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Bioactive sphingosine 1-phosphate (S1P) and S1P re-
ceptors (S1PRs) have been implicated in many critical
cellular events, including inflammation, cancer, and
angiogenesis. However, the role of S1IP/S1PR signal-
ing in the pathogenesis of liver fibrosis has not been
well documented. In this study, we found that S1P
levels and S1P; receptor expression in liver tissue
were markedly up-regulated in a mouse model of cho-
lestasis-induced liver fibrosis. In addition, the S1P;
receptor was also expressed in green fluorescent
protein transgenic bone marrow (BM)-derived cells
found in the damaged liver of transplanted chimeric
mice that underwent bile duct ligation. Silencing of
S1P; expression significantly inhibited S1P-induced
BM cell migration in vitro. Furthermore, a selective
S1P, receptor antagonist, suramin, markedly reduced
the number of BM-derived cells during cholestasis.
Interestingly, suramin administration clearly amelio-
rated bile duct ligation-induced hepatic fibrosis, as
demonstrated by attenuated deposition of collagen
type I and III, reduced smooth muscle a-actin expres-
sion, and decreased total hydroxyproline content. In
conclusion, our data suggest that S1P/S1P; signaling
plays an important role in cholestasis-induced liver fi-
brosis through mediating the homing of BM cells. Mod-
ulation of S1PR activity may therefore represent a new
antifibrotic strategy. (4m J Pathol 2009, 175:1464—1472;
DOI: 10.2353/ajpath.2009.090037)

Fibrosis is a wound-healing response that engages a
range of cell types and mediators to encapsulate injury
from multiple causes ranging from viral infection, alcohol
abuse, and drug or chemical toxicity to autoimmune and
metabolic disorders. Cirrhosis is the advanced stage of
fibrosis, typically characterized by nodule formation and
organ contraction.” It is worth noting that cholestatic liver
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disorders are a serious clinical problem and often require
liver transplantation due to cirrhosis.? The most common
cholestatic liver diseases affecting adults are primary
biliary cirrhosis and primary sclerosing cholangitis, which
may present diagnostic and therapeutic difficulties.® Gen-
erally, the pathogenesis of fibrosis/cirrhosis is characterized
by the excessive deposition and histological redistribution
of extracellular matrix components in the tissue as conse-
quences of chronic liver injury. Cytokines regulating the
scarring responses to injury modulate hepatic fibrogenesis
in vivo and in vitro. Strategies with the aim of disrupting the
cytokine synthesis and/or signaling pathways markedly de-
creased hepatic fibrosis in experimental models.*
Sphingosine 1-phosphate (S1P) is a bioactive sphin-
golipid generated by sphingomyelin metabolism that acts
almost ubiquitously, influencing many key biological pa-
rameters including cell proliferation, differentiation, motil-
ity, and survival and the regulation of immune function.>®
S1P is generated by phosphorylation of sphingosine cat-
alyzed by sphingosine kinases (SphKs). Two isoforms of
mammalian SphK have been cloned and characterized:
SphK types 1 and 2 (SphK1 and SphK2).” SphK1 is slightly
more efficient than SphK2 in phosphorylating their primary
intracellular substrate, sphingosine, whereas SphK2 is sig-
nificantly more efficient toward unnatural substrates such as
the immunomodulatory drug FTY720.8 The concentration of
S1P in cells is normally low and is regulated tightly by the
equilibrium between its formation, catalyzed by SphK, and
its degradation, catalyzed by S1P lyase and S1P phospha-
tase. SphK is stimulated by numerous external stimuli re-
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sulting in increased intracellular S1P concentration and in-
creased release from certain cell types.”

Of note, most of the characterized actions of S1P are
mediated through a family of five G protein-coupled re-
ceptors named S1P,, S1P,, S1P5, S1P,, and S1Pg, orig-
inally referred to as endothelial differentiation gene-1, 5,
3, 6, and 8, respectively.” The different activities trig-
gered by S1P depend on the pattern of expression of S1P
receptors (S1PRs) in each cell type. Among the S1PRs,
S1P,_5 are widely expressed in various tissues, whereas
the expression of S1P, is confined to lymphoid and he-
matopoietic tissue and that of S1P; to the central nervous
system.® From this pattern of expression, it is possible to
understand the pathophysiological role of each S1PR.
Indeed, the role of S1P and its receptors has been re-
ported in various disease-related models including lung
fibrosis'°~'2; in addition, our previous study unraveled a
major role of S1P, receptor in the wound healing re-
sponse to acute liver injury induced by carbon tetrachlo-
ride." However, the exact functional role of S1P as well
as the therapeutic potential of strategies aimed at S1P/
S1PRs signalings in liver fibrogenesis is still unknown.

