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HYALURONIC ACID MODIFIED BY
SPHINGOSINE-1-PHOSPHORIC ACID

TECHNICAL FIELD

[0001] The present invention relates to hyaluronic acid
modified with sphingosine-1-phosphate. More specifically,
the present invention relates to hyaluronic acid modified
with sphingosine-1-phosphate useful as an active ingredient
of'a medicine for the prevention and/or treatment of hepatic
ischemia-reperfusion injury.

BACKGROUND ART

[0002] Hypoxia/reoxygenation caused by ischemia/reper-
fusion is known to be the main cause of postoperative liver
failure associated with liver transplantation and hepatec-
tomy. It is also known that protecting liver sinusoidal
endothelial cells (LSECs) is important for the prevention of
hepatic disorder caused by ischemia/reperfusion (Caldwell
et al. Hepatology, 10, pp. 292 to 299, 1989). Based on a
report that hypoxia/reoxygenation causes apoptosis in
LSECs (Neal R. Banga et al. J. Surg. Res., 178, pp. €35 to
41, 2012), LSECs are considered to be the major factor in
hepatic ischemia-reperfusion injury.

[0003] Meanwhile, the sphingolipid mediator sphin-
gosine-1-phosphate (S1P) is produced by the phosphory-
lation of sphingosine derived from sphingomyelin, a com-
ponent of the cell membrane, by sphingosine kinase. It
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exhibits a variety of biological activities via S1P receptors.
For example, S1P is known to have anti-apoptotic actions
(Cuvillier et al., Nature, 381, pp. 800 to 803, 1996), and also
reported to inhibit apoptosis in LSECs in alcoholic liver
injury (Dong-Mei Zheng et al. Hepatology, 44, pp. 1278 to
1287, 2006) and renal disorder caused by ischemia/reperfu-
sion (Lee et al. Nephrology, 2011).

[0004] From the foregoing viewpoints, there is an expec-
tation for the alleviation of hepatic disorder caused by
hypoxia/reoxygenation by protecting [LSECs with S1P.
However, S1P is a metabolite of sphingolipids, which con-
stitute biomembranes, and present in a large amount in
platelets and endothelial cells. This poses a problem that S1P
itself cannot be used for the prevention and/or treatment of
hepatic ischemia-reperfusion injury by targeting LSECs.
[0005] In order to solve this problem, there has been an
attempt to alleviate hepatic disorder caused by hypoxia/
reoxygenation using the S1P receptor agonist FTY720 (fin-
golimod hydrochloride: converted to phosphorylated
FTY720 in vivo by sphingosine kinase) (American Journal
of Transplantation, 5, pp. 40 to 49, 2005). However, there is
concern that this compound functions as an S1P antagonist
in prolonged administration. Also, although this compound
has a chemical structure similar to that of sphingosine as a
whole, it is not a direct derivative of S1P for having a
phenylene group in its carbon chain. FTY720 is not a
compound intended to be used for enabling the application
of S1P itself to the protection of LSECs.

[Chemical Formula 1]

FTY720 (Fingolimod hydrochloride)

Phosphorylated FTY720
(FTY720-P, (S)-Enantiomer)

OH
H,N
OH
“HCI
OH
H,N
.\‘\\\
o\P _OH
||\OH
0
H,N

Sphingosine-1-phosphate(S1P)
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[0006] Further, in view of reports that hyaluronic acid
(HA) accumulates in LSECs after intravascular administra-
tion (Fraser J et al. Cell Tissue Res., 242, pp. 505 to 510,
1985) and the hyaluronic acid receptor (HARE/Stabilin-2) is
expressed specifically in LSECs (Bin Zhou et al. J. Biol.
Chem., 275, pp. 37733 to 37741, 2000), there has been an
attempt to efficiently deliver S1P to LSECs by incorporating
S1P in hyaluronic acid-coated liposomes (Grants-in-Aid for
Scientific Research, Research Subject No: 23390319,
“Development of new reagent for liver diseases using S1P
and hyaluronic acid”, Nobuhiro Ohkohchi et al., 2011 to
2013). However, there was a problem that hyaluronic acid
was functionally deficient as a ligand due to the electric
charge, the size of the molecular weight, etc. of the lipo-
somes, resulting in a failure in achieving the desired DDS
effect.
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[0007] Non Patent Literature 1: Caldwell et al., Hepatol-
ogy, 10, pp. 292 to 299, 1989

