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Abstract We previously reported that fibroblast growth
factor 2 (FGF2) facilitated the differentiation of trans-
planted bone marrow cells (BMCs) into hepatocytes. Our
earlier study also demonstrated that administration of FGF2
in combination with bone marrow transplantation (BMT)
synergistically activated tumor necrosis factor-alpha signal-
ing and significantly improved liver function and prognosis
more than BMT alone. However, the way that it affected the
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extracellular matrix remained unclear. Here, we investigat-
ed the effect of FGF2 treatment together with BMT on liver
fibrosis in mice treated with carbon tetrachloride (CCly).
Transplantation of BMCs and concurrent treatment with
FGF2 caused a statistically significant reduction in CCly-
induced liver fibrosis that was accompanied by strong
expression of matrix metalloproteinase 9 as compared with
FGF2-only treatment or BMT alone. Moreover, in this
process, the proliferation of bone-marrow-derived cells was
accelerated without causing apoptosis. Thus, the adminis-
tration of FGF2 in combination with BMT synergistically
improves CCly-induced liver fibrosis in mice. This treat-
ment has the potential of being an effective therapy for
patients with liver cirrhosis.
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Abbreviations

BMC bone marrow cell

GFP green fluorescent protein

CCly carbon tetrachloride

BMT bone marrow transplantation

FGF2 fibroblast growth factor 2

TNF o tumor necrosis factor o

ECM extracellular matrix

MMP matrix metalloproteinase

NF«B nuclear factor k B

TIMP tissue inhibitor of metalloproteinase
rFGF recombinant fibroblast growth factor
«SMA  alpha-smooth muscle actin

TUNEL terminal deoxynucleotidyl transferase-mediated
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deoxyuridine triphosphate nick end labeling
TdT terminal deoxynucleotidyl transferase
dUDT  deoxyuridine triphosphate

Introduction

A number of reports have recently demonstrated the
capacity of bone marrow cells (BMCs) to differentiate into
a variety of cell lineages, including hepatocytes (Theise et
al. 2000; Orlic et al. 2001; Ferrari et al. 1998; Lagasse et al.
2000; Krause et al. 2001; Kotton et al. 2001; Petersen et al.
1999; Okamoto et al. 2002), leading to the idea that BMCs
might be an attractive cell source for regenerative therapy
of the liver. In previous work, we have developed and
reported an in vivo mouse model, the green fluorescent
protein/carbon tetrachloride (GFP/CCl,) model, which has
made possible the monitoring of BMC differentiation into
hepatocytes (Terai et al. 2003). Using this model system,
we have shown that transplanted GFP-positive BMCs
populate a liver damaged by continuous injection of CCly.
Moreover, the transplanted BMCs differentiate into albu-
min-producing hepatocytes via Liv2-positive hepatoblast
intermediates (Terai et al. 2003), and bone marrow trans-
plantation (BMT) results in elevated serum albumin levels,
reduced liver fibrosis, and improvement in the survival rate
of CCly-treated mice (Sakaida et al. 2004). Taken together,
these results suggest that BMT might be an effective
treatment for patients with liver failure.

In our model system, we have also found that fibroblast
growth factor 2 (FGF2) is the most important growth factor
for the differentiation of BMCs into hepatocytes. Further,
the administration of FGF2 in combination with BMT
synergistically activates tumor necrosis factor o« (TNFwx)
signaling and significantly improves liver function and
prognosis (Ishikawa et al. 2006). However, the way that
FGF2 treatment together with BMT affects the extracellular
matrix (ECM) is not well understood. During liver
regeneration, hepatocyte proliferation in conjunction with
inflammatory cytokines (such as TNFx) and various
growth factors is thought to control ECM remodeling.
Recent studies have also demonstrated that proteinases,
such as matrix metalloproteinases (MMPs), play important
roles not only in ECM remodeling (Bezerra et al. 1999), but
also in hepatocyte proliferation (Mars et al. 1996; Kim et al.
1997). Furthermore, TNFx has been reported to promote
ECM degradation, by involving MMP9 induction through
the activation of the nuclear factor k B (NFkB) pathway
(Serandour et al. 2005). Our previous evaluations of several
MMPs and of tissue inhibitors of metalloproteinases
(TIMPs) by using DNA-microarray and immunohistochem-
istry have also revealed that MMP9 is one of the important
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fibrolysis inducers in our model (Sakaida et al. 2004; Omori et
al. 2004). Here, we investigate the effect of FGF2 treatment
with BMT on CCl,-induced liver fibrosis in mice and on the
proliferation and death of bone-marrow-derived cells.