It is well established that myofibroblasts are the principal
effector cells that are responsible for the overproduction of
extracellular matrix in fibrotic liver."* Myofibroblasts can be
produced by the activation of hepatic stellate cells, portal
fibroblasts, and fibrocytes, as well as cells derived from
epithelial mesenchymal transition.”*'* Recently, several
lines of evidence have indicated that a significant propor-
tion of myofibroblasts are of bone marrow (BM) origin in liver
fibrosis.'®'® However, much less is known about the mech-
anism that governs the mobilization of BM cells after chronic
liver injury. Importantly, several reports have demonstrated
that S1P strongly stimulated BM stem cells migration in
vitro.?°722 Along this line, we hypothesized that S1P is in-
volved in liver fibrogenesis through mediation of the migra-
tion of BM cells to the damaged liver. In an effort to establish
what factors govern BM cells engraftment after chronic liver
injury, we have sought to investigate the pathogenesis of
liver fibrosis in experimental animals induced by bile duct
ligation (BDL). This pattern is rather unique, being sustained
by compensatory proliferation of biliary epithelial cells.
Chronic obstruction of the bile duct causes massive activa-
tion of periductal myofibroblasts and ultimately results in
biliary fibrosis/cirrnosis.?>2* In this study, we evaluated the
importance of S1P/S1P; signaling in liver fibrogenesis
through mediation of the homing of BM cells during cho-
lestasis, which may represent a novel antifibrotic target.

Materials and Methods
Isolation of BM Cells

Enhanced green fluorescent protein (EGFP)-transgenic ICR
mice (3 weeks old) were sacrificed by cervical dislocation at
the time of BM harvest. EGFP-positive BM cells were ex-
tracted from the tibias and femurs by flushing with culture
medium (Invitrogen, Grand Island, NY) using a 25-gauge
needle. The cells were then passed through a 70-mm nylon
mesh and were washed three times with PBS containing 2%
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fetal bovine serum (Biochrom, Berlin, Germany). All animal
work was performed under the guidelines of the Ethics
Committee of Capital Medical University.

BM Transplantation

ICR mice aged 6 weeks received lethal irradiation (8 Gy)
and immediately received transplantation by a tail vein
injection of 1.5 X 10”7 whole BM cells, which were ob-
tained from 3-week-old EGFP transgenic mice. Four
weeks later, mice were subjected to the BDL-induced
liver fibrosis as follows. After 2 weeks, mice were sacri-
ficed, and tissue was harvested.

To further demonstrate that homing of BM cells mediated
by S1P is via the S1P; receptor, we performed another
series of experiments. After lethal irradiation and transplan-
tation of EGFP-positive BM cells, mice underwent BDL in
the absence or presence of suramin (Sigma-Aldrich, St.
Louis, MO) administration. Suramin (20 mg/kg body weight,
twice per week) in saline was injected i.p. All mice received
2 weeks of suramin or saline alone treatment, and liver
tissue was harvested at next day after last injection.

Mouse Model of Cholestasis-Induced Liver
Fibrosis

ICR mice were allocated randomly to two experimental
groups, and either BDL or sham operations were per-
formed as described previously by Uchinami et al®® In
brief, mice were anesthetized to receive a midline lapa-
rotomy, and then the common bile duct was exposed and
ligated three times. Two ligatures were placed in the
proximal portion of the bile duct, and one ligature was
located in the distal portion of the bile duct. The bile duct
was then cut between the ligatures. The abdomen was
closed in layers, and mice were allowed to recover on a
heat pad. Two weeks later, mice were anesthetized to
collect blood and liver samples.

Immunofluorescence and
Immunohistochemistry

Liver samples were fixed in 4% paraformaldehyde and
embedded in Tissue Tek OCT compound (Electron Mi-
croscopy Sciences, Hatfield, PA); 5-um frozen sections
were used for immunofluorescence. They were blocked
with 3% bovine serum albumin for 1 hour and then incu-
bated with anti-S1P; receptor polyclonal antibody (1:50;
Santa Cruz Biotechnology, Santa Cruz, CA) and Cy3-
conjugated AffiniPure goat anti-rabbit IgG antibody (1:
1000, Jackson ImmunoResearch Laboratories Inc., West
Grove, PA) as a secondary antibody. The sections were
covered with Vectashield mounting medium containing
4,6-diamidino-2-phenylindole and observed under a con-
focal microscope (LSM510; Carl Zeiss Microlmaging
GmbH, Jena, Germany).