[0008] Non Patent Literature 2: Neal R. Banga et al., J.
Surg. Res., 178, pp. €35 to 41, 2012

[0009] Non Patent Literature 3: Cuvillier et al., Nature,
381, pp- 800 to 803, 1996

[0010] Non Patent Literature 4: Dong-Mei Zheng et al.,
Hepatology, 44, pp. 1278 to 1287, 2006

[0011] Non Patent Literature 5: Lee et al., Nephrology, 16,
pp. 163 to 173, 2011

[0012] Non Patent Literature 6: American Journal of
Transplantation, 5, pp. 40 to 49, 2005

[0013] Non Patent Literature 7: Fraser J et al. Cell Tissue
Res., 242, pp. 505 to 510, 1985

[0014] Non Patent Literature 8: Grants-in-Aid for Scien-
tific Research, Research Subject No: 23390319, “Devel-
opment of new reagent for liver diseases using S1P and
hyaluronic acid”, Nobuhiro Ohkohchi et al., 2011 to 2013
(The Japan Surgical Society Meeting 2013: Development
of a novel DDS preparation containing Sphingosine-1-
phosphate for liver regeneration, targeting liver sinusoidal
endothelial cells)

SUMMARY OF INVENTION

Problems to be Solved by the Invention

[0015] The present invention aims to provide a substance
capable of alleviating hepatic disorder caused by hypoxia/
reoxygenation by protecting LSECs. More specifically, an
object of the present invention is to provide a substance
capable of alleviating hepatic disorder caused by hypoxia/
reoxygenation, wherein the substance protects LSECs by
exhibiting its anti-apoptotic actions by efficiently accumu-
lating in LSECs following administration through a form
such as intravenous administration.

Means to Solve the Problems

[0016] The present inventors conducted intensive research
in order to solve the aforementioned problem. As a result,
they found that hyaluronic acid modified with S1P accumu-
lates in LSECs with extreme efficiency and the modified
hyaluronic acid is highly effective for the inhibition of
apoptosis in LSECs due to hypoxia/reoxygenation. They
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further found that hepatic disorder caused by hypoxia/
reoxygenation can be efficiently prevented and/or treated by
administering the hyaluronic acid modified with S1P to
mammals including humans via an administration route such
as intravenous administration. The present invention was
completed based on these findings.

[0017] That is, the present invention provides hyaluronic
acid modified with sphingosine-1-phosphate. The above
hyaluronic acid is obtainable by covalently binding sphin-
gosine-1-phosphate to hyaluronic acid.

[0018] According to a preferred embodiment of the inven-
tion, hyaluronic acid modified with sphingosine-1-phos-
phate is provided, which is obtainable by condensing
hyaluronic acid and sphingosine-1-phosphate. The above
hyaluronic acid can be obtained preferably by forming an
amide bond between the carboxyl group of hyaluronic acid
and the amino group of sphingosine-1-phosphate.

[0019] From another viewpoint, the present invention pro-
vides a medicine for the prevention and/or treatment of liver
failure associated with liver ischemia/reperfusion, wherein
the medicine comprises hyaluronic acid modified with
sphingosine-1-phosphate as an active ingredient; and a
medicine for the prevention and/or treatment of liver failure
after liver surgery involving hepatic vascular exclusion,
wherein the medicine comprises hyaluronic acid modified
with sphingosine-1-phosphate as an active ingredient.
Examples of liver surgery involving hepatic vascular exclu-
sion include liver transplantation and partial liver resection.

