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the increased intrahepatic vascular resistance in cirrho-
sis. Furthermore, recent data suggest that sinusoidal
remodeling could also be involved in portal hyperten-
sion, characterized by the increased density of contract-
ile hepatic stellate cells wrapping around sinusoidal
endothelial cells.” Previous evidence suggests a pivotal
role of sinusoidal vasoconstriction in the pathophysiol-
ogy of portal hypertension, where hepatic stellate cells
operate as cwntxactilc machinery in response to vaso-
constrictors.” Among the various potential vasocon-
strictors, we have focused on sphingosine 1-phosphate
(§1P), a lipid medntor, which elicits a wide variety of
cell responses.® Recent investigation has revealed that
S1P acts through at least five hlgh -affinity G-protein-
coupled receptors referred to as S1Py5,”® among
which S1P, 5 are expressed in hepatic stellate cells.”
S1P stimulates contractility in rat hepatic stellate cells
in culture; the stimulation of contractility is C3 exo-
toxin-sensitive,” and is abrogated by the S1P, antago-
nist.'” Then we observed that S1P enhances portal
vein pressure in an ex vivo model of isolated perfused
rat livers by way of S1P, with Rho activation.'® These
findings prompted us to examine whether the antago-
nism of S1P, could reduce portal vein pressure in an
in vivo model of portal hypertension.

Materials and Methods

Animals. Male Sprague-Dawley rats were purchased
from Japan SLC (Shizuoka, Japan). The conventional
S1P,-deficient mice (S17, /= mice) and LacZ-knockin
mice at the S1P, locus (S]PL aZ [+ mice) were gener-
ated as described.!’ Wildtype mice (S]PH ™ mice)
were used as littermate controls. All rats and mice
were fed a standard pelleted diet and water ad libitum
under normal laboratory conditions of 12-hour light/
dark cycles.

All animals received humane care and the experi-
mental protocol was approved by Animal Research
Committee of the University of Tokyo.

Bile Duct Ligation. The common bile duct was
doubly ligated and resected between the two ligation
in rats and mice as described.'?

Hemodynamic Measurement. Rats and mice were
anesthetized with sodium pentobarbital (40 mg/kg
body weight, intraperitoneally),”> and polyethylene
catheters inserted into the carotid artery and vein of
each rat for mean arterial pressure measurement and
drug infusion. For mice, drug infusion was performed
by way of the tail vein. Portal vein pressure was mea-
sured in the portal trunk by way of the ileocolic vein
with 24G catheters in rats and mice, which were
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connected to a polygraph system (AP-601G; Nihon
Kohden, Tokyo, Japan). The readings were monitored
and saved on a computer using the analog-to-digital
PowerLab system (AD Instruments, Colorado Springs,
CO). After cannulation of all catheters, animals were
stabilized hemodynamically for 5 minutes. Thereafter,
mean arterial pressure and portal vein pressure were
measured for 30 minutes after the administration of
S1P, antafromit JTE-013 (Cayman Chemical, Ann
Arbor, MI) which was infused intravenously for 1
minute. JTE-013 was dissolved in 10% wellsolve
(Celeste, Tokyo, }ap:m)ls in saline, and the total
infused volume was 0.3 mL in rats. The intravenous
infusion of 0.5 mL 10% wellsolve for 1 minute did
not affect mean arterial pressure and portal vein
pressure in control rats (not shown).

Means of mean arterial pressure and portal vein pres-
sure before the infusion were determined using the
measured values for 5 minutes after the hemodynamic
stabilization, and those after the administration of S1P,
antagonist were determined using the measured values
from 10 minutes to 30 minutes after the infusion.

Immunoblot Analysis. Fresh liver specimens were
homogenized in M-PER Mammalian Protein Extrac-
tion Reagent (Thermo Fisher Scientific, Rockford, IL)
plus Halt Protease Inhibitor Cocktail (Thermo Fisher
Scientific). Immunoblot analysis was performed as
described,'® using specific antibodies against Rho
kinase (dilution 1:1,000, BD Biosciences Pharmigen,
San Diego, CA), moesin (dilution 1:1,000, Santa Cruz
Biotechnology, Santa Cruz, CA), phosphorylated moe-
sin (dilution 1:1,000, Santa Cruz Biotechnology),
phosphorylated myosin phosphatase targeting subunit
1 (MYPT1 [Thr853]; dilution 1:500, Upstate, Lake
Placid, NY), and glyceraldehyde 3-phosphate dehydro-
genase (GAPDH; dilution 1:2,000, Santa Cruz Bio-
technology). Immunoreactive proteins were visualized
using a chemiluminescence kit (GE Healthcare, Little
Chalfont, UK), and recorded using a LAS-4000 image
analyzer (Fuji Film, Tokyo, Japan).

Quantitative Reverse-Transcription Polymerase
Chain Reaction (RT-PCR). Total RNA was isolated
from rat and mouse livers using TRizol (Invitrogen)
according to the manufacturer’s guidelines. One micro-
gram of total RNA was reverse-transcribed with the
Transcriptor First Strand ¢cDNA Synthesis kit (Roche
Diagnostics, Mannheim, Germany). Real-time PCR
for rat S1P receptors was performed using LightCycler
1.5 system (Roche Diagnostics). The reaction was per-
formed in 2 ul. cDNA for each analyzed sample using
the LightCycler FastStart DNA Master HybProbe Kit (Roche

Diagnostics). Primers and Probes were S1P; (sense: 5'-
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GTTTCTGCGGGAAGGAAGTA-3/, antsense: 5'-AGCA
AGGAGGCTGAAGACTG-3' and Universal Probe Library
[UPL] probe no. 21; Roche), SIP, (sense: 5'-CCTGGT
CACCGACTCCTG-3, antsense: 5'-GGCATATGCAAG
CCTCTCTC-3/, and UPL probe no. 78), and S1P5 (sense:
5-ACTTAGCGGTGGCAGCAT-3, antisense: 5'-GAAAC
AGGCTCTCGTTCTGC-3', and UPL probe no. 26).

Real-time PCR for rat Rho, rat Rho kinase, mouse
S1P receptors, and mouse smooth-muscle o-actin was
performed using the 7300 Real-Time PCR system
(Applied Biosystems, Foster City, CA) and according
to the TagMan method in a 25 ul volume containing
12.5 uL. 2 x TagqMan Universal Master Mix, No
AmpErase UNG (Applied Biosystems) and 2 uL
cDNA. Primers and probes of rat Rho, Rho kinase,
and mouse S1P receptors were S1P; (sense: 5'-TTTA
GCCGCAGCAAATCAGA-3', antisense: 5'-GGTTGT
CCCCATCGTCCTT-3/, probe: 5-AACTCCTCTCA
CCCCC-3), and others as described.'”'®  Mouse
smooth-muscle a-actin primers and probe were obtained
from Applied Biosystems, TagMan Gene Expression
Assays (IMm00725412_s1). Each target gene expression
was normalized with endogenous control gene.

Isolation and Culture of Rat Hepatic Stellate
Cells. Hepatic stellate cells were isolated from rats
weighing 300 to 400 g as described,’® with some
modification using Optiprep (Axis-Shield PoC AS,
Oslo, Norway),?® and cultured on uncoated plastic tis-
sue-culture dishes (Falcon, Lincoln Park, NJ).