Immunohistochemical analysis was performed using
anti-smooth muscle a-actin (a-SMA) (1:80, mouse mono-
clonal clone 1A4; Sigma-Aldrich) with a Mouse on Mouse
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kit (Vector Laboratories, Burlingame, CA). Detection of
the primary antibody was performed by using a biotinyl-
ated antibody and DAB Peroxidase kit (Vector Laborato-
ries). For negative controls, sections were processed as
described earlier, except that incubation with the primary
antibody was omitted.

Measurement of S1P by High-Performance
Liquid Chromatography Analysis

S1P concentrations in serum, liver tissue, and BM were
determined as described previously by Min et al®® with
minor modifications. Tissue samples were homogenized
in 25 mmol/L HCI/1 mmol/L NaCl. BM was obtained by
flushing the femur and tibia of donor mice with 25 mmol/L
HCI/1 mol/L NaCl. The samples were ultrasonicated for
10 minutes in ice-cold water. Serum was used in mea-
surements without any pretreatment. After transferring a
20-ul aliguot of the sample to a fresh tube for protein
assay, 250 ul of methanol containing 0.6 wl of concen-
trated HCI were added and the samples were ultrasoni-
cated for 10 minutes in ice-cold water. Lipids were ex-
tracted by addition of 500 ul of CHCI4/1 mol/L NaCl (1:1,
v/v) and 25 ul of 3 N NaOH. The basic aqueous phase
containing S1P was transferred to a siliconized glass
tube. The residual S1P in the organic phase was ex-
tracted twice with 250 ul of methanol/1 mol/L NaCl (1:1,
v/v) plus 15 ul of 3 N NaOH, and all of the aqueous
fractions were then combined. The aqueous phase con-
taining S1P was mixed with 150 wl of buffer (200 mmol/L
Tris-HCI and 75 mmol/L MgCl, in 2 mol/L glycine buffer,
pH 9.0) and 50 units of alkaline phosphatase (bovine
intestinal mucosa, type VII-T; Sigma-Aldrich). The mixture
was incubated at 37°C for 45 minutes. To terminate the
reaction, 15 ul of concentrated HCIl was added and the
dephosphorylated sphingosine was extracted twice with
500 wl of CHCI;. The pooled CHCI, phase was washed
three times with alkaline water and then dried under
nitrogen in siliconized glass tubes. The dried lipid residue
was resuspended in 200 ul of ethanol at 67°C for 30
minutes. The dissolved lipid solution was incubated with
30 wl of o-phthalaldehyde (Sigma Chemical) reagent for 1
hour at room temperature. Sample analysis was per-
formed by using Agilent 1100 high-performance liquid
chromatography equipment. The isocratic mobile phase
was acetonitrile-deionized distilled water (90:10, v/v), and
the flow rate was 1 ml/min. The derivatives were detected
using a spectrofluorometer, with an excitation wavelength
of 340 nm and an emission wavelength of 455 nm.

Migration Assays

Cell migration was determined in Boyden chambers as
described previously.?" In brief, serum-starved BM cells
(4 X 10* cells) were seeded to the upper chamber. Cell
migration was allowed to proceed for 6 hours at 37°C in
5% CO, by adding S1P (1 nmol/L) to the lower chamber.
Cells migrating to the lower surface of the filter were
stained and quantified by cell counting. The migration
index was defined as the number of cells in the lower

chamber under the tested condition divided by the num-
ber of cells under control.

RNA Interference

The siRNA sequence targeting mouse S1P; specifically
was synthesized (L-040957-00; Dharmacon, Lafayette,
CO). Forty to 50% confluent BM cells were prepared in
six-well dishes. Transient transfection of siRNA (40 nmol/L)
was performed by using Lipofectamine RNAIMAX as rec-
ommended by the manufacturer. Control cells were treated
with 40 nmol/L RNAI negative control duplexes (scramble
siRNA). After 48 hours cells were used to perform the mi-
gration assay.