[0020] Further, the present invention provides a medicine
for the prevention and/or treatment of liver failure caused by
hypoxia/reoxygenation due to liver ischemia/reperfusion,
wherein the medicine comprises hyaluronic acid modified
with sphingosine-1-phosphate as an active ingredient; and a
medicine for the inhibition of apoptosis in liver sinusoidal
endothelial cells attributable to hypoxia/reoxygenation
caused by liver ischemia/reperfusion, wherein the medicine
comprises hyaluronic acid modified with sphingosine-1-
phosphate as an active ingredient.

[0021] From yet another viewpoint, the present invention
provides the use of hyaluronic acid modified with sphin-
gosine-1-phosphate for the production of the aforemen-
tioned medicines; a method for the prevention and/or treat-
ment of liver failure associated with liver ischemia/
reperfusion, wherein the method comprises the step of
administering a preventively and/or therapeutically effective
amount of hyaluronic acid modified with sphingosine-1-
phosphate to mammals including humans; a method for the
prevention and/or treatment of liver failure after liver sur-
gery involving hepatic vascular exclusion, wherein the
method comprises the step of administering a preventively
and/or therapeutically effective amount of hyaluronic acid
modified with sphingosine-1-phosphate to mammals includ-
ing humans; a method for the prevention and/or treatment of
liver failure caused by hypoxia/reoxygenation due to liver
ischemia/reperfusion, wherein the method comprises the
step of administering a preventively and/or therapeutically
effective amount of hyaluronic acid modified with sphin-
gosine-1-phosphate to mammals including humans; a
method for the inhibition of apoptosis in liver sinusoidal
endothelial cells attributable to hypoxia/reoxygenation
caused by liver ischemia/reperfusion, wherein the method
comprises the step of administering a preventively and/or
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therapeutically effective amount of hyaluronic acid modified
with sphingosine-1-phosphate to mammals including
humans.

Effect of the Invention

[0022] The hyaluronic acid modified with sphingosine-1-
phosphate provided by the present invention accumulates in
liver sinusoidal endothelial cells with extreme efficiency,
and is capable of inhibiting apoptosis in liver sinusoidal
endothelial cells due to hypoxia/reoxygenation. Further, the
medicine containing hyaluronic acid modified with sphin-
gosine-1-phosphate as an active ingredient provided by the
present invention is highly effective for the prevention
and/or treatment of liver failure caused by hypoxia/reoxy-
genation associated with liver ischemia/reperfusion, and
thus is extremely useful as a medicine for the prevention
and/or treatment of liver failure after liver surgery involving
hepatic vascular exclusion.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] FIG. 1 is an NMR chart of hyaluronic acid modi-
fied with sphingosine-1-phosphate synthesized in Example 1
of Examples.

[0024] FIG. 2 is a set of diagrams illustrating the experi-
mental procedure carried out in four groups in Example 2 of
Examples.

[0025] FIG. 3 is a graph showing the results of the
measurement of liver function (ALT).

[0026] FIG. 4 is a set of diagrams showing the results of
the confirmation of the expression of cleaved caspase 3 by
Western blot.

[0027] FIG. 5 is a set of diagrams showing the results of
HE staining as the pathological evaluation of liver.

[0028] FIG. 6 is a set of diagrams showing the results of
TUNEL staining as the pathological evaluation of liver.
[0029] FIG. 7 is a graph showing the results of the
quantification of the number of cells that indicated a request
by TUNEL staining.

[0030] FIG. 8 is a set of diagrams showing the results of
the electron microscopic evaluation of the microstructure of
liver.

[0031] FIG. 9 is a set of diagrams showing the results of
the confirmation of the accumulation of S1P in the liver by
Western blot.