Histological and Immunohistochemical Analyses. Ex-
cised liver specimens were fixed immediately in 10%
formalin and embedded in paraffin, or were snap-fro-
zen in OCT compound. Serial 4-um-thick liver tissue
sections were deparaffinized and analyzed by hematox-
ylin-eosin and Sirius Red staining for collagen. Cryo-
sections were fixed and first stained using the f-Galac-
tosidase Staining Kit (Mirus Bio, Madison, wI).!!
Then Sirius Red staining or immunohistochemical
analysis for smooth-muscle o-actin was performed
using a Vector M.O.M. Immunodetection Kit (Vector
Laboratories, Burlingame, CA) in accordance with the
protocol specified by the manufacturer, with a ready-
to-use mouse monoclonal antibody (PROGEN Bio-
technik, Heidelberg, Germany). Sections were counter-
stained with nuclear fast red.

Measurement of Liver Enzymes. Serum levels of
aspartate aminotransferase, alanine aminotransferase,
alkaline phosphatase, and gamma-glutamyltransferase
were determined using an automated analyzer (Bio
Majesty JCA-BM 8040, JEOL, Tokyo, Japan).

Statistical Analyses. Quantitative data are presented
as means =+ standard error of the mean (SEM). Com-
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Table 1. Hemodynamic Parameters at Baseline in Bile Duct-
Ligated Rats (BDL) and Sham-Operated Rats (Sham)

Parameters BDL Sham P Value
Mean arterial pressure (mm Hg) 95.9 £ 8.7 1111 = 3.2 0.18
Portal vein pressure (mm Hg) 9.6 = 0.7 52 *+ 0.2 < 0.001

Results are expressed as mean = SEM (n = 9 for BDL and n = 8 for
sham).

parisons between groups were made using Student
¢ test. Statistical significance was set at P < 0.05.

Results

Hemodynamic Effects of SIP, Antagonist on Bile
Duct-Ligated Rats. The hemodynamic effects of S1P,
antagonist were examined in rats with bile duct liga-
tion and with sham operation at 4 weeks after the
operation. Hemodynamic parameters at baseline in
bile duct-ligated rats and sham-operated rats are shown
in Table 1. Portal vein pressure was significantly higher
in bile duct-ligated rats than in sham-operated rats
(P < 0.001), and a trend of lower mean arterial pres-
sure in bile duct-ligated rats than in sham-operated
rats was noted (P = 0.18).

Then, following the intravenous infusion of S1P,
antagonist portal vein pressure was reduced in bile
duct-ligated rats, as shown in Fig. 1A; the S1P, antag-
onist at 0.1 mg/kg body weight reduced portal vein
pressure by 14%, and at 1 mg/kg body weight, by
24%. In contrast, the S1P, antagonist at 0.1 mg/kg
body weight or 1 mg/kg body weight did not alter
portal vein pressure in sham-operated rats (Fig. 1A).
On the other hand, the S1P, antagonist at 0.1 mg/kg
body weight or 1 mg/kg body weight did not affect
mean arterial pressure in bile duct-ligated rats or in
sham-operated rats (Fig. 1B). These results indicate
that the S1P, antagonist reduced portal vein pressure
without affecting mean arterial pressure only in rats
with portal hypertension, but not in control rats.

Effect of SI1P, Antagonist on Rho Kinase Activity
in the Livers of Bile Duct-Ligated Rats. Because pre-
vious findings revealed that the contraction-mediating
vasoconstrictor effector Rho kinase plays a pivotal role
in the increase in intrahepatic vascular resistance and
vasoconstrictor hyperresponsiveness in portal hyperten-
sion, 2172125 the potential involvement of Rho kinase
in lowering the effect of the S1P, antagonist on portal
vein pressure in bile duct-ligated rats at 4 weeks after
the operation was examined. As shown in Fig. 2, mes-
senger RNA (mRNA) expressions of Rho and Rho
kinase (Fig. 2A) and Rho kinase protein expression

(Fig. 2B) in the livers were increased in bile
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Fig. 1. Hemodynamic effects of S1P, antagonist on bile duct-
ligated rats (BDL) and sham-operated rats (Sham). Portal vein pres-
sure (A) and mean arterial pressure (B) were measured following intra-
venous infusion of 0.1 or 1 mg/kg body weight S1P, antagonist.
Columns and bars represent means = SEM of 5 animals. An asterisk
indicates a significant difference between rats treated with S1P, an-
tagonist of 0.1 mg/kg and 1 mg/kg body weight (P = 0.022).

duct-ligated rats compared to sham-operated rats, con-
sistent with previous ﬁndings.l3’22 Furthermore, Rho
kinase activity in the livers was enhanced in bile duct-
ligated rats compared to sham-operated rats (Fig. 2C),
which is also in line with previous evidence,'>** and
this enhanced Rho kinase activity in bile duct-ligated
livers was reduced after infusion of the S1P, antago-
nist, in which Rho kinase activity was analyzed by
phosphorylation of moesin and MYPT1 (Thr853),
respectively (Fig. 2C,D). Thus, these results suggest
that the lowering effect of the S1P, antagonist on
portal vein pressure in rats with portal hypertension is
mediated by inhibition of Rho kinase activity.

SIP Receptor mRNA Expression in the Livers of
Bile Duct-Ligated Rats and in Cultured Rat Hepatic
Stellate Cells. We next examined the potential mecha-
nism of a distinct response to the S1P, antagonist in
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portal vein pressure between bile duct-ligated rats and
sham-operated rats to examine mRNA expression of
SIP receptors, S1Py, S1P,, and SI1P3 in the liver. As
demonstrated in Fig. 3, S1P, mRNA expression was
increased in the livers of bile duct-ligated rats com-
pared to sham-operated rats at 4 weeks after the opera-
tion. Significantly reduced SIP; mRNA expression,
but unaltered S1P; mRNA expression, in the livers of
bile duct-ligated rats was noted. Thus, the increase in
S1P, mRNA expression in the livers of bile duct-
ligated rats may explain, at least in part, the distinct
responsiveness to S1P, antagonist in portal vein pres-
sure between bile duct-ligated rats and sham-operated
rats.

As described previously, the increased density of
contractile hepatic stellate cells could be involved in
portal hypertension with liver fibrosis.” In the process
of liver fibrosis, hepatic stellate cells are known to be
activated, and this phenotypic change is also observed
in those cells cultured on plastic dishes.?® Thus, the
potential modulation of S1P, mRNA expression dur-
ing the process of activation was examined in hepatic
stellate cells at 3 and 7 days in culture on plastic
dishes; the latter cells were considered more activated
than the former cells, although both cells were already
activated. As shown in Fig. 3B, S1P, mRINA expres-
sion was significantly increased in hepatic stellate cells
at 7 days in culture than that in those cells at 3 days
in culture.

