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suppressed the increased gene expression of both a-SMA
and HSP47. Furthermore, in preliminary in vitro experi-
ments, vitamin B, protected rat primary hepatocytes from
hepatotoxin-induced cell death. Therefore, vitamin B, might
suppress liver inflammation and the subsequent fibrogenesis
by protecting hepatocytes from liver injury.

During liver injury, hepatic stellate cells (HSCs) are acti-
vated to transdifferentiate into myofibroblasts and overpro-
duce extracellular matrix, which leads to fibrosis.'?’ Oxida-
tive stress stimulates the activation of HSCs, and substances
with antioxidative activity, such as vitamin E.”*' glu-
tathione,'* and t-cysteine,'”’ inhibit HSC activation, thus
suppressing liver fibrosis. However, we have not found any
antioxidative activity by vitamin B, (data not shown). It has
been reported that the activity of glutathione reductase was
found to be significantly lower in B ,-deficient liver.'” Re-
cently, it was reported that the interaction between vitamin
B,, and glutathione could protect against disease related to
vitamin B,, deficiency.'” Although vitamin B,, itself does
not have radical scavenging ability, it might play an impor-
tant role to maintain the sulfhydryl level under oxidative con-
ditions. Vitamin B, contains a cobalt complex and is widely
used to describe compounds of the cobalamin group. It is
possible that the cobalt complex of vitamin B,, is involved in
the inhibition of liver inflammation and fibrogenesis, but fur-
ther studies are necessary to clarify vitamin B ,’s mechanism
of action.

We previously reported that Zn(Mal), suppresses cyto-
toxin-induced apoptotic and necrotic cell death in isolated
hepatocytes."™ This zinc complex has free-radical scavenging
activity. Several manganic porphyrins mimicked superoxide
dismutase and had protective effect against oxidative
stress.'”?" Finally, here we found that the increase in a-SMA
and HSP47 gene expression caused by DMN treatment was
suppressed by vitamin B ,. Thus, a variety of metal com-
plexes seem to have therapeutic potential.

In conclusion, we found that vitamin B, is potent a he-

3

patoprotective agent. This report is the first to demonstrate
the hepatoprotective effect of vitamin B, on liver fibrosis.
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Application of Mesenchymal Stem Cells to Liver Regenerative Medicine
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Stem cell-based therapy has received attention as a possible alternative to organ transplantation, owing to the ability
of stem cells to repopulate and differentiate at the engrafted site. We transplanted bone marrow-derived mesenchymal
stem cells (BMSCs) into liver-injured rats to test the therapeutic effect. Rat bone marrow cells were cultured in the
presence of hepatocyte growth factor (HGF). RT-PCR and immunocytochemical analysis indicated that the BMSCs ex-
pressed the albumin mRNA and the production of protein after cultivation with HGF for 2 weeks. The BMSCs appeared
to differentiate into hepatocyte-like cells in response to the culture with HGF. After labeling with a fluorescent marker,
the BMSCs were transplanted into CCls-injured rats by injection through the caudal vein. The liver was excised and
blood samples were collected 4 wecks later. Engraftment of the transplanted BMSCs was seen with significant fluores-
cence in the injured liver. Transplantation of the BMSCs into liver-injured rats restored their serum albumin level and
suppressed transaminase activity and liver fibrosis. Therefore, BMSCs were shown to have a therapeutic effect on liver
injury. Recently, we have been trying to use mesenchymal stem cells isolated from dental papilla of discarded human
wisdom teeth. Autologous transplantation of mesenchymal stem cells from bone marrow and dental papilla could be
ethically and functionally promising for stem cell-based therapy.
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Fig. 1. RT-PCR of Hepatocyte Differentiation Marker Genes
Expressed in Cultured BMSCs

Bone marrow cells were cultured in the presence or absence of HGF for
3 weeks. On the 14th and 21st days of culture, the cells were harvested and
RT-PCR was performed using primers for AFP, albumin, and f-actin.
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Fig. 2. Albumin Secretion [rom CCli-injured Hepatocytes
Cocultured with BMSCs

