar tissue of the liver.’

Chemically induced experimental liver fibrosis could be a
reversible process when the pathogenic trigger is removed.*>
While fibrotic neomatrix contains a wide range of col-
lagenous and non-collagenous ECM proteins, remodeling of
the recovering liver ECM components is largely attributed to
decreases of collagen type I and tissue inhibitor of metallo-
proteinase (TIMP) 1 and 2.°

Heparan sulfate proteoglycans constitute an important
component of the ECM contributing to integrity and in-
solubility of ECM. Heparan sulfate proteoglycans consist of a
core protein to which heparan sulfate side chains are cova-
lently attached. In the ECM, heparan sulfate proteoglycans
interact with various molecules, including fibronectin, la-
minin and collagen and serve as a storage depot of growth
factors such as vascular endothelial growth factor (VEGF),
bFGE, keratinocyte growth factor, hepatocyte growth factor
(HGF) and transforming growth factor-f (TGF-p).”® He-
paran sulfate moieties can be specifically cleaved off by he-
paranase, a mammalian endoglucuronidase,”'® thereby
controlling release of the bound growth factors and poten-
tially affecting a multitude of biological ECM remodeling-
associated processes.

Traditionally heparanase is correlated with the metastatic
potential of tumor cells,”* although it was also found to facil-
itate cell invasion associated with autoimmunity, inflammation
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and angiogenesis.'"®"> The latter has been shown to be
mediated by heparanase both through its enzymatic activity
and by non-enzymatic pathways like Src activation, a known
VEGF inducer."* In a previous paper, we have documented a
biphasic gain of heparanase expression following 70% partial
hepatectomy (PHx) associated with a corresponding increase
in free heparan sulfate content."

Halofuginone (HF) is an alkaloid originally isolated from
the plant Dichroa febrifuga and routinely used as a cocci-
diostat in veterinary applications. As a specific inhibitor of
collagen type I synthesis, HF has extensively been studied in
the setting of experimental fibrosis."®™'* In the past we have
demonstrated the beneficial effect of HF on fibrotic rat liver
regeneration following PHx.*

In the present study, we investigated whether the beneficial
effects of HF on thioacetamide (TAA)-induced liver fibrosis
stem from its already known antifibrogenic effects and its
capacity to enhance regeneration via production of hepar-
anase. We showed a direct correlation between the fluctua-
tions of heparanase and VEGF during accumulation and
resolution of scar tissue. We further showed that HF
enhanced these changes. In addition, we demonstrated
that liver cell transfection with VEGF in vivo upregulated
heparanase expression and enhanced liver regeneration.

MATERIALS AND METHODS
HF bromhydrate was purchased from Collgard Biopharma-
ceuticals (Tel Aviv, Israel).

Animal Experimentation

Adult, male Sprague-Dawley rats (250-300g) were pur-
chased from Harlan Laboratories (Jerusalem, Israel). Fibrosis
was induced by intraperitoneal administration of TAA,
200 mg/kg body weight, twice weekly. Saline-injected animals
served as control. HE, at 1 ug/100 g body weight, was injected
intraperitoneally every 3—4 days. Saline-injected animals
served as control. Seventy percent PHx was performed under
light anesthesia by removing the median and left lateral lobes.
The excised liver was weighed and samples were treated with
4% paraformaldehyde for histochemistry or frozen in liquid
nitrogen for RNA extraction and hydroxyproline content.
Animals were killed 5 days post hepatectomy and their
livers were harvested for analysis. Sham operations did not
have any effect on the outcome of liver regeneration in
preliminary experiments, and thus were not routinely
performed. Rats had free access to standard rat chow and tap
water and received humane care. The protocol for animal
experimentation was approved by the Ethical Committee
of Technion—Israel Institute of Technology (permission
number I1L-063-06-2006).

Grading Liver Fibrosis and Histology

The Ishak scoring system was used to determine liver tissue
damage, grading between 0 (normal histology) to 6
(Cirrhosis).?! Histological evaluation was performed on liver

628

sections fixed in 4% formaldehyde/PBS, dehydrated in graded
ethanol solutions, and following staining with Sirius Red.*?

Hydroxyproline

Hydroxyproline was measured using a colorimetric assay as
previously described.”** Briefly, 240-mg liver segments were
hydrolyzed in HCI, to which 40 mg of Norit/Dowex mixture
was added for 21h at 110°C. Following centrifugation and
filtration, the pH was adjusted. Aliquots measuring 50 ul
were mixed with isopropanol and chloramine T/citrate
buffer, pH 6. Ehrlich’s reagent (Sigma, Saint Louis, MO,
USA) was then added and the mixture was incubated at 60°C
for 25min. Absorbance was recorded at 570 nm. Hydro-
xyproline levels were calculated based on standard curves
of 4-hydroxy-1-proline and expressed as micrograms per
gram tissue.