SI1P Receptor Gene Expressions in the Livers of
Bile Duct-Ligated Mice. To identify S1P,-expressing
cells in the bile duct-ligated livers, S]PéﬂCZ/ * mice
were employed, in which the LacZ gene is knocked in
at the locus of the SIpr2 allele and LacZ expression is
under the control of the endogenous S1P, promoter.'!
First, we examined the mRNA expression of SIP
receptors, S1P;, S1P,, and S1P; in wildtype mice with
bile duct ligation. As demonstrated in Fig. 4, S1P,
mRNA expression was up-regulated in the livers of
bile duct-ligated mice at 4 weeks following the opera-
tion compared to sham-operated mice, similar to rats,
whereas S1P; and S1P; mRNA expression was essen-
tially unaltered. Then, S1P, expression, determined as
LacZ activity with 5-bromo-4-chloro-3-indolyl-f-D-
galactc? ranoside (X-Gal) staining, was evaluated in
S]Pém * mice with bile duct ligation and sham oper-
ation. As depicted in Fig. 5A, S1P, expression was
mainly detected near blood vessels in the liver of
sham-operated mice, as previously reported.’ In con-
trast, S1P, expression was highly increased not only
near blood vessels but also in other areas in the liver
of bile duct-ligated mice (Fig. 5B). The liver tissue
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Fig. 2. Effects of S1P, antagonist on Rho and Rho kinase in the livers of bile duct-ligated rats (BDL). Rho and Rho kinase mRNA (A) and
protein (B) expressions were evaluated by quantitative RT-PCR and immunoblot analysis in the livers from bile duct-ligated rats (BDL) compared
to sham-operated rats (Sham). Results represent a fold increase of sham-operated rats (means = SEM, n = 5). mRNAs of Rho (P = 0.004)
and Rho kinase (P = 0.001), and Rho kinase protein (P = 0.012) were increased in the livers of bile duct-ligated rats compared to those of
sham-operated rats. Rho kinase activity was evaluated by the extent of moesin phosphorylation (C) and MYPT1 phosphorylation (Thr853) (D) in
the livers with sham operation, bile duct ligation, and bile duct ligation at 5 minutes following intravenous infusion of 1 mg/kg body weight
S1P, antagonist (BDL+JTE-013). The results represent a fold increase of sham-operated rats (means *= SEM, n = 5). Rho kinase activity was
increased with bile duct-ligated livers (P = 0.001 in C,D), and this increased activity was reduced by S1P, antagonist administration (P =
0.011 in C and P = 0.003 in D). An asterisk indicates a significant difference.

sections from bile duct-ligated mice with X-Gal stain-
ing were further submitted to Sirius Red staining to
identify collagen fibers, where the vast majority of X-
Gal staining was colocalized with fibrosis, found
mainly in the periductular area (Fig. 5C) and in lobu-
lar septa (Fig. 5D). Finally, smooth-muscle o-actin
staining was employed to identify activated hepatic
stellate cells. Double staining with antismooth-muscle
o-actin and X-Gal staining revealed that the increased
X-Gal staining was highly colocalized in smooth-mus-
cle a-actin-expressing cells (Fig. S5E,F).

Rbho Kinase Activation and Fibrosis in Liver, and
the S1P, Antagonist Effect on Portal Vein Pressure
of S1P;'™ Mice with Bile Duct Ligation. We eval-
uated a potential role of S1P and S1P, in Rho kinase
activation in the livers of bile duct-ligated mice using
S]PZ_/ " mice. Because a time-course analysis revealed
that Rho kinase activation was observed as early as 7
days following bile duct ligation in wildtype mice
(data not shown), Rho kinase activity was evaluated
both in wildtype and S]P;/ ~ mice at 7 days following
bile duct ligation, in which the increase in Rho kinase
activity by bile duct ligation was less in SIP,’ mice

compared to wildtype mice, as demonstrated in Fig.
6A. These results suggest that S1P and S1P, contrib-
ute, at least in part, to the enhancement of Rho kinase
activity in the livers of bile duct-ligated mice.

Then liver fibrosis was evaluated in wildtype and
S]PZ_/ " mice at 3 weeks following bile duct ligation.
Sirius Red staining of the livers showed that fibrosis
developed around bile duct and ductal structures and
in lobular septa in wildtype mice, whereas less fibrosis
was observed predominantly around ductal structures
in S]PZ_/ ~ mice (Fig. 6B). Smooth-muscle o-actin
mRNA expression in the liver was significantly higher
in wildtype mice than in S]P;/ " mice (Fig. 6C). Col-
lectively, liver fibrosis induced by bile duct ligation
was less prominent in S]PZ_/ " mice than in wildtype
mice.

Next, an intravenous infusion of S1P, antagonist at
1 mg/kg body weight was performed in wildtype and
SIPZ'/ " mice at 3 weeks following bile duct ligation.
The S1P, antagonist reduced portal vein pressure in
wildtype mice, but not in S]P;/ "~ mice (Fig. 6D).

Effect of SI1P, Antagonist on Liver Enzymes and
Histology in Control Rats. Because previous studies
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Fig. 3. SIP receptor mRNA expressions in the liver of bile duct-
ligated rats and in cultured rat hepatic stellate cells. (A) mRNA expres-
sions of S1P receptors, S1P,, S1P,, and S1P; were evaluated by
quantitative RT-PCR in the livers of sham-operated mice and bile duct-
ligated mice at 4 weeks following the operation. Results represent a
fold increase of untreated control rats (means *= SEM, n = 7). S1P,
mRNA expression was increased (P = 0.042), whereas S1P; mRNA
expression was decreased (P = 0.0005) in the livers of bile duct-
ligated rats at 4 weeks following the operation. (B) Hepatic stellate cells
were isolated from rats and cultured on uncoated plastic dishes. S1P,
mRNA expression was increased in those cells at 7 days in culture than
in those at 3 days (P = 0.015). Columns and bars represent means =
SEM (n = 3). An asterisk indicates a significant difference.

indicate that S1P, antagonist exerts its effect also on
hepatocytes,"?” liver enzymes in serum and liver his-
tology were examined at 24 hours after intravenous
injecdon of the S1P, antagonist (1 mg/kg body
weight) in normal rats to examine whether its intrave-
nous administration might affect hepatocytes. As dem-
onstrated in Fig. 7A-E, serum levels of aspartate ami-
notransferase,  alanine alkaline
phosphatase, and gamma-glutamyltransferase and liver
histology were not altered with intravenous injection
of the S1P, antagonist.

aminotransferase,
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Discussion

In the current study, intravenously administered
S1P, antagonist reduced portal vein pressure without
affecting mean arterial pressure in cirrhotic rats caused
by bile duct ligation. This effect of the S1P, antago-
nist involved the reduction of Rho kinase activity in
the liver. On the other hand, the same amount of
S1P, antagonist did not alter portal vein pressure and
mean arterial pressure in control sham rats. Up-regula-
tion of S1P, expression was observed in the bile duct-
ligated livers of rats and mice, predominantly in he-
patic stellate cells as smooth-muscle a-actin-expressing
cells. Finally, the contribution of S1P and SI1P; to the
enhancement of Rho kinase activity in the liver as well
as the formation of liver fibrosis following bile duct li-
gation was determined in mice.

It is now well known that the intrahepatic up-regu-
lation of Rho kinase signaling plays an important role
in the pathophysiology of portal hypertension with
increasing hepatic vascular resistance.”* Thus, Rho
kinase has become one of the main targets when estab-
lishing the treatment strategy for portal hyperten-
sion.'”172%28 Op the other hand, among the SIP
receptors it has been shown that S1P, is specifically
coupled to Rho and Rho kinase signaling.”” In fact,
we previously showed that S1P increased portal vein
pressure by way of S1P, with the activation of Rho,
and presumably of Rho kinase, in isolated perfused rat
livers.'? In the current study, we found that the S1P,
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Fig. 4. S1P receptor mRNA expressions in the livers of bile duct-
ligated mice. mRNA expressions of S1P receptors, S1P,, S1P,, and
S1P; were evaluated by real-time PCR in the livers of sham-operated
mice and bile duct-ligated mice at 4 week following the operation. The
results represent a fold of untreated control rats (means = SEM, n =
8). S1P, mRNA expression was increased in the livers of bile duct-
ligated mice at 4 week following the operation (P = 0.027). An aster-
isk indicates a significant difference from sham-operated mice.
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Fig. 5. S1P,  expression in
sham-operated SIPZE”Z © mice
and bile ductligated S1P5“/*
mice. S1P, expression was
detected as X-Gal staining in
S1P5““/* mice with sham opera-
tion (n = 3) (A) and bile duct liga-
tion at 4 weeks following the
operation (n = 6) (B-F). X-Gal
stain-positive cells were found near
blood vessels in sham-operated
mice (A) and those cells were rich
in various areas in the liver of bile
duct-ligated mice (B). These sec-
tions of bile duct-ligated livers
were further stained with Sirius Red
(C,D), where the vast majority of X-
Gal staining was colocalized with
fibrosis, found mainly as periductu-
lar deposits (C) and as lobular
septa (D). Double staining with
antismooth- muscle «-actin and X-
Gal staining was also performed
(E,F), revealing that the increased
X-Gal staining was highly colocal-
ized in smooth-muscle o-actin-
expressing cells.

antagonist reduced portal vein pressure by inhibiting
Rho kinase activity in bile duct-ligated rats.