Real-Time RT-PCR

Total RNA was extracted from liver frozen specimens using
an RNeasy kit (Qiagen, Hilden, Germany). Real-time RT-
PCR was performed in an ABI Prism 7300 sequence de-
tecting system (Applied Biosystems, Foster City, CA), as
described previously. ' Primers (MWG Biotech, Ebersberg,
Germany) used for real-time RT-PCR were as follows:
mouse S1P, receptor: sense, 5-ACTTTGCGAGTGAGC-
TG-3" and antisense, 5'-AGTGAGCCTTCAGTTACAGC-3’;
S1P, receptor: sense, 5-TTCTGGAGGGTAACACAGT-
GGT-3" and antisense, 5'-ACACCCTTTGTATCAAGTG-
GCA-3’; S1P, receptor: sense, 5'-TGGTGTGCGGCT-
GTCTAGTCAA-3' and antisense, 5-CACAGCAAGCAG-
ACCTCCAGA-3’; and 18S rRNA: sense, 5'-GTAACCCGT-
TGAACCCCATT-3" and antisense, 5'-CCATCCAATCGG-
TAGTAGCG-3'. Probes (Applied Biosystems) used for
real time RT-PCR were as follows: procollagen a1(l):
MA00801666; procollagen a1(lll): MA0O0802331; a-SMA:
MA00725412; SphK1: MA00448841; S1P phosphatase:
MAO00473016; and S1P lyase: MA00486079.

Quantitative Analysis of Liver Fibrosis and
Necrosis

Liver tissues were fixed in PBS containing 4% parafor-
maldehyde for 24 hours and embedded in paraffin. Sec-
tions (5 wm) were stained with Sirius red for collagen
visualization and H&E for analysis of necrotic area. The
fibrotic area and necrotic area were assessed by com-
puter-assisted image analysis with MetaMorph software
(Universal Imaging Corporation, Downingtown, PA). The
mean value of 15 randomly selected areas per sample
was used as the expressed percentage of fibrosis or
necrosis area.

Hydroxyproline Content Assay

Hydroxyproline content of the liver was measured as
described previously?” with minor modifications. In brief,
three small fragments of each liver were pooled, homog-
enized in distilled water, and lyophilized, and 20 mg of
the freeze-dried sample was hydrolyzed at 95°C for 20
minutes. After hydrolysis, the samples were neutralized at



pH 6.0 to 6.8. The hydrolysates were then treated with
activated charcoal. After centrifugation at 1000 X g for 10
minutes, aliquots of the hydrolysates were used to mea-
sure hydroxyproline content spectrophotometrically by
reaction with Ehrlich’s reagent. Absorbance was mea-
sured at 560 nm. The hydroxyproline content of the liver
was expressed as micrograms per gram of dry weight.

Serum Biochemistry

Serum total bilirubin and serum aminotransferase were
measured using commercial assay kits (Stanbio, Boerne, TX).

Analysis of Bile Flow

ICR mice aged 6 weeks were given one-time suramin or
saline alone administration (20 mg/kg b.wt. i.p.). After 24
hours, mice were anesthetized to receive midline lapa-
rotomy, and the common bile duct and duodenum were
exposed. The bile duct was then cut in the proximal
portion of the duodenal papilla. Bile flow was collected by
drainage tube for 30 minutes.

Western Blot Analysis

Western blot analysis of S1P5 receptor was performed with
50 g of protein extract, obtained as described previously?®
using rabbit polyclonal antibody to S1P, (1:500; Santa Cruz
Biotechnology) and peroxidase-conjugated goat anti-rabbit
IgG antibody (1:10,000; Jackson ImmunoResearch Labo-
ratories Inc., West Grove, PA) as a secondary antibody.
Protein expression was visualized by using an en-
hanced chemiluminescence (ECL Plus) assay kit ac-
cording to the manufacturer’s instructions (Amersham
Biosciences, Arlington Heights, IL). Signals were normal-
ized to the glyceraldehyde-3-phosphate dehydrogenase
signals (rabbit monoclonal anti-glyceraldehyde-3-phos-
phate dehydrogenase antibody, 1:1000; Sigma).
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Figure 1. Activation of the S1P system after BDL-induced liver injury. Mice were
subjected to sham or BDL operation and were sacrificed after 2 weeks (72 = 10
per group). S1P levels in liver tissue (A), serum (B), and BM (F) from sham- and
BDL-operated mice, were measured by high-performance liquid chromatogra-
phy. Relative hepatic levels of SphK1 (C), S1P phosphatase (D), and SIP lyase
mRNA (E) were measured by real-time RT-PCR. Data are presented as the
mean * SEM. *P < 0.05, compared with sham-operated mice.
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Statistics

Results are expressed as mean + SEM. Statistical signif-
icance was assessed by using Student’s t-test or one-
way analysis of variance for analysis of variance when
appropriate. A value of P < 0.05 was considered to be
statistically significant.