HSC Clones

CFSC-8B and CFSC-3H, HSC clones isolated from a cell line
derived from a single cirrhotic Wistar male albino rat, were
provided by a collaborator (M Rojkind).>>*® The cells were
maintained in DMEM containing 10% fetal calf serum, 1%
penicillin/streptomycin/nystatin and 1% NEAA (Biological
Industries, Beit Haemek, Israel). The concentrations of HF
used were deduced previously,”” and are comparable to the
ones reported by Schuppan and co-workers.”®

Real-time PCR

Total RNA was extracted from 30 mg liver samples or from
lysed HSCs using the Qiagen RNeasy kit (Qiagen, Venlo, the
Netherlands). RNA (1 ug) was reverse transcribed using ap-
propriate buffer, ANTP mix (Promega, Madison, WI, USA),
RNasin (Promega) and MML-V reverse transcriptase. The
ensuing cDNA was analyzed by real-time quantitative PCR
with an ABI Prism 7000 sequence detection system (Applied
Biosystems, Weiterstadt, Germany). GAPDH mRNA was
used to normalize the level of cDNA. The results were eval-
uated with iCycler iQ Real-Time PCR Detection System
(Applied Biosystems). Primers and probes were developed
using Primer Express 2.0 software (Applied Biosystems). Rat
primer sequences were as follows: procollagen-o(I)-1, for-
ward: CATTGGGTTCTCGGACTATTGAA, reverse: CCATG
GAGATGCCAGATGGT; o-SMA, forward: CGAAGCGCA
GAGCAAGAGA, reverse: CATGTCGTCCCAGTTGGTGAT;
VEGF-164, forward: AGAAAGCCCATGAAGTGGTG, reverse:
ATCCCAGGGCTTCATCATTG; and heparanase: Primer-
Design (PrimerDesign, Southampton, UK). Human primers
and probes were VEGF-165, heparanase: Assay-On-Demand
(Applied Biosystems).

Hydrodynamics-Based Transfection

Hydrodynamics-based liver cell transfection was performed
as previously described.*® Briefly, Ringer’s solution equivalent
to 5.25% of the body weight of a rat, containing 100 pg of
plasmid DNA encoding VEGF-165, was injected through the
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tail vein in 5-7s. Prior to injection, rats were anesthetized
using Ketamin HCI (90 mg/kg) and Acepromazin Maleate PB
(1 mg/kg). Ringer’s solution was injected under the same
conditions as control.

Statistical Analysis

Data are presented as mean + s.d. Statistical significance was
determined by two-tailed Student’s t-test and P<0.05 was
considered significant.

RESULTS

Liver Injury is Associated with Corresponding
Heparanase and VEGF Expression

TAA administration, twice weekly, resulted in severe liver
injury characterized by a micronodular pattern with estab-
lished fibrous septa linking portal tracts with each other and
portal tracts to central veins (data not shown). Following
cessation of treatment, a gradual decrease in hydroxyproline
content, as well as improved histology, was evident at the two
time points tested, 6 and 10 weeks into spontaneous recovery
(Figure 1). Pro-collagen-o(I)-1 mRNA level was elevated
corresponding with the above, reaching its highest at peak
fibrosis and returning to near-normal values 10 weeks into
recovery (Figure 2). «-SMA mRNA level, a bona fide marker
of activation of HSC, increased significantly during devel-
opment of fibrosis, reaching its highest 6 weeks following
cessation of TAA injections, thereby receding to near-normal
values at 10 weeks post TAA treatment cessation (Figure 2).
Both heparanase and VEGF mRNA levels decreased at the
early stage of liver injury, 1 and 3 weeks into TAA treatment,
subsequently rising to their highest level at peak fibrosis. The
levels of both gradually returned to normal values following
removal of the fibrogenic agent.