The effects of various agents on portal hypertension
have been examined with acute and chronic adminis-
trations.>'/?*?>2%  When examined with chronic
administration, a potential effect on liver fibrosis as
well as a direct hemodynamic effect on portal vein
pressure should be considered. Indeed, the efficiency
of sorafenib in the treatment of portal hypertensive
rats may be explained by its antifibrotic effect in the
liver.”®?°  Atorvastatin also reportedly lowers portal
pressure in cirrhotic rats'’ and attenuates liver fibrosis
induced by bile duct ligation in rats.>! In this context,
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liver fibrosis was reduced in S]P;/ " mice with carbon
tetrachloride injection®” and in those with bile duct li-
gation, suggesting the profibrotic effect of S1P by way
of S1P,. Thus, it is likely that chronic administration
of S1P, antagonist may abrogate liver fibrosis, leading
to the reduction of portal vein pressure. Other than
this, in the current study we evaluated a potential
direct effect of the SIP, antagonist on portal vein
pressure with acute intravenous administration.

Of note, the direct inhibition of Rho kinase by
intravenously administered fasudil caused a reduction
of portal vein pressure and mean arterial pressure in
rats with secondary biliary cirrhosis,'>*? whereas the
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Fig. 7. Effect of S1P, antagonist on liver enzymes and histology. Serum levels of aspartate aminotransferase (AST) (A), alanine aminotransfer-
ase (ALT) (B), alkaline phosphatase (ALP) (C), and gamma-glutamyltransferase (GGT) (D), and liver histology (E) were examined at 24 hours af-
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inhibition of Rho kinase by abrogation of the SI1P
effect through S1P; led to the reduction only of portal
vein pressure, but not of mean arterial pressure in
those rats, which may be an advantage when its clini-
cal use is considered for portal hypertension. This
finding may be caused by the selective enhancement of
S1P, expression in stellate cells of bile duct-ligated liv-
ers, which could enhance the responsiveness to S1P, an-
tagonist in the liver. In the current study, increased
S1P, mRNA expression was first observed in bile duct-
ligated livers in rats. In addition, our evidence suggests
that S1P, mRNA expression may be enhanced in he-
patic stellate cells upon activation. To next examine
S1P,-expressing cells in the bile duct-ligated livers, we
employed S]P%‘ I mice. We conhlmed that S1P,
mRNA expression was increased in bile duct-ligated
mice similarly to bile duct-ligated rats. S1P, expression,
determined in S175 LacZ [+ mice, was highly increased in
hepatic stellate cclls of bile duct-ligated livers. It should
be noted that the contribution of not only activated he-
patic stellate cells but also portal fibroblasts to liver fi-
brosis has been recently attracting attention.” Because
both cells are smooth-muscle o-actin-positive, a certain
amount of smooth-muscle o-actin-expressing  cells
around portal ductular structures in this study could be
portal fibroblasts, which might also play a role in portal
hypertension.' A potential role of portal fibroblasts in
the mechanism of reducing portal hypertension by the
S1P, antagonist should be further elucidated. In any
case, the selective enhancement of S1P, expression is
assumed in hepatic stellate cells in bile duct-ligated rats
to be similar to bile duct-ligated mice, which may
explain the selectivity in the reduction of portal vein
pressure by the SIPZ antagomst in bile duct-ligated rats.

Although we®? and others™ réported a role of S1P,
in the wound-healing response®® and fibrogenesis®>
upon liver injury, recent evidence demonstrated that
S1P; in rodents,®>*® and S1P; and SIP; in
human,””?® may importantly contribute to liver fibro-
sis, focusing on the stimulation of motility of hepatic
stellate cells, in which the enhanced expressions of
S1P; and S1P3 but not S1P, in fibrotic liver were
reported. The discrepancy in the evaluation of S1P
receptor expressions should be further clarified.

Recent evidence has questioned the selectivity of the
S1P receptor agonists or antagonists, including JTE-
013, showing that they also affected the responses of
other bioactive compounds such as endothelin in vitro,
according to their concentrations.”® Although the pro-
file of JTE-013 concentration in plasma after its intra-
venous administration was not determined in the cur-
rent  study, that the maximum

weE assume
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concentration of JTE-013 may be within the range in
which JTE-013 selectively acts on the S1P, receptor,
because JTE-013 did not affect portal vein pressure in
511’;/w mice with bile duct ligation.

In the liver, the activation of Rho kinase plays an
important role, not only in the regulation of portal
vein pressure,'>'7*#28 bue also in the proliferation
and apoptosis of hepatic stellate cells, and hence fi-
brosis,! 0401 Although various agents have been
reported to stimulate Rho kinase activity in liver cells,
such as endothelin,® a regulatory mechanism of Rho
kinase activity in the liver in vivo has not been elucx-
dated yet. To clarify this point, we employed S]Po
mice and found a smaller activation of Rho kinase
caused by bile duct ligation in SIP,"
pared to in wildtype mice, suggesting that S1P by
way of S1P, plays a pathophysiological role, at least
in part, in the regulation of Rho kinase activity upon
liver injury. Because S/P,"  mice had less fibrosis in
the liver after bile duct ligation, reduced Rho kinase
activity in those mice may be caused by reduced
fibrogenesis. It should be further clarified whether
SIP could have a direct effect on Rho kinase in the
liver after injury.

A unique point of SI1P as a circulating paracrine
mediator is that S1P is abundantly present in the
blood; its plasma level is A2300-500 nmol/L.** Of
note, this level is comparable to the concentration of
S1P readily exerting various effects on cells iz vitro.l
Thus, we speculated that the potential modulation of
SIP receptor expressions may determine the patho-
physiological effects of S1P, a view further supported
by the phenotypes of S1P receptor mutants.** The
current findings of the lowering effect of S1P; antago-
nist on portal vein pressure in cirrhotic animals and
the reduced activation of Rho kinase in the liver after
injury in S]P;/ " mice may be in line with our
hypothesis, although the plasma S1P level was reduced
in patients with chronic hepatitis C.%>

The lowering effect of intravenously administered
S1P, antagonist on portal vein pressure in rats and
mice with portal hypertension suggests that the S1P,
antagonist may be useful to urgenty reduce portal
vein pressure in the clinical setting such as esophageal
variceal bleeding, where no effect of the antagonist on
arterial pressure could be an advantage. On the other
hand, the chronic administration of the S1P, antago-
nist could reduce portal vein pressure in cirrhosis
patients through a direct hemodynamic effect and fur-
ther an antifibrotic effect on the liver.>* Liver fibrosis
and portal hypertension may be a good target of the
S1P, antagonist as a therapeutic agent.

mice com-
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Abstract:

MHC class | polypeptlde related chain A (MICA) molecule is induced in response to viral |nfect|on and various types of stress.
We recently reported that a single nucleotlde polymorphlsm (SNP) rs2596542 located in the MICA promoter region was
significantly associated with the risk for hepatitis C virus (HCV)-induced hepatocellular carcinoma (HCC) and also with serum
levels of soluble MICA (sMICA). In this study, we focused on the possible involvement of MICA in liver carcinogenesis related
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environmental factors [4]. In this regard, genome wide association
studies (GWAS) using single nucleotide polymorphisms (SNPs)
have highlighted the importance of genetic factors in the
pathogenesis of various diseases including CHB as well as HBV-
induced HCC [5,6,7,8,9,10,11,12,13]. Recently, we identified a
genetic variant located at 4.7 kb upstream of the MHC class 1
polypeptide-related chain A (MICA) gene to be strongly associated with
hepatitis G virus (HCV) -induced HCG development [14].
MICA is highly expressed on viral-infected cells or cancer cells,
and acts as ligand for NKG2D to activate antitumor effects of
Natural killer (NK) cells and CD8" T cells [15,16]. Our previous
results indicated that a G allele of SNP rs2596542 was significantly
associated with the lower cancer risk and the higher level of soluble
MICA (sMICA) in the serum of HCV-induced HCC patients,
demonstrating the possible role of MICA as a tumor suppressor.
However, elevation of serum sMICA was shown to be associated

Introduction

Hepatocellular carcinoma (HCC) reveals a very high mortality
rate that is ranked the third among all cancers in the world [1].
HCC is known to develop in a multistep process which has been
related to various risk factors such as genetic factors, environment
toxins, alcohol and drug abuse, autoimmune disorders, elevated
hepatic iron levels, obesity, and hepatotropic viral infections [2].
Among them, chronic infection with hepatitis B virus (HBV) is one
of the major etiological factors for developing HCC with
considerable regional variations ranging from 20% of HCC cases
in Japan to 65% in China [3].

Interestingly, clinical outcome after the exposure to HBV
considerably varies between individuals. The great majority of
individuals infected with HBV spontaneously eliminate the viruses,
but a subset of patients show the persistent chronic hepatitis B
infection (CHB), and then progresses to liver cirrhosis and HCC

through a complex interplay between multiple genetic and

PLOS ONE | www.plosone.org

with poor prognosis in various cancer patients [17,18,19,20].
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Matrix metalloproteinases (MMPs) can  cleave MICA at a
transmembrane domain [21] and release sMICA proteins from
cells. Since sMICA was shown to inhibit the antitumor effects of
NK cells and CD8" T cells by reduction of their aflinity to binding
to target cells [22,23], the effect of MICA in cancer cells would be
modulated by the expression of MMPs. To elucidate the role of
MICA in HBV-induced hepatocellular carcinogenesis, we here
report analysis of the MICA polymorphism and serum sMICA
level in HBV-induced HCC cases.

Materials and Methods

Study participants

The demographic details of stucy participants are summarized
in Table 1. A total of 181 HCC cases, 597 CHB patients, and
4,549 non-HBV controls were obtained from BioBank Japan that
was initiated in 2003 with the funding from the Ministry of
Education, Culture, Sports, Science and Technology, Japan [24].
In the Biobank Japan Project, DNA and serum of patients with 47
diseases were collected through collaborating network of 66
hospitals throughout Japan. List of participating hospitals is shown
in  the following  website  (http://biobankjp.org/plan/
member_hospital.html). A total of 226 HCC cases, 102 CHB
patients, and 174 healthy controls were additionally obtained from
the University of Tokyo. The diagnosis of chronic hepatitis B was
conducted on the basis of HBsAg-seropositivity and elevated
serum aminotransferase levels for more than six months according
to the guideline for diagnosis and treatment of chronic hepatitis
(The Japan Society of Hepatology, http://www jsh.orjp/
medical/gudelines/index html). Control Japanese DNA samples
m=934) were obtained from Osaka-Midosuji Rotary Club,
Osaka, Japan. All HCC patients were histopathologically
diagnosed. Overall survival was defined as the time from blood
sampling for sMICA test to the date of death due to HCC. Patients
who were alive on the date of last follow-up were censored on that
date. All participants provided written informed consent. This
research project was approved by the ethics committee of the
University of Tokyo and the ethics committee of RIKEN. All
clinical assessments and specimen collections were conducted
according to Declaration of Helsinki principles.

SNP genotyping

Genotyping platforms used in this study were shown in Table 1.
We genotyped 181 HCC cases and 5,483 non-HBV control
samples using either Illumina Human Hap610-Quad or Human
Hap350v3. The other samples were genotyped at SNP rs2596542

Table 1. Demographic details of subjects analyzed.

MICA and HBV-Induced Hepatocellular Carcinoma

by the Invader assay system (Third Wave Technologies, Madison,
WIj.

MICA variable number tandem repeat (VNTR) locus
genotyping

Genotyping of the MICA VNTR locus in 176 HBV-induced
HCC samples was  performed  using  the primers  reported
previously by the method recommended by Applied Biosystems
(Foster City, CA) [14]. Briefly, the 5" end of forward primer was
labeled with G-IFAM, and reverse primer was modified with
GTGTCTT non-random sequence at the 5" end to promote Plus
A addigon. The PCR  products were mixed with Fi-Di
Formamide and GeneScan-600 LIZ size standard, and separated
by GeneScan system on a 3730x1 DNA analyzer (Applied
Biosystems, Foster City, CA). GeneMapper software (Applied
Biosystems, Foster City, CA) was employed to assign the repeat
fragment size (Figure S1).

Quantification of soluble MICA

We obtained serum samples of 111 HBV-positive HCC
samples, 129 HCV-positive HCC samples, and 60 non-HBV
controls from Biobank Japan. Soluble MICA levels were measured
by sandwich enzyme-linked immunosorbent assay, as described in
the manufacturer’s instructions (R&D Systems, Minneapolis, MN).

Statistical analysis

The association between an SNP rs2596542 and HBV-induced
HCC was tested by Cochran-Armitage trend test. The Odds ratios
were calculated by considering a major allele as a reference.
Statistical comparisons between genotypes and sMICA levels were
performed by Kruskal-Wallis test (if more than two classes for
comparison) or Wilcoxon rank test using R. Overall survival rate
of the patients was analyzed by Kaplan-Meier method in
combination with log-rank test with SPSS 20 software. The
period for the survival analysis was calculated from the date of
blood sampling to the recorded date of death or the last follow-up
date. Differences with a P value of <0.05 were considered
statistically significant.

Results

Association of SNP rs2596542 with HBV-induced HCC
In order to examine the effect of rs2596542 genotypes on the
susceptibility to HBV-induced HCC, a total of 407 HCC cases
and 5,657 healthy controls were genotyped. The Cochran
Armitage trend test of the data revealed a nominal association

Subjects Source Genotyping platform Number of Sample Female (%) Age (mean+/—sd)

Liver Cancer BioBank Japan ’ lilumina Human Hap610-Quad 181 179 62.94+9.42
University of Tokyo Invader assay 226

Control BioBank Japan lllumina Human Hap550v3 4549 47.95 55.19+125
Osaka** llumina Human Hap550v3 934 ‘

i University of Tokyo Invader éSsay ‘ 174

Chronic hepatitis B*  BioBank Japan Invader assay 597 45.66 6131126

Uniyersity of Tokyo Invader assay 102

**Healthy volunteers from Osaka Midosuji Rotary Club, Osaka, Japan.
doi:10.1371/journal.pone.0044743.t001
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*Chronic hepatitis B patients without liver cirrhosis and liver cancer during enrollment.
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between HBV-induced HCC and rs2596542 in which a risk allele
G was more frequent among HBV-induced HCC cases than an A
allele (P=0.029, OR=1.19, 95% CI: 1.02-1.4; Table 2). To
further investigate the effect of rs2596542 on the progression from
CHB to HBV-induced HCC, we genotyped a total of 699 CHB
cases without HCC. Although the progression risk from CHB to
HBV-induced HCC was not statistically significant with
rs2596542 (P=0.197 by the Cochran Armitage trend test with
an allelic OR = 1.3 (0.94-1.36); Table 2), we found a similar trend
of association in which the frequency of a risk-allele G was higher
among HBV-induced HCC patients than that of CHB subjects.
Since we previously revealed that an A allele was associated with a
higher risk of HCV-induced HCC with OR of 1.36 [14], the
$2596542 alleles that increased the risk of HCC were opposite in
HBV-induced HCC and HCV-induced HCC.