Materials and methods
Experimental protocol

We previously developed and reported an in vivo mouse
model, the GFP/CCl, model (Terai et al. 2003). Six-week-
old C57 BL/6 female mice (Japan SLC, Shizuoka, Japan)
were injected intraperitoneally with CCl, (1.0 ml/kg body
weight) twice a week for 4 weeks to induce persistent liver
damage. The first day after this treatment, 1x10° GFP-
positive BMCs were isolated from C57 BL/6 Tgl4 (act-
EGFP) OsbY01 mice (GFP-transgenic mice; provided by
Dr. Masaru Okabe, Genome Research Center, Osaka
University, Osaka, Japan) and transplanted with or without
30 ug/kg recombinant FGF2 (rFGF2; R&D Systems,
Minneapolis, Minn., USA) slowly, by using a 31G needle
and Hamilton syringe, via the tail vein as previously
described (Terai et al. 2003; Ishikawa et al. 2006). The
same dose of CCl, was subsequently injected twice a week
to maintain persistent liver damage, and individual mice
were killed at 2 weeks post-transplantation. Mice with
CCly-induced chronic liver damage were divided into four
treatment groups: (1) CCly group (no treatment control); (2)
rFGF2 group (tFGF2 treatment without BMT); (3) BMC
group (BMT without rFGF2 treatment); (4) BMC+rFGF2
group (BMT with rFGF2 treatment).

Analysis of liver fibrosis

Liver samples were obtained from six mice per group and
examined histologically for liver fibrosis by using picro-
Sirius red staining of sections of paraffin-embedded material
as previously described (Sakaida et al. 1999, 2004). The
samples were quantified by means of a Provis microscope
(Olympus, Tokyo, Japan) equipped with a charge-coupled
device camera, and the red area (the fibrotic area) was
assessed by computer-assisted image analysis with Meta-
Morph software (Universal Imaging, Downingtown, Pa.,
USA). The mean value of 30 random fields per group was
compared as the expressed percent area of liver fibrosis.

Immunohistochemical staining

Liver samples from six mice per group were examined by
an immunohistochemical non-fluorescent staining method
as previously described (Shinoda et al. 1992). A total of 30
random fields per group were analyzed independently, and
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the percentage of stained area was calculated by using
MetaMorph software. We examined the expression of
several factors with antibodies against GFP (Santa Cruz
Biotechnology, Calif., USA), Ki-67 (Santa Cruz Biotech-
nology), alpha-smooth muscle actin (xSMA; Dako, Kyoto,
Japan), MMP9 (Santa Cruz Biotechnology), CD11b (BD
Pharmingen, Tokyo, Japan), and Ly-6G and Ly-6C (Gr-1;
BD Pharmingen, Tokyo, Japan). In addition, we detected
GFP and Ki-67 or MMP9, «SMA and MMP9, and MMP9
and CD11b or Gr-1 immunofluorescently with the follow-
ing secondary antibodies: Alexa Fluor R-488 and R-568
donkey anti-goat IgG (H+L) conjugates and Alexa Fluor
R-488 goat anti-rabbit IgG (H+L) conjugate (Molecular
Probes, Eugene, Ore., USA). The analysis was performed
as previously described (Terai et al. 2003; Sakaida et al.
2004; Ishikawa et al. 2000).

Western blot analysis of MMP9

To obtain protein, isolated pure BMCs were subjected to
homogenization with lysis buffer (20 mM TRIS-HCI pH
7.5, 50 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton
X-100, 2.5 mM sodium pyrophosphate, 1| mM [3-glycero-
phosphate, 1 mM NazVOy,, 1 pg/ml leupeptin, and 1 mM
phenylmethylsulfonyl fluoride) and then centrifuged. A
total of 100 pg protein was analyzed by SDS-polyacryl-
amide gel electrophoresis and immunoblotting. Protein was
electrophoretically transferred to a polyvinylidene difluo-
ride (PVDF) membrane (Bio-Rad, Calif., USA). The PVDF
membrane was incubated with goat anti-mouse MMP9
antibody (1:500 dilution), washed, and then incubated with
an anti-goat IgG conjugated to horseradish peroxidase
(Amersham Biosciences, N.J., USA; 1:4000 dilution).
Bands were visualized with an enhanced chemilumines-
cence (ECL) Western blotting detection system (Amersham
Biosciences). We also performed immunoblot analysis with
phosphate-buffered saline as a negative control. All experi-
ments were repeated independently at least three times with
reproducible results.