Correlated Expression of Heparanase and VEGF in the
Rat Model of Fibrosis and HSCs

A correlation between expression of heparanase and VEGF
has previously been documented in cell lines stably trans-
fected with heparanase. Such cells expressed elevated levels of
VEGE In the present study, we tested whether over-
expression of human VEGF in vivo affects the expression of
heparanase as well. For this purpose, we used the hydro-
dynamics-based transfection (HBT) technology that has
proven effective in our laboratory in both mouse and rat
models using various genes. In a previous study, we showed
that fibrosis causes a decline in the expression of hydro-
dynamically transfected genes and that HF, an inhibitor of
collagen type I, partially reverses this effect.”” When trans-
fected in the absence of HF, an approximately 100-fold in-
crease in VEGF mRNA levels was evident compared with
those in non-transfected, normal animals. The addition of
HF for 10 weeks was associated with an additional significant
increase of VEGF mRNA expression (Figure 3). In fibrotic rat
liver recovering spontaneously from TAA, heparanase mRNA
levels significantly decreased as compared with peak fibrosis.
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Figure 1 Histological (a) and chemical (hydroxyproline) (b) indices of liver
injury in TAA-challenged rats. Paraformaldehyde-fixed liver sections were

dehydrated in graded ethanol concentrations and stained with Sirius Red.
The grade of fibrosis was determined based on the Ishak scoring system.
Liver hydroxyproline content was measured following hydrolysis in HCl and
use of chloramine T/citrate buffer and Ehrlich’s reagent. Optical density was
recorded at 570 nm. 4-Hydroxy-1-proline was used to generate a standard
curve (n=5, *P<0.05).
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Figure 2 Collagen, «-SMA, heparanase and VEGF-164 mRNA levels in TAA-
challenged rats for varying time periods and also following elimination of
the fibrogenic reagent using real-time PCR. mRNA levels were determined
and standardized vs levels of GAPDH (n=>5).

Transfection of liver cells with the human VEGF-165 using the
HBT approach was nevertheless accompanied by a fourfold
increase in heparanase mRNA levels. HF treatment, which
allows better expression of the transfected gene, resulted in a
further significant increase of heparanase mRNA transcripts.
Of note is the fact that HF treatment by itself had a twofold
stimulatory effect on heparanase expression (Figure 4).
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Figure 3 VEGF-165 mRNA levels in TAA-challenged rats subjected to HBT
using a plasmid encoding human VEGF-165. Rats were treated with either
HF or saline prior to HBT injection. Rats were administered a Ringer’s
solution equivalent to 5.25% of their body weight, containing 100 ug of
plasmid, in 5-7s. The levels of MRNA were determined 24 h post HBT by
real-time PCR and standardized vs levels of GAPDH (n =5, **P<0.01).
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Figure 4 Heparanase mRNA levels in TAA-challenged rats allowed to either
spontaneously recover (saline-injected) or treated with HF. Both groups
were subjected to HBT using a plasmid encoding VEGF-165 gene. The levels
of mRNA were determined 24 h post HBT by real-time PCR and
standardized vs levels of GAPDH (n=5, **P<0.01).

Fibrotic Rat Livers Overexpressing VEGF-165
Demonstrate Improved Regeneration

Liver regeneration is an orchestrated event controlled by
various factors, including angiogenic mediators.”"** Given
the diverse properties of heparanase in various biological
processes, we next compared the capacity of the various
groups of rats to respond to 70% PHx. Following 6 weeks of
TAA treatment, rats undergoing 70% PHx demonstrated
poor capacity to regenerate, gaining only 18% restituted liver
mass 5 days post hepatectomy. Healthy animals, in contrast,
gained 55% restituted liver mass. Notably, the combination
of HF treatment during the 10 weeks of recovery followed by
HBT of VEGF significantly increased restituted liver mass at 5
days post hepatectomy to close to 40%. Neither spontaneous
recovery for 10 weeks followed by HBT of either VEGF-165 or
Ringer, nor HF treatment during the 10 weeks of recovery
followed by HBT of Ringer, significantly augmented liver
regeneration (Figure 5).
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Figure 5 Liver regenerations following 70% PHx in rats were treated with
TAA for 6 weeks and subsequently with HF or saline for a further 10 weeks
at which time point they were subjected to HBT using a plasmid (100 pg)
encoding the VEGF-165 gene or Ringer’s solution. PHx was performed by
removing the median and left lateral lobes. Liver regeneration was
evaluated by calculating percentage restituted liver mass 5 days post
surgery (n=5, **P<0.01, *P<0.05).

HF Upregulates the Expression of Heparanase and VEGF
mRNA in HSCs Grown In Vitro

Given the stimulatory effect of HF on the expression of he-
paranase in vivo, we next determined whether HF exerts a
similar effect in vitro in CFSC-8B and CFSC-3H HSC cell
lines derived from cirrhotic rat. The cells express basic levels
of collagen type I, heparanase and VEGF mRNA. When
grown in the presence of increasing concentrations of HF,
the expression levels of heparanase and VEGF-165 mRNA
gradually elevated, peaking at 50 nM HE. The level of collagen
type I mRNA was inhibited as expected, confirming previous
reports'” (Figure 6).