Soluble MICA levels are associated with SNP rs2596542

We subsequently performed measurement of soluble MICA
(sMICA) in serum samples using the ELISA method in 176 HBV-
positive HCC cases and 60 non-HBV controls. Nearly 30% of the
HBV-induced HCC cases revealed the serum sMICA level of
>5 pg/ml (defined as high) while the all control individuals except
one showed that of <5 pg/ml (defined as low) (P=4.5x10"%
Figure 1A). Then, we examined correlation between SNP
rs2596542 genotypes and serum sMICA levels in HBV-positive
HCC cases. Interestingly, rs2596542 genotypes were significantly
associated with serum sMICA levels (P = 0.009; Figure 1B); 39% of
individuals with the GG genotype and 20% of those with the AG
genotype were classified as high for serum sMICA, but only 11%
of those with the AA genotype were classified as high (AA+AG vs
GG; P=0.003) (Figure 1B). These findings were similar with our
previous reports in which a G allele was associated with higher
serum sMICA levels in HCV-induced HCC patients [14].

Negative association of variable number of tandem

repeat (VNTR) with sMICA level

The MICA gene harbors a VNTR locus in exon 5 that consists
of 4, 3, 6, or 9 repeats of GCT as well as a G nucleotide insertion
into a five-repeat allele (referred as A4, A5, A6, A9, and A5.1,
respectively). The insertion of G (A5.1) causes a premature
translation termination and results in loss of a transmembrane
domain, which may produce the shorter form of the MICA
protein that is likely be secreted into serum [25]. However, the
association of this VNTR locus with serum sMICA level was
controversial among studies [14,26,27,28]. Therefore, we exam-
ined the association between the VNTR locus and sMICA level in
HBV-induced HCC patients, and found no significant association
(Figure S1 and 82), concordant with our previous report for HCV-
induced HCC patients [14].

Table 2. Association between HCC and rs2596542.

MICA and HBV-Induced Hepatocellular Carcinoma

Soluble MICA levels are associated with survival of HCC
patients

In order to evaluate the prognostic significance of serum sMICA
levels in HCC patients, we performed survival analysis of HCC
patients. A total of 111 HBV-infected HCC patients and 129
HCV-infected HCC patients were included in this analysis. The
mean survival period for HBV- and HCV-infected patients with
less than 5 pg/ml of serum sMICA were 67.1 months (95% CI:
61.1-73.1, n=83), and 58.2 months (95% CI: 51.4-65.0, n=85),
respectively. On the other hand, for patients with more than 5 pg/
ml of serum sMICA, the mean survival periods were 47.8 months
(95% CI: 34.8-30.9, n=28) for HBV-induced HCC patients and
59.5 months (95% CI: 51.9-67.1, n = 44) for HCV-induced HCC
patients. The Kaplan-Maier analysis and log-rank test indicated
that among HBV-induced HCC subjects, the patients in the high
serum sMICA group showed a significantly shorter survival than
those in the low serum sMICA (P =0.008; Figure 2). In addition,
we performed multi-variate analysis to test whether sMICA is an
independent prognostic factor by including age and gender as
covariates. The results revealed significant association of sMICA
levels with overall survival (P =0.017) but not with age and gender
(Table S1).However, we found no association between the serum
sMICA level and the overall survival in the HCV-induced HCC
subjects (P = 0.414; Figure S3). Taken together, our findings imply
the distinct roles of the MICA variation and sMICA between
HBV- and HCV-induced hepatocellular carcinogenesis.

Vascular invasion in HBV-related HCC patients is
associated with soluble MICA levels

Since sMICA levels were associated with the overall survival of
HBV-related HCC patients, we tested whether sMICA levels
affect survival through modulating invasive properties of tumors or
size of the tumors. We tested the association between sMICA
levels and vascular invasion in 35 HBV-related HCC cases, among
whom 7 cases were positive and 21 cases were negative for
vascular invasion. We found significant association between
sMICA levels and vascular invasion (Figure 3; P=0.014) in which
7 cases with positive vascular invasion showed high levels of
SMICA (mean=54 pg/ml) than 21 cases without vascular
invasion (mean =7.51 pg/ml). However, we found no association
between tumor size and sMICA levels (P =0.56; data not shown).
These results suggest that sMICA may reduce the survival of
HBV-related HCC patients by affecting the invasive properties of
tumors.

Discussion

Several mechanisms such as HBV-genome integration into host
chromosomal DNA [29] and effects of viral proteins including
HBx [30] are shown to contribute to development and progression
of HCC, while the immune cells such as NK and T cells function
as key antiviral and antitumor effectors. MICA protein has been

SNP Comparison Chr Locus Case MAF  Control MAF P* OR* 95% Cl
152596542 ... HCCvs. Healthy control -~ 6 MICA 0294 00332 ... 0029 . 119 . 1.02-14
152596542 HCC vs. CHB 6 MICA 0294 0320 0.197 113 094-136

*Obtained by Armitage trend test.
doi:10.1371/journal.pone.0044743.t002
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Note: 407 HCC cases, 699 CHB subjects and 5,657 non-HBV controls were used in the analysis.
Chr.,chromosome; MAF, minor allele frequency; OR, odds ratio for minor allele; Cl, confidence interval.
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Figure 1. Soluble MICA levels are associated with HBV-related HCC. (A) Correlation between soluble MICA levels and HBV-induced HCC
subjects. The y-axis displays the concentration of soluble MICA in pg/ml. The number of independent samples tested in each group is shown in the x-
axis. Each group is shown as a box plot and the mean values are shown in the x-axis. The difference between two groups is tested by Wilcoxon rank
test. The box plots are plotted using default settings in R. (B) Correlation between soluble MICA levels and rs2596542 genotype in HBV-positive HCC
subjects. The x-axis shows the genotypes at rs2596542 and y-axis display the concentration of soluble MICA in pg/ml. Each group is shown as a box
plot. P=0.027 and 0.013 for AA vs. GG and AA vs. AG, respectively. The association between genotypes and sMICA levels was tested by Kruskal-wallis
test, whereas the difference in the sMICA levels between AA and GG is tested by Wilcoxon rank test. The box plots are plotted using default settings
in R.