BMSCs were cultured in the absence or presence of HGF for 2 weeks,
and cocultured with hepatocytes treated or non-treated with CCl,. The
amount of secreted albumin was measured 24 h after the coculture. Open bar
indicates albumin secretion from non-injured hepatocytes. Values are the
means + S.E. [rom three experiments. Asterisk indicates a significant differ-
ence from the values of injured hepatocyte monoculture (*p<20.05) .
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Table 1. Effect of BMSC Transplantation into Rats with Chronic Liver Injury

Control
not transplanted

Induced BMSC
transplantation

Non-induced BMSC
transplantation

Engraftment {(arbitrary unit) 18250+ 1915
AST (KU) 4089+ 605
ALT (KU) 2418+342
Albumin (g/dl 3.27+0.23
Fibrosis ratio (%) 0.916+£0.063

20643 1661 35624+ 1964"
3968 £499 1973+478*
1987392 1459+1369*
3.441+0.27 3.98+0.11*

0.802+0.292

0.649+0.053

* p<0.05 vs Control.
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DF5 W CD34, CD45 IR TEMITRTHHE L
feotf, TNETHREOD S 08, FEHGHEA BT
M, Fr#id MSC ERBNY =78 -F LD
A0 —-IMSCTHhBIEMHeMERH .
PLFA 7 o— > % e K il SO ie (tooth germ
progenitor cell; TGPC) &HB%d.

4-2. FFMR~O5{EFEE  ES ML S
i ~ D 5r{b % % &l A /= Hamazaki & 0 f5 22 (2 e
U, HGF, F¥H A&/, ITSIZA TH#H
Mk HA - (FGF), #3242 %F> M (OSM)
#HW/., FGF IAREDI =S T —3 3 IH
WTHIRS IZBET 20D S b S N 264
H+TdH 5.2 £ OSM (L& il a2 4 L F
ROBENRAZRETSILEORENSHSH. P
DMEM Kz Lid AT, 2% 7 S MaR M & i
MU TR AT D LFEHET-HEMO b DI RF



No. 1

enamel organ

{20 *_ dental follicle

JJ\ enamel
‘ | _ dentin
=
~~
\i% dental pulp

Isolated dental papilla

Collagenase
e el

Culture of adherent cells

Single cell cloning
using FACS

Selection of clone having
high differentiation ability

Fig. 3. Clonal Isolation of Mesenchymal Stem Cell Having High Differentiation Ability from Dental Papilla
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A 2w, 4G LSS A G 2 /2. TGPC 2
SR ERE H & D W3 IEAE R H TR e a0
T#H 5 PKH26 T L, Wik #E@ImfE 52 H
FIZMRE D IXI10O oM EE#ELA-. T2k
O—J)L &L TRMEIREOEHD 2 —T 31
NEKEENPEG L -b 0, MUDEREERS L
MlaoEL D IEMARKEMRA SRS LZLD
(sham operation) # &L 7=, #5024

Fig. 4. Morphological Change of MSC Derived from Dental
Papilla during the Induction Culture
MSCs were cultured in basal (A and B) and induction (C and D) medi-
um, Pictures were taken at 7 (A and C) and 14 (B and D) days.
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Abstract

Fucoidan, a sulfated polysaccharide extracted from brown algae. has a wide range of biological activities, including anti-inflammatory, anti-
viral, and anti-tumor activities. In the present study, we investigated the effects of fucoidan on CCly-induced liver fibrosis. Administration of
fucoidan reduced CCly-induced acute and chronic liver failure. Hepatic fibrosis induced by CCly was also attenuated by injection of fucoidan.
Damage to hepatocytes and activation of hepatic stellate cells are key events in liver fibrosis, and, interestingly, treatment of hepatocytes with
fucoidan prevented CCly-induced cell death and inhibited the proliferation hepatic stellate cells. These results indicate that fucoidan might be a
promising anti-fibrotic agent possessing dual functions, namely, protection of hepatocytes and inhibition of hepatic stellate cell proliferation.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Hepatic fibrosis results from chronic damage to the liver in
conjunction with the progressive accumulation of fibrillar
extracellular matrix proteins (Friedman, 1993; Gressner, 1995;
Licber, 1999). The main causes of liver fibrosis are infection
with hepatitis B or C, alcohol abuse, and non-alcohol steato-
hepatitis. There are over 100 million people with hepatic
fibrosis in the world.