DESCRIPTION OF EMBODIMENTS

[0032] The present invention provides hyaluronic acid
modified with sphingosine-1-phosphate (hereinbelow, may
be abbreviated as “HA-S1P”). HA-S1P is obtainable by
covalently binding sphingosine-1-phosphate to hyaluronic
acid. For example, HA-S1P is obtainable by condensing
hyaluronic acid and sphingosine-1-phosphate in the pres-
ence of a condensing agent. In general, an amide bond may
be formed between the carboxyl group of hyaluronic acid
and the amino group of sphingosine-1-phosphate by con-
densation. Having said that, the form of covalent binding of
sphingosine-1-phosphate to hyaluronic acid is not limited to
the aforementioned amide bond, and it is also possible that
the carboxyl group of hyaluronic acid and the hydroxyl
group of sphingosine-1-phosphate are linked via an ester
bond.

[0033] Hyaluronic acid is a polymer of disaccharide units
consisting of N-acetylglucosamine and glucuronic acid
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(each unit has a molecular weight of roughly 400) linked
together, which generally has a molecular weight of about
5,000 to 8,000,000. For example, the number of disaccha-
ride units contained in hyaluronic acid with a molecular
weight of 600,000 is about 1,500 and the number of disac-
charide units contained in hyaluronic acid with a molecular
weight of 8,000 is about 20. In general, hyaluronic acid is
obtainable as free-form hyaluronic acid or as sodium
hyaluronate. The term “hyaluronic acid” as used herein
encompasses sodium hyaluronate. Hyaluronic acid or
sodium hyaluronate has been provided for use in foods and
cosmetics, and has also been used as a medicine.

[0034] For example, as sodium hyaluronate used for
osteoarthritis, one with a molecular weight of about 600,000
to 1,200,000 (trade name “Artz”) and one with a molecular
weight of about 500,000 to 730,000 (trade name “Hyalgan™)
are used, and for ophthalmic surgery, one with a molecular
weight of about 600,000 to 1,200,000 (trade name “Ope-
gan”), one with a molecular weight of about 1,900,000 to
3,900,000 (trade name “Opegan Hi”), one with a molecular
weight of about 1,900,000 to 3,900,000 (trade name
“Hyarone”), and one with a molecular weight of about
1,530,000 to 2,130,000 (trade name “Opelead”) are used.
Further, sodium hyaluronate with a low molecular weight of
about 10,000 to 100,000 as obtained by enzymatic treat-
ment, and further, one with an ultra-low molecular weight of
about 500 to 5,000, and the like have also been provided.
[0035] The molecular weight of hyaluronic acid used as
the raw material to prepare the HA-S1P of the present
invention is not particularly limited. In addition to those
exemplified above, hyaluronic acids with various molecular
weights can be used. For example, hyaluronic acid with an
average molecular weight of about 500,000 to 700,000 and
hyaluronic acid with an average molecular weight of about
8,000 as obtained by enzymatic treatment can be used as the
raw materials. The origin of hyaluronic acid used as the raw
material to prepare the hyaluronic acid modified with sphin-
gosine-1-phosphate of the present invention is not particu-
larly limited, and hyaluronic acid derived from any origin
such as cockscomb and fermentation can be used.

[0036] Although the production method of the HA-S1P of
the present invention is not particularly limited, for example,
it can be easily produced by condensing hyaluronic acid and
sphingosine-1-phosphate in the presence of a condensing
agent. The kind of condensing agent is not particular limited,
and any condensing agent that can be normally used can be
used. For example, a carbodiimide-based condensing agent,
an imidazole-based condensing agent, and a triazine-based
condensing agent can be used. Examples of the carbodiim-
ide-based condensing agent include N,N'-dicyclohexylcar-
bodiimide (DCC), N,N'-diisopropylcarbodiimide (DIC), and
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
hydrochloride, of which EDC can be particularly preferably
used. Along with a condensing agent, for example, N-hy-
droxysuccinimide (NHS) can also be used as a carboxylic
acid-activating agent.