Results

Cholestasis-Induced Liver Injury Promotes
Activation of the Hepatic S1P System

We first examined S1P levels in cholestasis-induced liver
fibrosis. High-performance liquid chromatography analy-
sis of liver extracts from BDL mice revealed that S1P
levels rose markedly compared with those in sham-oper-
ated liver (Figure 1A). Likewise we found that the serum
S1P concentration in BDL mice was increased by ap-
proximate twofold higher than that for sham-operated
mice (Figure 1B).

We next examined whether the enzymes involved in
determining S1P abundance (SphK, S1P phosphatase,
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Figure 2. Expression of S1P receptors in liver tissue after BDL. Two weeks after
BDL, liver tissue was collected. Real-time RT-PCR and Western blot analysis for
expression of S1P receptors in sham- or BDL-operated livers were performed
(n = 10 per group). A: S1P, 5 receptor mRNA expression. B: Western blot
analysis of S1P; receptor protein level. Typical autoradiograms are shown. After
quantification of the signals, results were normalized relative to glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) expression. Data are presented as the
mean * SEM. *P < 0.05, compared with sham-operated mice.
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and S1P lyase) in liver tissue were affected by BDL. As
expected, 2 weeks after BDL, expression of SphK1
mRNA was significantly increased compared with that in
sham-operated mice (Figure 1C), although expression of
SphK2 mRNA was unchanged (data not shown). More-
over, expression of S1P phosphatase and lyase mRNAs
was unchanged after BDL (Figure 1, D and E). These
findings indicated that the up-regulation of SphK1 ex-
pression resulted in increased S1P concentration in the
liver during cholestasis.

In addition, we tested S1P levels in BM and found
that there was no difference in S1P concentration of BM
between the BDL-operated and sham-operated mice
(Figure 1F). Likewise, these enzymes (SphK, S1P
phosphatase, and S1P lyase) in BM were unaffected
after BDL (data not shown), indicating that the hepatic
S1P system was exclusively activated after BDL-in-
duced liver injury.

We further determined expression of S1PRs in sham-
and BDL-operated mice liver. Real time RT-PCR analysis
showed that expression of S1P5 receptor, but not that of
S1P, or S1P,, was markedly up-regulated in BDL-oper-
ated liver (Figure 2A). Meanwhile, we evaluated the pro-
tein levels of S1P5 receptor in the BDL liver tissue. As
shown in Figure 2B, Western blot analysis also re-
vealed a pronounced increase in S1P; receptor ex-
pression after BDL.

Taken together, these data reveal that SphK1/S1P and
related receptors (here, in particular, S1P;) are signifi-
cantly increased in BDL mice and may play a role in the
pathogenesis of cholestatic liver injury.

In addition, immunohistochemical staining for a-SMA
was performed to evaluate the BDL-induced fibrosis
model (Figure 3, A and B). Collagen deposition around
the portal tracts with the formation of bridging fibrosis
was seen in the livers of the BDL mice.

EGFP/DAPI

Figure 3. Expression of S1P; receptor in BM-de-
rived cells. A and B: Two weeks (2W) after BDL,
immunostaining for a-SMA in sham- or BDL-op-
erated livers representative of 10 independent
samples. Insets: Respective negative control stain-
ing. C: Confocal microscopy image of livers from
mice that had received BM transplants (12 = 5).
D-F: Representative images of immunofluo-
rescence analysis by confocal microscopy to
track the expression of S1P; receptor (red) in
BM-derived cells (green). Arrows indicate the
cells positive for both S1P; receptor and
EGFP. DAPI, 4,6-diamidino-2-phenylindole.

Merge

S1P5 Receptor Is Expressed in BM-Derived
Cells in the Damaged Liver

S1P has been shown to serve as a very good candidate
for the induction of cell mobilization.?® There is, in fact, a
growing body of evidence to indicate that S1P strongly
stimulates BM stem cells migration in vitro.?°~2? Recently,
several studies have shown that the BM contributes sig-
nificantly to liver fibrosis. Thus, it was of interest to exam-
ine whether S1P mediated migration of BM cells to the
damaged liver during cholestasis.

We first transplanted BM cells from EGFP transgenic
mice into recipients. Four weeks later, hematological re-
constitution was complete.'® We then sought to examine
BM-derived cells in mouse fibrotic liver induced by BDL.
Two weeks after BDL, a confocal microscopy image of
livers showed that significant numbers of EGFP-positive
cells (BM origin) were found in the fibrotic foci (Figure
3C). Thus, we confirm in our BM transplant model that BM
cells can migrate to the damaged liver.