Analysis of apoptosis in liver

Frozen sections were prepared from liver samples from six
mice per group, and apoptotic cells in the frozen sections
were detected by using the apoptosis in situ detection kit
(Wako, Osaka, Japan) based on the terminal deoxynucleo-
tidyl transferase (TdT)-mediated deoxyuridine triphosphate
(dUDT) nick end labeling (TUNEL) procedure. In the
assay, the addition of fluorescein-dUDT to the 3'-terminals
of apoptotically fragmented DNA with TdT was followed
by immunochemical detection with horseradish-peroxidase-
conjugated anti-fluorescein and diaminobenzidine as a
substrate. The proportion of stained area was calculated

by using MetaMorph software in a total of 30 random fields
per group. We compared the mean value in each group as
the level of apoptosis. We also determined whether GFP-
positive cells corresponded to TUNEL-positive cells by
using contiguous sections from the animals of the BMC+
rFGF2 group. In addition, we immunostained for GFP and
stained for TUNEL in CCly mice (as a control). In this
staining system, positive cells were brown in color.

Statistical analysis

Values are shown as mean+SD. Data were analyzed with the
Fisher exact test. A P-value of <0.05 was considered statis-
tically significant.

Ethical considerations

These experiments were reviewed by the Committee of
Animal Experiment Ethics at the Yamaguchi University
School of Medicine and were carried out under the guide-
lines for animal experiments at Yamaguchi University
School of Medicine (no. 105).

Results
Analysis of liver fibrosis with Sirius red staining

We performed Picro-Sirius red staining to assess the level
of liver fibrosis. Continuous CCl, treatment for 6 weeks
induced cirrhosis of the liver. The level of liver fibrosis
changed little in the rFGF2-only group, was reduced to
some degree in the BMT-alone group, and was lowest in the
BMC+rFGF2 group (P<0.05, Figs. 1A, top row, 2). These
results suggested that administration of FGF2 with BMT
most significantly reduced liver fibrosis in CCl,-treated
mice.

Analysis of fibrolysis with MMP9 expression

We next detected MMP9 immunohistochemically to inves-
tigate the mechanism of fibrolysis. As shown in Figs. 1A,
middle row, 2, BMT-alone elevated MMP9 expression to
some degree, but the elevation was highest in mice treated
with BMC+rFGF2 (P<0.05). Additionally, the distribution
of MMP-9 protein was similar to that of GFP in the
sections, as previously reported (Sakaida et al. 2004).
Moreover, co-expression of GFP and MMP9 was detected
by using immunofluorescent double-staining (Fig. 1A,
bottom row, i). On the other hand, we could detect a little
co-expression of xSMA and MMP9 (Fig. 1 A, bottom row, j),
but the co-expression of both xSMA and MMP9 was weaker
than that of both GFP and MMP9 (Fig. 1A, bottom row, i, j).

@ Springer



Cell Tissue Res (2007) 327:463-470

B Isolated
BMCs

Fig. 1 A Sirius red staining and immunohistochemical detection of
MMP9. The amount of Sirius-red-stained fibers decreases, and MMP9
expression is elevated after administration of FGF2 in combination
with BMT, with significant differences. Note that GFP-positive bone-
marrow-derived cells secret MMP9. Top row a—d Sirius red staining.
Middle row e-h Immunohistochemistry of MMP9. Bottom row
i Immunofluorescent double-staining of GFP and MMP9. j Immuno-
fluorescent double-staining of xSMA and MMP9. k Immunofluorescent
double-staining of Gr-1 and MMP9. 1 Immunofluorescent double-
staining of CD11b and MMP. a, e CCl, group; transplantation of

MMP9 expression in neutrophils and macrophages was also
assessed by using GR-1 (as a marker of neutrophils;
Fleming et al. 1993) and CD11b (as a marker of macro-
phages; Springer et al. 1979). We failed to detect co-
expression of MMP9 and Gr-1 or of MMP9 and CDI11b
(Fig. 1A, bottom row, k, 1). These results suggested that
neutrophils and macrophages did not express MMP9, but
that isolated pure BMCs and transplanted BMCs secreted
MMP9 (Fig. 1A, bottom row, i, 1B). The percentages of
area stained after Sirius red staining and after staining for
MMPY expression are presented in Fig. 2. Of the four
treatments, FGF2 treatment together with BMT significantly
elevated MMP9 expression and induced the secretion of
MMP9 by bone-marrow-derived cells.