[0037] Normally, a condensation reaction can be carried
out by adding a condensing gent such as EDC and a
carboxylic acid-activating agent such as NHS to hyaluronic
acid (free form), followed by the addition of sphingosine-
1-phosphate, and then allowing reactions to proceed at room
temperature or while heating for about several hours to
several days. The reaction can be carried out using about 0.5
to 2 pg of sphingosine-1-phosphate relative to 1 mg of
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hyaluronic acid. As to the condensing agent, about 1 to 20
mole equivalents, preferably about 10 mole equivalents are
used relative to sphingosine-1-phosphate. The reaction can
be carried out in a solvent such as water, methanol, ethanol,
dimethyl sulfoxide (DMSO), dimethylformamide (DMF),
tetrahydrofuran (THF), and dichloromethane or a mixture of
these solvents, or without a solvent. Upon completion of the
reaction, normally, the desired substance can be obtained by
removing EDC, NHS, and unreacted sphingosine-1-phos-
phate by means of, for example, dialysis. Normally, the
binding of sphingosine-1-phosphate to hyaluronic acid can
be confirmed by NMR. In general, hyaluronic acid modified
with sphingosine-1-phosphate in which about 10 to 50%,
preferably about 12 to 40% of the total number of carboxylic
acid groups in one hyaluronic acid molecule are bound to the
amine of sphingosine-1-phosphate may be prepared. The
number of sphingosine-1-phosphate moieties bound to one
hyaluronic acid molecule can be computationally deter-
mined by, for example, obtaining an integrated value from
the N-acetyl group (1.8 ppm) of hyaluronic acid and the
terminal methyl group and methylene group (0.9 ppm and
1.1 ppm) in the lipid moiety of sphingosine-1-phosphate by
proton NMR.

[0038] The HA-S1P provided by the present invention can
efficiently accumulate in liver sinusoidal endothelial cells
and inhibit apoptosis in liver sinusoidal endothelial cells due
to hypoxia/reoxygenation; therefore, a medicine containing
HA-SIP as an active ingredient is useful as a medicine for
the prevention and/or treatment of liver failure associated
with liver ischemia/reperfusion. Although the kind of pro-
cedure or treatment that causes liver ischemia/reperfusion is
not particularly limited, the representative procedure may
be, for example, liver surgery involving hepatic vascular
exclusion. Examples of such liver surgery include, but are
not limited to, liver transplantation and partial liver resec-
tion; however, any surgery involving temporarily clamping
a blood vessel leading to liver with a clip, and about several
minutes to 15 minute later, unclamping to restart blood flow
can be the indication for the medicine of the present inven-
tion. While not wishing to be bound by any theory, in liver
failure caused by hypoxia/reoxygenation due to liver isch-
emia/reperfusion, apoptosis in liver sinusoidal endothelial
cells attributable to hypoxia/reoxygenation occurs, and the
medicine of the present invention has an inhibitory action on
such apoptosis.

[0039] Generally, the medicine of the present invention
can be administered to mammals including humans by
parenteral administration such as intravenous administration
and intraperitoneal administration. When intravenous
administration is given, an ordinary means such as intrave-
nous injection and drip infusion can be adopted. Alterna-
tively, it is also possible to intravascularly administer the
medicine of the present invention through the portal vein
during surgery. When low molecular weight hyaluronic acid
is used, it may be administered orally in the form of, for
example, liquids and capsules. Although the administration
is desirably given from about several minutes to one hour
before vascular exclusion, for example, during a time period
between about 10 minutes to 30 minutes before vascular
exclusion, the timing of administration is not limited as long
as it is before vascular exclusion. In the case of liver
transplantation, the medicine of the present invention can be
administered to the donor during the resection of a portion
of the liver in such a manner that an adequate amount of the
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medicine of the present invention remains in the liver, while
the medicine of the present invention can also be adminis-
tered to the recipient patient immediately before transplan-
tation. However, such a method of administration as men-
tioned above can be selected as appropriate, and a method of
administration is not limited to any specific aspect.