Next, we examined the expression of S1P5 in those
BM-derived cells in the damaged liver by immunofluores-
cence analysis. As shown in Figure 3, D-F, many BM-
derived EGFP-positive cells in fibrotic areas were found
to express S1P5 receptor, suggesting that the S1P; re-
ceptor was involved in the homing of BM cells probably
mediated by S1P after BDL.

S1P Stimulates Migration of BM Cells via S1P4
Receptor

To determine whether S1P induced migration of BM cells
via S1P5 receptor, a transwell migration assay was per-
formed with or without silencing of S1P5 expression. As
shown in Figure 4A, S1P; mRNA was down-regulated by
97% in BM cells by siRNA transfection. Moreover, silencing
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Figure 4. S1P-induced migration of BM cells via the SIP; receptor. A:
Knockdown of S1P; mRNA in BM cells by S1P;-siRNA transfection, measured
by real-time RT-PCR. B: Effect of silencing S1P; expression on BM cell
migration in response to S1P. The migration index was defined as the
number of cells in the lower chamber under the tested condition divided by
the number of cells in the control. Data are presented as the mean = SEM
*P < 0.05 compared with control siRNA. BSA, bovine serum albumin.

S1P5 expression markedly inhibited S1P-induced BM cell
migration (Figure 4B). These results demonstrate that
S1P, receptor is required in S1P-induced BM cell
migration.
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Homing of BM Cells Is Prevented by Suramin
during Cholestasis

We used a selective S1P; receptor antagonist, suramin,
to further determine whether S1P/S1P; signaling medi-
ated homing of BM cells in BDL-induced liver injury. At
first, we analyzed the effects of suramin on the underlying
liver injury process. H&E-stained sections showed that
after 3 days of BDL and/or sham operations, necrotic
areas were unchanged following suramin administration
(Figure 5, A-C). Analysis of bile flow demonstrated that
suramin administration did not reduce bile flow in mice
(Table 1). Moreover, no significant differences in bio-
chemical parameters (serum total bilirubin, aspartate
aminotransferase, and alanine aminotransferase) were
found between suramin-treated and untreated mice (Ta-
ble 1). These results indicated that in the sham/BDL
model mice suramin did not affect the extent of inflam-
mation and necrosis in the liver.

Next, referring to the previous reports,*°3' we per-
formed an EGFP-positive BM cell transplantation experi-
ment followed by BDL-induced liver injury with or without
suramin administration. As expected, over the 2 weeks of
suramin administration, the proportion of BM-derived
cells in the damaged liver decreased markedly com-
pared with that in the liver without suramin treatment
(Figure 5, D-H). These results demonstrated that homing
of BM cells was mediated by S1P/S1P; signaling during
cholestasis and that the decrease in BM-derived cells in
the liver by suramin administration was probably not a
consequence of a reduced infiltration.

Suramin Administration Attenuates
BDL-Induced Liver Fibrosis

Next, we assessed the potential effect of suramin on liver
fibrosis induced by BDL. Two weeks after BDL and

Figure 5. The effect of suramin on the homing
of BM cells in mice during cholestasis. Mice
(n = 6 per group) received sham or BDL oper-
ation with or without one-time suramin admin-
istration (20 mg/kg b.wt. i.p.). Three days later,
mice were sacrificed and liver tissue was har-
vested. A and B: Representative H&E-stained
liver sections (original magnification, X200).
Necrotic areas are indicated by arrows. C:
Quantification of necrotic areas. At least 10 view
fields per animal were included. Mice (12 = 5 per
group) were lethally irradiated and received
transplants of EGFP-positive whole BM cells.
Then liver fibrosis was induced by BDL over 2
weeks, simultaneously with or without suramin
administration (20 mg/kg, twice per week, i.p.).
Shown are representative fluorescent images of
liver sections with (E and G) or without suramin
administration (D and F). Scale bars = 40 um.
H: The average number of BM-derived cells was
quantified by analyzing at least 10 random fields
per animal, with Image-Pro Plus software. The
quantitative result is the percentage of the num-
ber of BM-derived cells in BDL mice without
suramin administration. Data are presented as
the mean = SEM. *P < 0.05, compared with
control.
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Table 1. Biochemical Parameters and Bile Flow in Suramin-treated and Untreated Mice
ALT (U/L) AST (U/L) Total bilirubin (wmol/L) Bile flow (ul/g b.wt.)
Suramin (=)  Suramin (+) Suramin (—) Suramin (+)  Suramin (=) Suramin (+) Suramin (=) Suramin (+)
Sham 27.7+23 19.7 = 34 623 +77 617+ 26 45+ 11 32+06 1.5 *0.1 1.4 +0.1