The liver consists of parenchymal (hepatocytes) and non-
parenchymal cells (Kupffer, stellate, and endothelial cells).
Hepatic fibrosis is triggered by specific intercellular interactions
among some of these cells. Kupffer cells are activated by
membrane components from damaged hepatocytes and infil-
trating inflammatory cells. The activated Kupffer cells release
pro-fibrotic factors, such as transforming growth factor-f3,
reactive oxygen species, and other factors (Wu et al., 1998).
These pro-fibrotic factors act on hepatic stellate cells, which are
key players in hepatic fibrosis (Gressner, 1995).

Hepatic stellate cells are normally quiescent and produce
only small amounts of extracellular matrix components, such as

* Corresponding author. Tel.: +81 6 6879 8195; fax: +81 6 6879 8199
E-mail address: yagi‘aphs.osaka-u.ac jp (K. Yagi).
! Present address: Faculty of Pharmacy, Osaka Ohtani University, Nishikiori-
Kita 3-11-1, Tonda-bayashi, 584-8540, Japan.
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laminin and collagen type IV, during the formation of basement
membrane (Maher and Bissell, 1993). Exposure of hepatic
stellate cells to the pro-fibrotic factors activates hepatic stellate
cells, leading to a changed to a myofibroblast phenotype and an
increase in the production of collagen (Friedman, 1999: Geerts,
2001). Preventing the activation of hepatic stellate cells is thus a
promising anti-fibrotic strategy. Indeed, administration of
antioxidants has been shown to suppress the activation of
hepatic stellate cells, thereby preventing liver fibrosis, and
inhibition of hepatocyte cell death can reduce liver fibrosis
(Houglum et al., 1997; Maher et al., 1997; Horie et al., 2003;
Canbay et al., 2002; Song et al., 2003).

Brown algae seaweeds contain both soluble dietary fiber
polysacchandes, including alginates, fucans, and laminarans,
and insoluble fibers, which are mostly composed of cellulose
(Lahaye and Kaeffer, 1997; Kloareg and Quatrano, 1988). The
fucans are cell wall polysaccharides that contain variable
amounts of fucose, uronic acids, galactose, xylose, and sulfate.
They are classified in three types according to their chemical
composition: fucoidan, ascophyllan, and glucuronofuco-galac-
tan sulfate (Lahaye and Kaeffer, 1997; Kloareg and Quatrano,
I1988; Mabeau et al., 1990). Fucoidan is a complex sulfated
polysaccharide derived from Fucus vesiculosus, and it has a
variety of biological activities, including anti-inflammatory,
anti-viral, anti-liver failure, and anti-tumor activities (Boisson-
Vidal et al., 1995: Saito et al., 2006). Furthermore, fucoidan



8. Hayashi et al. / European Journal of Pharmacology 580 (2008) 380-384 381

interacts with transforming growth factor-f5 and has antiox-
idative properties (Xue et al., 2001; McCaffrey et al,, 1994).
These findings indicate that fucoidan may have anti-fibrotic
activity, but whether fucoidan can attenuate hepatic fibrosis is
unknown. Therefore, in the present study, we evaluated the
effects of fucoidan on hepatic injury and fibrosis. We found that
fucoidan may be useful as a novel type of anti-fibrotic agent.

2. Materials and methods
2.1. Reagents

CCl, was purchased from Wako Pure Chemicals, Co. Ltd.
(Osaka, Japan). Fucoidan was obtained from Sigma Chemical,
Co. Ltd. (St. Louis, MO). CCl, and fucoidan were dissolved in
olive oil and saline in animal experiment, respectively. In
cellular experiments, fucoidan was dissolved in cultured
medium for hepatocytes or hepatic stellate cells as described
below. CCl; was dissolved in dimethylsulfoxide at 100 mM.