[0040] The medicine of the present invention is normally
provided as an injection or a drip in the form of an aqueous
solution or a freeze-dried product. In preparing formula-
tions, a formulation additive normally used for the produc-
tion of injections and drips can be employed. For example,
a pH modulator, a stabilizer, a buffer, or the like can be used
for aqueous solutions, and for freeze-dried formulations, in
addition to those mentioned above, a solubilizer and the like
can be used. However, the formulation additive is not
limited to those specified above, and those skilled in the art
can select an appropriate formulation additive according to
their purposes.

EXAMPLES

[0041] Hereinbelow, the present invention will be more
specifically described with reference to Examples; however,
the scope of the present invention is not limited by the
following Examples.

Example 1

Synthesis of HA-S1P

[0042] To 5 ml of hyaluronic acid (2 mg/ml, one with a
molecular weight of 600,000 or one with a molecular weight
of 8,000), 95.85 ul of EDC (100 mg/ml) and 57.535 ul of
NHS (100 mg/ml) were added, followed by thorough mix-
ing. To the resulting mixture, 67.378 ul of S1P (25 mg/ml)
was added, followed by stirring at 55° C., and reactions were
allowed to proceed for 24 hours. Then, EDC, NHS, and
unbound S1P were removed by dialysis. The introduction of
S1P was confirmed by the presence of a peak near 1.15 ppm
by measuring NMR (FIG. 1). The amount of S1P bound to
the carboxylic acid of the hyaluronic acid accounted for 13.5
to 40%.

Example 2
(1) Method
Animals
[0043] Male Sprague-Dawley (hereinbelow, SD) rats, 200

to 250 g, were obtained from CLEA Japan, Inc. (Tokyo,
Japan). Four groups of SD rats were studied.

[0044] A study was conducted for a methanol-administra-
tion group, where methanol was the solvent for S1P (the
content of administration:methanol (50 ul)+3% BSA (150
ul), 200 pl in total), a HA-administration group (the content
of'administration: 8 kDa HA dissolved in methanol:ultrapure
water=1:3 at 0.32564 g/1, 200 pl in total), an S1P-adminis-
tration group (the content of administration: 100 pg/kg in
terms of the dose of S1P, S1P (50 ul)+3% BSA (150 pul), 200
ul in total), a HA-S1P-administration group (the content of
administration: 100 pg/kg in terms of the dose of S1P, the
HA-S1P formulation prepared at Hokkaido University was
dissolved in methanol:ultrapure water=1:3 at 0.358 g/1, 200
ul in total).
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[0045] All the procedures used in the animal experiments
were in accordance with the standards set forth in a guideline
for the handling and use of animal experiments issued by
Tsukuba University.

Liver Ischemia Model

[0046] FEach agent was injected into the tail vein of rats.
Ten minutes after the injection, the hepatic artery, portal
vein, and bile duct were occluded at once with microclips for
20 minutes. Upon completion of 20 minutes of total liver
ischemia, the occlusion was released. For pathological
examination, liver tissues were removed from 10 to 15 rats
in each group 120 minutes after reperfusion. Also, blood was
collected immediately before the injection of the agents and
30 minutes, 60 minutes, and 120 minutes after reperfusion.

Adjustment of Tissues

[0047] The liver tissues were fixed in 10% buffered for-
malin, and then embedded in paraffin, followed by staining
with hematoxylin and eosin. The tissue sections of each
group were evaluated. The sinusoid structure was observed
in a middle-magnification field (200x), in which the portal
vein and central vein were shown in the same view.