DISCUSSION

Liver fibrosis is characterized by increased deposition of
ECM, of which collagen and proteoglycans are major com-
ponents. In the advanced form of the disease, cirrhosis, dense
bands of collagen linking vascular structures and surround-
ing islands of regenerating parenchymal cells are evident.
Several studies of either human patients or animal models
have shown that recovery and remodeling of fibrotic liver is
possible.””>** We have used TAA to induce liver fibrosis in
rats. Based on histology and hydroxyproline concentration, 6
weeks of TAA administration twice weekly inflicted liver
damage graded as advanced fibrosis according to the Ishak
scoring system. Six and 10 weeks of spontaneous recovery
(saline injections) were, as expected, associated with gradual
reduction in both hydroxyproline content and histology
scoring. These results were further supported by a corre-
sponding decline in collagen mRNA. Heparanase follow-up
during development of fibrosis supports our assumption that
the enzyme is involved in the massive changes associated with
this type of liver injury. Of special note is the fact that VEGF
and heparanase mRNA levels demonstrated a similar pattern,
dropping to lower levels at weeks 1 and 3 of TAA treatment,
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Figure 6 Collagen, heparanase and VEGF-164 mRNA levels in CFSC-8B HSC
lines treated with increasing concentrations of HF. Cells were incubated
with increasing concentrations of HF for 48 h and RNA was extracted. mRNA
levels were determined by real-time PCR and standardized vs levels of
GAPDH (n=5).

followed by an increase to their highest level at peak fibrosis.
Six and 10 weeks following TAA treatment cessation were
associated with a reduction in mRNA levels of the two genes
to near-normal levels (Figure 2). Heparanase activity is tra-
ditionally associated with modulating of the molecular
structure of ECM and subendothelial basement membrane,
resulting in release of various factors, thereby affecting nor-
mal and pathological processes.”>> Heparanase has also been
shown to exert non-enzymatic effects, including phosphor-
ylation of a number of factors.’®*” Its translocation to the
nucleus in various cell types may be an additional, potential,
mechanism affecting gene transcription.”® We have docu-
mented a biphasic gain of heparanase expression during liver
regeneration following 70% PHx."?

In a previous study, we used HBT to introduce the human
VEGEF-165 gene into liver cells. This procedure allowed VEGF
expression for 17 days post administration and was sig-
nificantly less effective in rats with TAA-induced liver fibrosis
(Yeikilis et al®® and unpublished data). HF, which was de-
monstrated by us and others to reduce collagen type I mRNA
level and synthesis, and thus decrease collagen deposition in
TAA-challenged rat livers, was found to improve the effi-
ciency of HBT. In the present study, 10 weeks of HF treat-
ment prior to HBT resulted in significantly elevated
expression of HBT-injected VEGF-165 mRNA compared
with that in saline-treated rats (Figure 3). Heparanase mRNA
levels in the above groups of animals corresponded to VEGF
levels (Figure 4). Of special interest is the fact that HF
treatment for 6 weeks post cessation of TAA induced a
twofold increase in heparanase mRNA transcripts as
compared with that in saline-treated rats (Figure 4). When
combined with HBT of human VEGEF-165, heparanase
mRNA levels further increased fivefold compared with nor-
mal levels. HBT transfection of liver cells with VEGF-165 in
the absence of HF was associated with a fourfold increase in
heparanase mRNA. It follows, therefore, that both over-
expression of VEGF-165 and HF treatment stimulate hepar-
anase expression in vivo. Comparable results were obtained
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in vitro following transfection of CFSC-8B and CFSC-3H
with a three-plasmid lentiviral system containing pTK208
encoding human VEGEF-165, the ANRF packaging vector and
VSVG envelope vector. Such cells exhibited a fivefold increase
in heparanase mRNA levels as compared to non-transfected
cells (data not shown).

To rule out the possibility that the increase in heparanase
mRNA expression is the result of an improved transfection of
liver cells following HBT due to reduced fibrotic load, we
next tested the effect of HF on the expression of heparanase
in two HSC lines. In both cell lines tested, CFSC-3H and
CFSC-8B, a remarkable increase in heparanase mRNA levels
was documented at low concentrations (50nM) of HFE
Concentrations higher than 50nM were inhibitory to he-
paranase expression, although did not affect cell proliferation
(data not shown). A similar pattern was obtained with VEGF,
reminiscent of the expression of the two genes in rats de-
veloping fibrosis (Figures 2 and 6). In both models, the level
of collagen type I mRNA was reduced by HE, confirming
other reports.”