2.2, Animals and experimental protocols

All of the experimental protocols conformed to the ethics
guidelines of the Graduate School of Pharmaceutical Sciences,
Osaka University. Male Sprague - Dawley rats (200-250 g) and
male ddy mice (6 weeks old) were obtained from SLC
(Shizuoka, Japan). The mice were housed in an environmentally
controlled room (lights on from 8:00 to 20:00; temperature, 23 +
1.5 °C). Animals had free access to water and commercial chow
(Type MF, Oriental Yeast, Tokyo, Japan).

In the acute liver injury model, CCl, was intraperitoncally
administrated to mice at 0.3 ml/kg body weight with or without
intravenous injection of fucoidan (25 and 50 mgkg body
weight). After 24 h of fucoidan injection, the mice were
anesthetized, and the blood was recovered. In the chronic liver
injury model, CCl; (0.3 ml’kg body weight) and fucoidan
(50 mg/kg body weight) were administered orally and
intravenously, respectively, to mice twice a week for 8 weeks.
The liver and blood were recovered from the mice under
anesthesia. The serum was separated from the blood and stored
at =20 °C before assay.

2.3. Aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) assavs

Serum AST and ALT levels were measured using commer-
cially available kits (Mitsubishi Kagaku latron Inc., Tokyo,
Japan) according to the manufacturer’s instructions.

2.4. Analysis of fibrosis

Liver specimens were fixed with 10% formaldehyde and
embedded in paraffin. Tissue sections were mounted on slides,
and Azan staining was performed to analyze the extent of
fibrosis. After establishing a background for each micrograph,
the number of pixels showing a blue color (stained collagen
fibers) was determined with Scion Image (National Institutes of

Health, Bethesda, MD), and the percentage of fibrosis in the
liver was calculated as the ratio of the blue-colored area to the
total area of the liver.

2.5, Isolation of hepatocyvtes and assay of viability

Hepatocytes were isolated from rats by perfusion of the liver
with collagenase (Seglen, 1976). The cells were cultured in
William’s medium E containing 1 nM insulin, 1 nM dex-
amethasone, and 10% fetal bovine serum. The cells were seeded
onto a dish at 1x10° cells/em” in the absence or presence of
fucoidan at 0, 0.3, 0.5, and 1.0 mg/ml. After 6 h of treatment
with fucoidan, CCl, was added to the cells at ] mM. After 3 h,
the viability of the cells was assayed by staining with Trypan
blue.

2.6. Isolation of hepatic stellate cells and assay of viability

Hepatic stellate cells were isolated from rat livers by
perfusion with collagenase and pronase, followed by centrifu-
gation on a Nycodenz cushion as described previously (Kawada
et al,, 1993). The cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum.
The cells were then seeded onto a dish at 5% 10° cells/cm” and
then treated with fucoidan at 0, 0.3, 0.5, and 1.0 mg/ml for 24
and 48 h. The viability of the cells was determined by
mitochondrial conversion of 3-(4, 5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (Mosmann, 1983). The viability
of the cells was calculated compared to cells at 0 h (i.e., prior to
treatment with fucoidan).

3. Results
3.1. Effect of fucoidan on acute liver injury

We first examined the effect of fucoidan on acute liver failure
induced by single injection of CCly. Intraperitoneal injection of
mice with CCly increased biochemical markers of liver injury.
Specifically, 24 h after injection of CCly, serum AST and ALT
had increased from 125 to 707 and from 21 to 752 karumen
unit/ml, respectively (Fig. 1). Intravenous administration of
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Fig. 1. Effect of fucoidan on CCly-induced hepatic injury. Mice received
intraperitoneal injection of CCly and intravenous injection of fucoidan. After
24 h, blood was recovered, and the serum AST (open column) and ALT (slashed
column) levels were determined using commercially available kits. Results
represent means +S.D. (n=4).



ad
o
-

fucoidan attenuated this elevation of serum AST and ALT (304
and 214 karumen unit/ml, respectively, at 25 mg/kg fucoidan).
Notably, injection of 50 mg/kg fucoidan restored serum AST
and ALT to normmal levels (77 and 67 karumen unit/ml,
respectively). Together, these results indicate that fucoidan is a
potent inhibitor of acute CCl,-induced liver injury.