doi:10.1371/journal.pone.0044743.g001

considered as a stress marker of gastrointestinal epithelial cells we examined the association of 152596542 and serum sMICA
because of its induced expression by several external stimuli such levels with HBV-induced HCC. Like in HCV-induced HCC [14],
as heat, DNA damage, and viral infections [31,32,33,34]. Here, our results from ELISA revealed a significantly higher proportion
P=0.014
Log-rank test P = 0.008 ° [ A \
S -
1.07] ;
g !
05 s | |
® - =
2
S
£ g
7 0.6+ .é R
2 .
5 8 1
=
£ 0.4+ i o
8 H S - o
LB
0.2 S -
A: sMICA <5pg/ml (N=83) o
oo B: sMICA >5pg/ml (N=28) T 1
T T T T T T Vascular invasion No vascular invasion
00 20.00 40.00 60.00 60.00 100.00 Mean = 54.03 Mean = 7.51
. N=7 N=21
Months after blood sampling
Figure 3. Correlation between soluble MICA levels and
Figure 2. Kaplan-Meier curves of the patients with HBV- vascular invasion in HBV-induced HCC subjects. The y-axis
induced HCC. The patients were divided into two groups according displays the concentration of soluble MICA in pg/ml. The number of
to their SMICA concentration (high: >5 pg/ml and low: =<5 pg/mi). independent samples tested in each group is shown in the x-axis. Each
Statistical difference was analyzed by log-rank test. The y-axis shows the group is shown as a box plot and the mean values are shown in the x-
cumulative survival probability and x-axis display the months of the axis. The difference between two groups is tested by Wilcoxon rank
patients survival after blood sampling. test. The box plots are plotted using default settings in R.
doi:10.1371/journal.pone.0044743.g002 doi:10.1371/journal.pone.0044743.g003
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of high serum sMICA cases (nearly 30%) in the HBV-induced
HCC group, compared to non-HBV individuals (1.7%). More-
over, the serum sMICA level was significantly associated with
1s2596542, but not with the copy number differences of the
VNTR locus, as concordant with our previous report [14].

Several studies have already indicated the roles of sMICA as
prognostic markers for different types of malignant diseases
[17,18,19,20]. Therefore, it is of medical importance to test
whether serum sMICA levels can be used as a prognostic marker
for patients with HCC. To our best knowledge, this is the first
study to demonstrate the prognostic potential of sMICA for HBV-
positive HCC patients; we found 19.3 months of improvement in
survival among patients carrying less than 5 pg/ml of serum
sMICA, compared to those having more than 5 pg/ml.

On the contrary, we found no significant correlation between
sMICA levels and the prognosis of HCV-induced HCC cases.
These opposite effects of MICA variation could be explained by the
following mechanism. The individuals who carry the G allele
would express high levels of membrane-bound MICA upon HCV
infection and thus lead to the activation of immune cells against
virus infected cells. On one hand, HBV infection results in
increased expression of membrane-bound MICA as well as MMPs
through viral protein HBx [35], which would result in the
elevation of sMICA and the reduction of membrane-bound
MICA. Since sMICA could block CD8+T cells, NK-CTL, and
NK cells, higher sMICA would cause the inactivation of immune
surveillance system against HBV infected cells. In other words,
HBYV may use this strategy to evade immune response and hence,
higher levels of sSMICA could be associated with lower survival rate
among HBV-associated HCC. On the other hand, since HCV is
not known to induce the cleavage of membrane bound MICA,
individuals with low level membrane bound MICA expression
(carriers of rs2596542-allele A) could be inherently susceptible for
HCV-induced HCC. Thus, HBx-medicated induction of MMPs
could partially explain the intriguing contradictory effect of MICA
between HBV-induced HCC and HCV-induced HCC. Since we
observed significant correlation of sMICA levels with vascular
invasion, it may be the case that high levels of sMICA cause poor
prognosis of HBV-related HCC cases by making tumors more
aggressive and invasive. However it is important in future to
determine the ratio of membrane-bound MICA to sMICA in case
of HCV- and HBV-related HCC.

Interestingly, the immune therapy against melanoma patients
induced the production of auto-antibodies against MICA [36].
Anti-MICA antibodies would exert antitumor effects through
antibody-dependent cellular cytotoxicity against cells expressing
membrane-bound MICA and/or activation of NK cells by
inhibiting the sMICA-NKG2D interaction. However, further
studies are necessary, using well-defined HBV-related HCC
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Abstract

Background Serum gamma-glutamyltransferase level has
attracted considerable attention as a predictor of various
conditions, such as cardiovascular disease and cancer.
Although the mechanism that links the serum gamma-
glutamyltransferase level to these diseases is not fully
understood, one explanation is that gamma-glutamyl-
transferase may be closely related to oxidative stress. We
conducted a large cross-sectional study to evaluate the
relationship between serum gamma-glutamyltransferase
and oxidative stress.

Methods We examined anti-oxidative stress activity and
accumulation of oxidative stress in serum obtained from
2907 subjects who underwent a complete health check-up.
We used serum total superoxide dismutase activity as an
index of anti-oxidative stress activity. Superoxide dismu-
tase is one of the most important intracellular and
extracellular defense systems against superoxide, but the
relationship between serum superoxide dismutase activity
and the serum gamma-glutamyltransferase level is unclear.
Results The serum gamma-glutamyltransferase level was
negatively correlated with serum superoxide dismutase
activity, a correlation that was observed even within the
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normal range. A subgroup analysis stratified by the amount
of alcohol consumed also showed a similar correlation. In
contrast, the serum gamma-glutamyltransferase level was
positively correlated with serum lipid peroxide level, even
in the normal range. Furthermore, an increased serum
gamma-glutamyltransferase level was significantly associ-
ated with the progression of metabolic syndrome and car-
otid artery intima-media thickness.

Conclusions The serum gamma-glutamyltransferase level,
even in the normal range, was significantly associated with
anti-oxidative stress activity, the accumulation of oxidative
stress, metabolic syndrome, and atherosclerosis. Measuring
the serum gamma-glutamyltransferase level is simple and
inexpensive, and this level can be used as a sensitive marker
of oxidative stress and metabolic syndrome.

Keywords Gamma-glutamyltransferase -
Superoxide dismutase - Lipid peroxide -
Metabolic syndrome - Atherosclerosis

Abbreviations

ALT Alanine aminotransferase

BMI Body mass index

CuZn-SOD  Copper/zinc-containing superoxide
dismutase

DBP Diastolic blood pressure

GGT Gamma-glutamyltransferase

GSH Glutathione

HDL-C High-density lipoprotein-cholesterol

IMT Intima-media thickness

ROS Reactive oxygen species

SBP Systolic blood pressure

TC Total cholesterol
T-SOD Total superoxide dismutase
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Introduction Methods
The serum gamma-glutamyltransferase (GGT) level has  Subjects

been widely used as an indicator of liver disease and
alcohol consumption [1]. GGT has attracted considerable
attention as a predictor of metabolic syndrome, insulin
resistance, cardiovascular disease, stroke, and cancer [2-7].
Furthermore, elevated GGT is associated with higher all-
cause mortality {8, 9].

The mechanism that links the serum GGT level to
various diseases and mortality is not fully understood.
One explanation is that GGT may be closely related to
oxidative stress [10-12]. GGT is the enzyme responsible
for the extracellular catabolism of glutathione (GSH), the
main thiol intracellular antioxidant agent in most cells.
Because GGT plays important roles in GSH homeostasis,
GGT expression increases as an adaptive response upon
exposure to oxidative stress. However, paradoxically,
GGT is also directly involved in the generation of reac-
tive oxygen species (ROS) under physiological condi-
tions, particularly in the presence of iron or other
transition metals [13]. Thus, the serum GGT level may
reflect not only the response to oxidative stress, but also
the generation and accumulation of oxidative stress. The
serum GGT level has been associated with some oxidative
stress markers, such as carotenoids, tocopherols, and lipid
peroxide (LPO) [14-16].

Superoxide dismutase (SOD) exists in three isoforms:
cytosolic  copper/zinc-containing  SOD  (CuZn-SOD),
mitochondrial manganese-containing SOD (Mn-SOD), and
extracellular SOD [17, 18]. These enzymes contain redox
metals in their catalytic centers and dismutate superoxide
radicals to hydrogen peroxide and oxygen. SOD is an
endogenous free-radical scavenger and one of the most
important intracellular and extracellular defense systems
against superoxide, an oxygen-derived free radical that has
been implicated in various oxidative cell injuries. The
measurement of serum total SOD (T-SOD) activity reflects
systemic oxidative stress status, and its level is negatively
correlated with atherosclerosis [19]. However, the rela-
tionship between serum T-SOD activity and the serum
GGT level is unclear.