@ Springer

neither BMCs nor rFGF2. b, f rFGF2 group; rFGF2-only treatment
without BMT. ¢, g BMC group; BMC-only transplantation without
rFGF2. d, h BMC+rFGF2 group; transplantation of both BMCs plus
rFGF2 treatment. i Merged image of GFP (green) and MMP9 (red).
j Merged image of MMP9 (green) and aSMA (red). k Merged image of
MMP9 (green) and Gr-1 (red). 1 Merged image of MMP9 (green) and
CD11b (red). i-1 Any co-expression is in yellow. x40 (a—h), x400 (i-1).
B Western blot analysis of MMP9. Isolated pure BMCs express MMP9:
left lane isolated BMCs, right lane phosphate-buffered saline (PBS) as a
negative control (N.C.)

Analysis of cell proliferation with Ki-67 staining

We performed immunohistochemical analysis of Ki-67 to
investigate cell proliferation in the liver. The percentage
area stained for Ki-67 in the BMC group was significantly
higher than that in the CCl4 and rFGF2 groups (P<0.05).
Moreover, the administration of FGF2 in combination with
BMT caused a statistically significant elevation in the
expression of Ki-67 as compared with the BMC-alone
group (P<0.05, Figs. 3a—d, 4). In addition, after immuno-
fluorescent double-staining for GFP and Ki-67, we could
detect co-expression of the markers in both the BMC and
BMC+rFGF2 groups (Fig. 3e). Together, these analyses
showed that the expression of Ki-67 was highest in the
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Fig. 2 Percentage of stained area after Sirius red staining and MMP9
staining. In the BMC+rFGF2 group, the percentage of Sirius red
stained fiber is lowest, and that of MMP9 stained area is highest
among the four groups, with significant differences. The expression
level of MMPY is in inverse proportion to the amount of fiber. “No
significant difference compared with the value of CCl; group
(P>0.05). *Significant difference compared with the value of CCly
group (P<0.05). **Significant difference compared with the value of
BMC group (P<0.05)

BMC+rFGF2 group, and that GFP-positive transplanted
BMCs expressed Ki-67.

Analysis of apoptosis with TUNEL staining

We further analyzed the incidence of apoptosis in the liver,
apoptosis being reportedly regulated by TNF . We detected

apoptotic cells in frozen sections of liver tissue with the
TUNEL assay. No TUNEL-positive cells were found in
liver samples from normal mice (data not shown); however,
apoptosis was detected in livers treated with CCly to induce
persistent liver damage. In contrast, fFGF2-only treatment,
BMC-only transplantation, and the combined treatment
(BMC transplantation plus rFGF2) resulted in no statisti-
cally significant differences in the percentages of TUNEL-
positive areas (P>0.05, Fig. 5). We also checked the
location of apoptotic cells in the tissue sections and
determined whether GFP-positive cells (stained brown)
corresponded to TUNEL-positive cells by using contiguous
sections. No obvious difference in the distribution of apo-
ptotic cells was detected among the four groups (Fig. 5). In
addition, the GFP-positive region was different from the
TUNEL-positive region in the BMC+rFGF2 group (Fig. 6).
These data indicated that the proportion and distribution of
TUNEL-positive apoptotic cells were almost the same in all
four groups (CCly, rFGF2, BMC, BMC+rFGF2), and that
treatment did not cause apoptosis of GFP-positive bone-
marrow-derived cells.

Discussion

Here, we report that the administration of FGF2 in
combination with BMT results in collagen fiber degrada-

v |

Fig. 3 Expression of Ki-67 as revealed by immunohistochemistry. Ki-
67 expression is significantly elevated after administration of FGF2 in
combination with BMT in comparison with the other three groups, and
GFP-positive transplanted BMCs express Ki-67. a CCl, group;
transplantation of neither BMCs nor rFGF2. b rFGF2 group; rFGF2-

only treatment without BMT. ¢ BMC group; BMC-only transplanta-
tion without rFGF2. d BMC+1FGF2 group; transplantation of BMCs
and rFGF2 treatment. e Double-fluorescent merged image of GFP
(green) and Ki-67 (red), with co-expression resulting in yellow. x40
(a—d), x100 (e)
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BMC+r FGF2

CCl 4 r FGF2 BMC
Fig. 4 Percentage of stained area after staining for Ki-67. BMT-alone
(BMC) elevates expression of Ki-67, but the percentage of the Ki-67-
stained area in the BMC+rFGF2 group is highest among the four
groups. “No significant difference compared with the value of the
CCly group (P>0.05). *Significant difference compared with the value
of the CCly group (P<0.05). **Significant difference compared with
the value of the BMC group (P<0.05)

tion, improvement in CCly-induced liver fibrosis, and
strong expression of MMP9. In addition, the present study
shows that the combined treatment is more effective in
reducing liver fibrosis than BMT alone. A number of
studies have demonstrated the stimulatory effect of growth
factors and cytokines on MMP9 expression in various
normal and cancer cells. FGF2 has been reported to induce
MMP9 secretion in MCF-7 breast cancer cells (Liu et al.