3.2. Effect of fucoidan on chronic liver injury

To evaluate the effect of fucoidan on chronic liver injury, we
continuously administered CCl; to mice twice a week for
8 weeks. Serum AST and ALT levels increased from 149 to 433
and from 101 to 568 karumen unit/ml, respectively (Fig. 2A).
Azan staining revealed that collagen accumulated in the liver,
indicating the onset of liver fibrosis (Fig. 2B). Indeed, the
fibrotic area in the liver increased from 1.9% to 14.8% of the
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Fig. 2. Effect of fucoidan on CCl;-induced chronic hepatic injury. Mice were
mjected orally with CCly (0.3 mlbkg body weight) and intravenously with
fucoidan (50 mg/kg body weight) twice a week for 8 weeks. (A) Blood was
recovered for determmation of serum AST (open column) and ALT (slashed
column). Results indicate are means+S.D. (n=4). (B) Livers were recovered,
sectioned, and stained with Azan. Blue and red areas correspond to fibrotic
and normal regions, respectively. (C') The ratio of the fibrotic blue area to the
blue and red area of the liver was calculated from the sections using NIH
Scion Image. The calculation was performed on five images. Results represent
means=S.D. (n=4)
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Fig. 3. Effect of fucoidan on CCl-treated hepatocytes and hepatic stellate cells

(A) Effect of fucoidan on CCly-induced cell death in hepatocytes. Hepatocytes
were treated with CCL; (1.0 mg/ml) in the absence or presence of fucoidan at the
indicated concentration for 3 h. Viable cells were counted by Trypan blue
staining. Results represent means+ S.D. (n=4). (B) Effect of fucoidan on growth
of hepatic stellate cells. Hepatic stellate cells were treated with fucoidan at the
indicated concentration for 24 and 48 h. The viability of the cells was assayed by
mitochondnial conversion of 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazo-
lium bromide. The growth ratio was calculated as a percentage of the viability at
0 h. Results represent means = S.D. (n=4),

whole liver (Fig. 2C). The elevation of AST and ALT levels was
significantly reduced by administration of fucoidan (from 433
to 265 and from 568 to 238 karumen unitml, respectively;
Fig. 2A). The increase in fibrotic area induced by CCl, was also
attenuated by fucoidan (from 14.8% to 4.3%: Fig. 2C).
Together, these findings show that fucoidan may be useful for
treatment of hepatic fibrosis in chronic liver injury.

3.3. Effect of fucoidan on hepatocyvies and stellate cells

As described above, our preliminary results indicated that
fucoidan may be useful for the treatinent of hepatic fibrosis.
During the initiation of hepatic fibrosis, hepatocytes release a
paracrine factor that stimulates hepatic stellate cell growth,
leading to the damage of hepatocyte membranes (Gressner,
1995: Gutierrez-Reyes et al., 2007). Therefore, to determine
how fucoidan prevents liver injury, we evaluated its effects on
hepatocytes and hepatic stellate cells. As shown in Fig. 3A,
treatment of hepatocytes with CCl; (1 mM) reduced their
viability to 63.3% of control (untreated) cells. In addition,
fucoidan dose-dependently reduced CCly-induced cell death,
with complete prevention of cell death at 1 mg/ml. Alone,
fucoidan did not show any cytotoxicity at 1.0 mg/ml in
hepatocytes (data not shown). CCly-induced cell death was not
inhibited by pre-incubation of CCly with fucoidan (data not
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shown), indicating that the protective effects of fucoidan on
CCly-induced cell death is not due to absorption of CCl; by
fucoidan. In contrast, the viability of hepatic stellate cells was
reduced to 26.4% of the control by a 48-h treatment with
1.0 mg/ml fucoidan (Fig. 3B). Thus, both the protective effects
of fucoidan against CCly-induced cell death in hepatocytes and
its cytotoxicity to hepatic stellate cells might contribute to its
anti-fibrotic activity.

4. Discussion

Fucoidan, the sulfated polysaccharides of brown algae,
contains L-fucose residues as the main sugar constituent along
with sulfate esters. Although fucoidan is known to have many
biological activities, including anti-coagulant, anti-thrombosis,
anti-inflammatory, anti-liver failure, and anti-tumor activities
(Boisson-Vidal et al., 1995; Berteau and Mulloy, 2003; Saito
et al., 2006), this is the first investigation of its anti-fibrotic
activity. Our results show for the first time that fucoidan can
reduce hepatic fibrosis in an animal model.