To evaluate the usefulness of the serum GGT level as
an oxidative stress marker, we conducted a large cross-
sectional study in 2907 subjects who underwent a com-
plete health check-up. We used serum T-SOD and serum
LPO levels as indexes of anti-oxidative stress activity and
of the accumulation of oxidative stress, respectively.
Additionally, to assess the clinical relevance of the serum
GGT level, we investigated the association between the
serum GGT level, metabolic syndrome, and -carotid
atherosclerosis.

@ Springer

Between January 2001 and December 2003, 2907 subjects
who had undergone general health screening tests,
including carotid ultrasonography, at the Center for Mul-
tiphasic Health Testing Services, Mitsui Memorial Hospi-
tal, were enrolled. In Japan, regular employee health
check-ups are mandated by law. Thus, the majority of these
subjects had no major health problem. Blood samples were
taken after an overnight fast. Data on hepatitis C core
antigen and hepatitis B surface antigen were available in
2877 subjects (98.9%); 23 of these 2877 subjects were
positive for hepatitis C and 40 were positive for hepatitis
B. Because serum GGT levels did not differ between
hepatitis-positive  (48.0 4= 45.9 IU/L) and  -negative
(49.1 & 57.8 IU/L) subjects, the hepatitis-positive subjects
were not excluded.

Serum T-SOD activity was routinely determined with a
computerized electron spin resonance spectrometer system
(JES-FR30; JEOL, Tokyo, Japan) [19]. Serum LPO level
was measured using the fluorimetric assay method of Yagi
[20]. Carotid artery status was examined using a high-
resolution B-mode ultrasonography instrument (Sonolayer
SSA270A; Toshiba, Tokyo, Japan), equipped with a 7.5-
MHz transducer (PLF-703ST; Toshiba). The carotid
arteries were examined bilaterally at the level of the
common carotid, the bifurcation, and the internal carotid
arteries from transverse and longitudinal orientations.
Carotid artery intima-media thickness (IMT) was mea-
sured, using a computer-assisted method, by experienced
sonographers who were unaware of the subjects’ clinical
and laboratory findings.

Of the 2907 subjects, 2249 (77.3%) had undergone
abdominal ultrasonography. All abdominal ultrasonogra-
phy was performed with an SSD-5500 system (Aloka,
Wallingford, CT, USA) and a 3.5-MHz convex probe.
Fatty liver was diagnosed based on a bright liver with
hepatorenal echo contrast.

This study was conducted after written informed consent
was received from all subjects. The study protocol con-
formed to the ethical guidelines of the 1975 Declaration of
Helsinki and was approved by the ethics committee of
Mitsui Memorial Hospital (MEC2009-30).

Analysis

Body mass index (BMI) was calculated as the square of
weight (in kg) divided by height (in meters). We defined
obesity as BMI > 25 kg/m?, hypertension as systolic
blood pressure >130 mmHg or diastolic blood pressure
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>85 mmHg, hypertriglyceridemia as a serum triglyceride
concentration of >150 mg/dL, low high-density lipopro-
tein-cholesterol (HDL-C) as HDL-C <40 mg/dL for men or
<50 mg/dL. for women, and hyperglycemia as a fasting
blood sugar level of >110 mg/dL. We defined the metabolic
syndrome score as the number of these metabolic syndrome
markers, based on the National Cholesterol Education Pro-
gram Adult Treatment Program III definition.

Serum GGT levels were classified in sextiles; cut-off
points of the sextiles for serum GGT were 16, 22,31, 45, and
77 TU/L. We described the six categories defined by these
cut-off points as categories A (serum GGT level <16 TU/L),
B (17-22 IU/L), C (23-31 IU/L), D (32-451U/L), E
(46-77 1U/L), and F (> 77 IU/L), respectively. We used
sextile classification because we reasoned that the highest
GGT group should consist of only the subjects with a serum
GGT level above the upper normal limit at our institute
(74 TU/L). In quartile and quintile classifications, the highest
cut-off point of GGT did not exceed the upper normal limit
(58 and 65 IU/L, respectively).

Statistical analyses

Data are expressed as means = standard deviations. Cor-
relations between variables were analyzed using Spear-
man’s rank correlation coefficient. Stepwise multiple linear
regression analysis was used to identify variables that were
independently related to serum T-SOD activity. Trends in
serum T-SOD activity, LPO level, metabolic score, and
IMT in relation to serum GGT levels were assessed with
the Jonckheere-Terpstra test. Continuous variables were
compared with the unpaired Student’s -test (parametric) or
the Mann—Whitney U-test (nonparametric). A P value of
<0.05 on a two-tailed test was considered statistically
significant. Data processing and analyses were performed
using StatView (ver. 5.0; SAS Institute, Cary, NC, USA)
and SPSS (ver. 14.0; SPSS, Chicago, IL, USA) software.

Results

Subjects’ characteristics

The subjects’ characteristic are shown in Table 1. The
frequencies of hyperglycemia, hypertension, hypertriglyc-
eridemia, low-HDL-cholesterolemia, and obesity were 14.0,

38.1, 26.0, 8.1, and 27.3%, respectively.

Correlation between serum T-SOD activity
and GGT level

To assess whether serum T-SOD activity was linked to
metabolic syndrome, we investigated the correlations
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Table 1 Baseline characteristics
Variables n = 2907
Age (years) 552 £10.8
Sex (male/female) 1896/1017
BMI (kg/m?) 233 + 3.1
SBP (mmHg) 1244 4+ 19.2
DBP (mmHg) 717 £ 11.7
TC (mg/dL) 209 + 34.6
HDL-C (mg/dL) 62.1 £ 164
TG (mg/dL) 128 + 115.2
Glucose (mg/dL) 98.9 4+ 21.3
Insulin (IU/L) 6.1 £38
GGT (IU/L) 49.2 £ 57.6
ALT (IU/L) 27.0 £ 31.1
T-SOD (U/ml) 294+ 12
LPO (nmol/ml) 0.8 £ 09

BMI Body mass index, SBP systolic blood pressure, DBP diastolic
blood pressure, TC total cholesterol, HDL-C high-density lipoprotein-
cholesterol, TG triglycerides, GGT gamma-glutamyltransferase,
ALT alanine aminotransferase, 7-SOD total superoxide dismutase,
LPO lipid peroxide

Table 2 Correlations between serum T-SOD activity and other
parameters

Variables Spearman’s rho P

Age 0.086 <0.0001
BMI —0.15 <0.0001
SBP —0.086 <0.0001
DBP —0.094 <0.0001
TC 0.06 0.011
HDL-C 0.146 <0.0001
TG —0.129 <0.0001
Glucose —0.136 <0.0001
Insulin —0.125 <0.0001
GGT —-0.16 <0.0001
ALT —0.071 0.0001

between serum T-SOD activity and clinical parameters
associated with metabolic syndrome. Our results revealed
significant correlations between serum T-SOD activity and
various clinical parameters that tended to decline with the
progression of metabolic syndrome, although these corre-
lations were generally weak (Table 2). Of these parame-
ters, serum GGT was most strongly correlated with serum
T-SOD activity (p = —0.16, P < 0.0001). To identify
variables that were independently related to serum T-SOD
activity, we performed multiple linear regression analysis.
Serum T-SOD activity could be predicted by serum GGT,
HDL-C, alanine aminotransferase (ALT), age, fasting
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