a; IHC of GFP b; TUNEL staining

CCla SRR {5 i s

L >

>

A :-/:"::‘r' .
oL m
BMC+rFGF2
group
1> i " -

Fig. 6 Detection of GFP and TUNEL staining in the CCly group and
BMC+rFGF2 group. GFP-positive cells do not correspond to
TUNEL-positive cells in continuous sections from liver samples taken
from the BMC+1FGF2 group. GFP and TUNEL-positive cells are
stained brown. Top row CCly group; transplantation of neither BMCs
nor rFGF2 (control group). Bottom row BMC+rFGF2 group;
transplantation of BMCs and treatment with rFGF2. a Immunohisto-
chemistry for GFP (circles GFP-positive bone-marrow-derived cells).
b TUNEL staining (arrows TUNEL-positive cells). x100

2002), and TNF«x via the NFkB-mediated pathway induces
MMP9 in normal human bronchial epithelial cells (Hozumi
et al. 2001). In addition, TNFx promotes a type of ECM

Fig. 5 TUNEL staining in the TN AR
CCly, rFGF2, BMC, and BMC+ a UM R e
rFGF2 groups The proportion e S

and distribution of TUNEL- SR R i

positive apoptotic cells are al-
most same in all four groups. g
a CCly group; transplantation of ST ?

neither BMCs nor rFGF2. A G i-i

b rFGF2 group; rFGF2-only
treatment without BMT. ¢ BMC
group; BMC-only transplanta-
tion without tFGF2. d BMC+
rFGF2 group; transplantation of
both BMCs and rFGF2. x100

b

3
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degradation that involves MMP9 induction through the
activation of the NFkB pathway (Serandour et al. 2005).
The promoter of MMP9, like other members of the MMP
family, contains multiple transcription-factor-binding sites,
including NFkB and AP-1 elements, consistent with
induction by a variety of cytokines, growth factors, and
oncogenes (Emonard and Hornebeck 2000). Our previous
study has suggested that transplantation of BMCs and
concurrent treatment with rFGF2 has a synergistic effect
that induces TNF« signaling (Ishikawa et al. 2006). In the
present study, administration of FGF2 in combination with
BMT has been found significantly to reduce liver fibrosis
and to elevate MMP9 expression in comparison with other
treatments. Additionally, the expression level of MMP9 is
inversely related to the amount of fiber deposition. On the
other hand, FGF2 treatment alone has no significant effect
on ECM degradation and MMP9 induction. Thus, we
suppose that the enhanced improvement in CCly-induced
liver fibrosis by the combined treatment is closely related to
MMP9 activation and is attributable to the FGF2-induced
increase in MMP9 expression in the transplanted BMCs. As
shown in Fig. 1, transplanted BMCs but not neutrophils and
macrophages (Fig. 1A, bottom row, k, 1) express MMP9.
On the other hand, aSMA-positive cells (activated hepatic
stellate cells) secrete some MMP9 (Fig. 1A, bottom row, j).
In a previous report, cultured hepatic stellate cells have
been shown to express MMPY, but the expression is weak
(Li et al. 1999). Our data are in agreement with that of Li et
al. (1999). We suggest that transplantation of MMP9-
expressing BMCs might be important to improve liver
fibrosis, and that FGF2 treatment enhances the expression
of MMP9 in these transplanted BMCs.

We have also focused on the regulation of cell prolifer-
ation and apoptosis in this model system. The expression
levels of Ki-67 and MMP9 are highest in the BMC+rFGF2
group, but the proportion and distribution of TUNEL-
positive apoptotic cells are almost the same in all groups.
Moreover, although co-expression of GFP and Ki-67 can be
detected, co-localization of GFP-positive and TUNEL-
positive cells in BMC+rFGF2 group has not been observed.
These data indicate that the combined treatment accelerates
the proliferation of bone-marrow-derived cells without
causing apoptosis.

In conclusion, the administration of FGF2 in combination
with BMT causes a statistically significant reduction in
chemically induced liver fibrosis and a concurrent increase in
the expression of MMP9. Thus, we are encouraged that this
treatment has the potential of being an effective and efficient
therapy for patients with severe liver disease, thereby
improving liver function and alleviating liver fibrosis.
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