BDL 923.8 + 151.3 813.2 = 147.7 1467.8 = 308.6 1719.0 + 485.4 170.7 + 142 229.1 = 13.3

Mice (n

6 per group) received sham or BDL operation with or without one time suramin administration (20 mg/kg b.wt. i.p.). Three days later,

mice were sacrificed, and serum was harvested. Serum aminotransferase (ALT and AST) and total bilirubin were measured using commercial assay
kits. Mice (n = 8 per group) received one time suramin administration or saline alone (20 mg/kg b.wt. i.p.). After 24 hours, mice were anesthetized to
measure bile flow for 30 minutes. Data are presented as the mean = SEM.

ALT, alanine aminotransferase; LST, aspartate aminotransferase.

suramin administration, mRNA expressions of procolla-
gen a1(l), procollagen a1(lll), and a-SMA in liver tissue
were markedly down-regulated after suramin administra-
tion (Figure 6A). Moreover, hepatic collagen deposition
was evaluated by morphometric analysis of Sirius red
staining (Figure 6C) and quantified by digital image anal-
ysis (Figure 6D). The result showed that collagen depo-
sition was markedly attenuated after suramin administra-
tion. We also measured total liver hydroxyproline content
(Figure 6B). After suramin administration, there was a
significant decrease in hydroxyproline content compared
with that in untreated mice.

Discussion

S1P is a pleiotropic lipid mediator capable of influencing
many cell types. However, in mammalian systems S1P is
found mainly in the blood and lymph. Furthermore, its
receptors are expressed in the vasculature and immune
organs. Thus, the functions of S1P in these two organ
systems have been characterized extensively.®® S1P/
S1PRs are thought to regulate important physiological
actions, such as immune cell trafficking, vascular devel-
opment, vascular tone control, cardiac function, and vas-
cular permeability. In addition, S1P may participate in
various pathological conditions. For instance, S1P has
been implicated as an important mediator in autoimmu-
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nity, transplant rejection, cancer, angiogenesis, vascular
permeability, female infertility, and myocardial infarc-
tion.®® However, the important role of S1P/S1PRs in liver
fibrosis is still poorly understood. In the present study, we
hypothesized that S1P production by SphK1 may play a
role in liver fibrogenesis involving homing of BM cells.
Using the S1P, receptor antagonist, suramin, we demon-
strated that S1P/S1P; signaling was involved in cholesta-
sis-induced liver fibrosis.

We observed a significant activation of the S1P system
in the damaged liver but no change in BM after BDL.
These results demonstrate that the S1P/S1PR signaling
pathway plays a role in the process of liver fibrogenesis
induced by BDL. Moreover, previous studies have dem-
onstrated that S1P acts as an extracellular ligand for a
family of G protein-coupled receptors that are crucial in
cell migration, including BM stem cells.2°%22° Thus, our
data suggest that after cholestatic liver injury, the ho-
meostasis of systemic S1P levels is destroyed, which in
turn facilitates the recruitment of BM cells from the BM
into the circulation and then into the liver. A similar phe-
nomenon was reported in a previous study about lym-
phocyte egress from the thymus and peripheral lymphoid
organs."’