Studies in animal models of hepatic fibrosis show that
extracellular matrix components accumulate in interstitial
regions of the liver around central veins or in the portal tracts.
Normally, hepatic stellate cells exist in a quiescent state, but
they become activated following liver injury. These activated
hepatic stellate cells are primarily responsible for the excess
production of extracellular matrix (Senoo et al., 1998). Thus,
reduction of extracellular matrix production by activated
hepatic stellate cells is crucial for the prevention of fibrogenesis.
Damage to hepatocytes is the primary and continuing factor
leading to hepatic stellate cell activation. Components released
from the damaged cells, including lipid peroxides and reactive
oxygen species, activate Kupffer cells in the liver, leading to
their secretion of transforming growth factor-p (Tsukamoto,
1999). These pro-fibrogenic factors activate hepatic stellate
cells, which results in liver fibrosis. Here, we showed that
treatment of hepatocytes with fucoidan attenuates CCly-induced
cell death,

Fucoidan has been reported to interact with transforming
growth factor-B and to scavenge reactive oxygen species
(Boisson-Vidal et al., 1995; McCaffrey et al., 1994; Xue et al.,
2001). CCl, elevates serum transforming growth factor-p levels
and acts as a hepatotoxin by inducing the production of reactive
oxygen species (Weiler-Normann et al., 2007). In agreement
with this, we have found that administration of fucoidan reduces
CCls-induced lipid peroxidation (data not shown). Taken
together, our results suggest that the anti-fibrogenic activity of
fucoidan is due, at least in part, to attenuation of hepatic stellate
cell activation by inhibition of transforming growth factor-p
and/or by scavenging of reactive oxygen species, which can
suppress the cascade of events that leads to hepatic stellate cell
activation.

Hepatocyte injury is thought to promote fibrosis, leading to
the release of activators from Kupffer cells. In contrast, hepatic
stellate cell apoptosis is thought to be essential for the
resolution phase of fibrosis (Canbay et al., 2002; Song et al.,
2003: Iredale, 2001; Iredale et al., 1998; Issa et al., 2001). Thus,

a compound that can prevent hepatocyte injury and/or induce
the death of hepatic stellate cells should be useful for the
treatment of hepatic fibrosis. In the current studies we showed
that fucoidan reduces the growth of hepatic stellate cells and
that it can protect hepatocytes from injury. We also found that
the fucoidan-treated hepatic stellate cells were stained with
annexin V, a marker of apoptosis (data not shown). Taken
together, these findings suggest that fucoidan may be useful for
treating hepatic fibrosis.

Most studies on fucoidan have used a commercially
available crude extract from F vesiculosus, and we used the
crude fucoidan in the current study. Fucoidan contains
heteropolysaccharides of various kinds besides those consist-
ing predominantly of sulfate and fucose (Nishino et al.,
1994). Patel et al. found that crude commercial fucoidan was
more active than the purified fucoidan at inhibiting the
proliferation of vascular smooth muscle cells, and then they
speculated that a specific structure in the crude fucoidan may
mediate its biological activities (Patel et al, 2002). Indeed,
the content of the sulfated groups in fucoidan determines its
anti-proliferative and anti-coagulant activities in fibroblasts
(Haroun-Bouhedja et al., 2000). The biological activities may
differ among the various structures of pure fucoidan as well
as the different components of crude fucoidan. ldentification
of the structures of fucoidan that protect hepatocytes from
hepatotoxins and that inhibit hepatic stellate cell growth is
needed for the development of fucoidan as an anti-fibrotic
agent,

In summary, we found that fucoidan prevents hepatocyte cell
death and induces the death of hepatic stellate cells in an animal
model of hepatic fibrosis. Future studies will examine the
molecular mechanisms of fucoidan in hepatocytes and hepatic
stellate cells. This is the first report that fucoidan has anti-
fibrotic activity and that it is a promising lead for the develop-
ment of anti-fibrotic agents. Identification of the molecular
target and the active structure of fucoidan may lead to the
development of novel anti-fibrotic agents.
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