A stimulatory effect of heparanase on VEGF expression
was previously documented in vitro.>® In various cell lines,
such as human embryonic kidney, breast carcinoma and rat
glioma, overexpression of heparanase resulted in a 3- to
6-fold increase in VEGF protein and mRNA levels. This
increase was correlated with elevation of p38 phosphoryla-
tion. Moreover, partially blocking heparanase mRNA
expression by applying a specific siRNA was accompanied by
decrease in VEGF and p38 phosphorylation.”® These results
suggest that expression of VEGF is regulated by heparanase.
In that respect, the present study adds another component to
the regulation interplay of heparanase and VEGE, namely,
overexpression of VEGF in fibrotic rat liver leads to increased
expression of heparanase, and HF stimulates expression of
both heparanase and VEGF in HSCs.

Liver regeneration involves an orchestrated expression of a
wide range of factors each of which is expressed at a defined
time frame. These factors affect many processes, including
cell migration, ECM remodeling and angiogenesis. Among
the growth- and angiogenesis-promoting factors released by
heparanase from the ECM are VEGF, bFGF, HGF and HB-
EGEF, which have all been associated with liver regeneration
and remodeling.** We have previously demonstrated a sti-
mulatory effect of exogenous VEGF-165 and VEGF-121 on
liver regeneration following PHx.*"** We have also docu-
mented a gain of heparanase expression following 70%
PHx.'® HF treatment, which was used in our animal model to
reduce collagen deposition,” elevated VEGF-165 expression
and also stimulated heparanase expression. These rats ex-
hibited a better capacity to regenerate after 70% PHx com-
pared with non-VEGF-165-transfected animals, pointing to
the contribution of both genes to the capacity of the injured
liver to regenerate.

Apoptosis of activated HSCs during recovery leads to
reduction in both hepatic collagen production and TIMP
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expression, thereby resulting in collagenolysis.”® HF has been
shown to have a pronounced stimulatory effect on matrix
metalloproteinase-3 (MMP-3) and MMP-13, and an
inhibitory effect on MMP-2, thereby promoting the
collagenolytic activity.”® HF has been shown by us and others
to reduce collagen and «-SMA in fibrotic rat liver, further
assisting liver remodeling. Interestingly, the decrease in col-
lagen content by itself may affect survival of HSCs. Indeed,
recent studies showed that intact collagen type I protects
HSCs from apoptosis following cessation of liver injury,*
further supporting the potential of HF as a therapeutic drug.

TGEF-f is considered a major pro-fibrogenic cytokine. As
such many have tested whether the inhibitory effect of HF
on the synthesis of collagen type I is mediated through the
TGF-f-signaling pathway. Bona and co-workers** have de-
monstrated that HF inhibits TGF-f$-induced upregulation of
collagen by interfering with the phosphorylation and sub-
sequent activation of Smad-3. In a transcriptional profiling
survey of rats treated with TAA and HE, we analyzed genes
that are associated with TAA-induced fibrosis. In this study,
we identified changes in 7% of liver genes; HF prevented
expression of 41% of those genes. In fact, HF affects different
genes at the early stages of the disease that are involved in
alcohol, lipid, protein and phosphate metabolism, and in cell
adhesion. In later stages, HF affects genes involved in cell
development, proliferation, differentiation and apoptosis.'®

We cannot exclude that a component of fibrogenesis in this
model is contributed by portal-tract myofibroblasts.*’
However, the primary site of TAA cytotoxicity and fi-
brogenesis is centrilobular.*>*” In a recent study using rat
liver precision slices, TAA was shown to induce hepatocellular
cytotoxicity in a periportal location as well.* However,
portal-tract fibrogenesis was not a prominent feature in this
model, and was better induced following treatment with
p-estradiol or epidermal growth factor (EGF). The finding of
TAA inducing predominantly parenchymal fibrosis is in
keeping with our previously published work*® in which im-
munohistochemistry demonstrated parenchymal deposition
of fibrous tissue following TAA administration.

In summary, the improved capacity of rat liver regenera-
tion exhibited by a combined therapy of HF and VEGF
transfection may in fact be the result of the various effects
exerted by HE. These include induction of heparanase and
VEGF expression (this communication); stimulation of
MMP-3 and MMP-13; downregulation of MMP-2 and in-
fluence on HSC proliferation;*® blockade of collagen type I
synthesis (this communication and Granot et al'®); and the
ability to enhance regenerative response.”’ Although it is
known that HF inhibits TGF-f expression, the main fibro-
genic cytokine, the mechanism of action of HF is still to be
elucidated. HF has been marketed for years for use in animals
raised for human consumption. Its antifibrotic activity ren-
ders this compound particularly suitable for further evalua-
tion in the treatment of liver fibrosis, where no other
remedies have been found.
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