S1P can function as an extracellular first messenger
and intracellular second messenger. Before the discov-
ery of the S1PRs, it was believed that S1P acted as an
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intracellular mediator.® However, the intracellular molec-
ular targets of S1P remain to be identified and, thus,
much less is known of the intracellular actions of S1P. To
date, five S1PRs, S1P, 5, have been identified. They have
overlapping and distinct patterns of expression in differ-
ent tissues. In addition, the coupling of these receptors to
different G proteins explains their differential signal trans-
duction properties and also the varied cellular effects of
S1P.° In particular, S1P,, S1P,, and S1P, were shown to
be involved in S1P-induced chemotaxis.?® Moreover,
contrary to the stimulatory effects of S1P, and S1P;, S1P,
inhibits cell migration in most cell types.3* That S1P can
both stimulate and inhibit cell migration at first seems
contradictory, but the net effect of S1P on cell migration
may depend on the relative levels of S1PRs expression.
Indeed, in this report, up-regulation of S1P; expression in
liver tissue after chronic liver injury and its expression in
the BM-derived cells, as well as S1P-induced BM cell
migration via the S1P; receptor, strongly suggest that
S1P/S1P; may play a role in the migration of BM cells to
the damaged liver. This notion is further supported by the
observation that administration of the selective S1P; re-
ceptor antagonist, suramin, markedly reduced the num-
ber of BM-derived cells during cholestasis. In fact,
suramin is a polycyclic anionic compound impermeable
to plasma membrane and blocks many ligand-receptor
interactions including those of the S1P receptor. Specif-
ically, more recent studies have demonstrated that, as an
antagonist of S1P; receptor but not the other S1PRs,
suramin almost completely inhibited S1P-induced biolog-
ical effects via the S1P, receptor.®%:3135-37 |n agreement
with these studies, our data demonstrate that suramin
inhibits S1P/S1Ps-induced migration of BM cells in BDL
mice. It is noteworthy that in in vitro migration assays, BM
stem cells can respond to many growth factors and che-
mokines such as platelet-derived growth factor and stro-
mal-derived factor-1.2%3° Here, we evaluate an important
role of S1P in the homing of BM cells. Nonetheless,
further studies are necessary to elucidate the exact
mechanism by which S1P mediates migration of BM cells
via the S1P; receptor.

Interestingly, using Sirius red staining, hydroxyproline
quantification, and real time RT-PCR analysis of collagen
and a-SMA, we observed that suramin administration
clearly attenuated BDL-induced hepatic fibrosis, involv-
ing blockade of homing of BM-derived cells. However,
suramin administration did not affect the extent of inflam-
mation and necrosis in the BDL liver. One possible ex-
planation for these seemingly contradictory results is that
suramin mainly lessens the number of BM-derived fibro-
genic cells during tissue repair but not the extent of
inflammation and necrosis. It is well known that myofibro-
blasts are the main cellular type involved in extracellular
matrix deposition. Recent studies have revealed that ex-
tracellular matrix-producing myofibroblasts may also
come from BM-derived cells,'>'? in addition to the portal
fibroblasts and resident stellate cells. In keeping with
these reports, our results strongly suggest that these
BM-derived cells in the fibrotic regions, have, at least in
part, a myofibroblast phenotype. Therefore, suramin ad-
ministration attenuated BDL-induced fibrosis most likely
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because of the inhibition of homing of BM cells and
subsequent decrease in fibrogenic cells. In addition, the
biological effects of S1P overlap with those of a wide
array of cytokines and growth factors, in particular, trans-
forming growth factor-B and platelet-derived growth fac-
tor,%° the key mediators during liver fibrogenesis. There is
increasing evidence that this overlap in functions relates
to both the ability of growth factors to transactivate S1P
signaling cascades as well as the ability of S1P binding to
the S1PRs to transactivate growth factor-signaling cas-
cades.®® Therefore, another possibility is that inactivation
of S1PR by suramin attenuates the interaction between
S1P and growth factors. It is also possible other actions of
S1P/S1PRs involved in fibrogenesis besides the ability to
regulate cell motility were eliminated. In this regard, mod-
ulation of ST1PR activity may represent a new antifibrotic
strategy.

There is growing realization that BM stem cells are a
potential therapy for many diseases including chronic
liver diseases.?”*'~ %3 On the other hand, the fact that BM
cells may also contribute to fibrosis in many solid organs
suggests that BM cells are also involved in disease pro-
gression.’™ " BDL is a unique experimental animal
model of hepatic fibrosis/cirrhosis. This model of fibrosis
is characterized by moderate inflammation, and the main
factors responsible for inducing portal lesions are an
increase in biliary pressure and probable modifications in
bile composition.** There is little doubt that myofibroblast
activation is one of the key steps that initiate fibrotic
lesions in this model. However, the exact origin of these
periductal myofibroblasts is yet to be explored, although
it is often presumed that they are from local activation of
residential fibroblasts or hepatic stellate cells.’** Con-
sistent with the previous reports, we confirm that BM-
derived cells contribute to liver fibrosis during cholesta-
sis. Therefore, the profibrotic potential of BM cells should
not be underevaluated, in particular when BM stem cells
are used as therapy for fibrosis/cirrhosis.

In conclusion, our findings suggest that S1P/S1P; sig-
naling plays an important role in cholestasis-induced liver
fibrosis through mediation of the migration of BM cells to
the injured liver, which will help to provide a possible
therapeutic strategy to control chronic liver diseases.
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