Immunohistochemical Study

[0048] Using DeadEnd (R) Colorimetric TUNEL System
(G7360) supplied by Promega KK, apoptosis-positive cells
were immunohistochemically detected. The tissue sections
of each group were evaluated. The number of TUNEL-
positive cells and the total number of hepatocytes were
counted in 10 randomly selected high-power fields (400x)
focusing on the portal vein. The results thus obtained were
shown as the ratio of TUNLE-positive cell count/total
hepatocyte count and compared among the groups.

Protein Extraction and Western Blot Analysis

[0049] The liver tissues were stored at —80° C., and then
homogenized in 150 mmol/I. NaCl, 50 mM TrisCl, 1%
NP-40, and a protease inhibitor. The resulting samples were
centrifuged and supernatants were collected for analysis.
The samples thus obtained were separated by electrophore-
sis using 12% dodecyl sulfate and polyacrylamide gel, and
then transferred to nitrocellulose membranes (Millipore,
Bedford, Mass., USA). As the primary antibody, anti-
cleaved caspase 3 antibody (9661) and HO-1 antibody
(5141) (Cell Signaling Technology, Beverly, Mass., USA)
were used. As the secondary antibody, anti-rabbit IgG, HRP
linked (7074) (Cell Signaling Technology, Beverly, Mass.,
USA) was used.

Biochemical Analysis

[0050] Inorder to evaluate the injury of liver parenchyma,
the serum ALT value was measured with an autoanalyzer
(FUJI DRI-CHEM 7000V, Fujifilm, Tokyo, Japan).

Electron Microscopy

[0051] The liver sinusoidal endothelial cells after isch-
emia/reperfusion were evaluated with an electron micros-
copy. The liver was quickly excised 120 minutes after
reperfusion. Samples removed from the left lobe of the liver
were cut into a size of 1 mm?® and stored in 2.5% glutaral-
dehyde. For postfixation, 1% osmium tetraoxide was used.
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Subsequently, the samples were brought into contact with
alcohols of different concentrations in a stepwise manner for
dehydration, and then embedded in Epon. Ultra-thin sections
were produced with Ultracut S microtome (Leica Aktieng-
esellschaft, Vienna, Austria) using a copper grid. In order to
enhance contrast, the sections thus obtained were adjusted
with uranyl acetate and brought into contact with citrate. The
resulting specimens were observed with Hitachi H-7000
transmission electron microscopy (Hitachi, Ltd., Tokyo,
Japan).

Statistical Analysis

[0052] Statistical analysis was conducted using the
Kruskal Wallis H-test and the Mann-Whitney U test with
Bonferroni correction as a post hoc test. Also, p< 0.05 was
accepted to be indicative of statistical significance.

(2) Experimental System

[0053] Using 200 to 250 g SD rats, four experimental
groups (A) to (D) were prepared. (A) A vehicle group
receiving only methanol, the solvent for S1P (methanol (50
uh+3% BSA (150 pl), 200 ul in total), (B) a HA group
receiving only hyaluronic acid (8000 kDa hyaluronic acid
dissolved in methanol:ultrapure water=1:3 at 0.32564 g/1,
200 ul in total), (C) a S1P group receiving only S1P (100
ng/kg in terms of the dose of S1P, S1P dissolved in methanol
(50 u)+3% BSA (150 ul), 200 ul in total), and (D) a HA-S1P
group (100 pg/kg in terms of the dose of S1P, HA-S1P
dissolved in methanol:ultrapure water=1:3 at 0.358 g/L, 200
ul in total). The rats were put under general anesthesia with
somnopentyl and isoflurane, and after collecting blood, each
of the agents was administered via the tail vein. The rats
were subjected to a laparotomy, and 10 minutes after the
administration of the agents, total liver ischemia was per-
formed for 20 minutes with microclips. Twenty minutes
later, the clips were removed to allow reperfusion, and blood
was collected 30 minutes, 60 minutes, and 120 minutes after
reperfusion. After 120 minutes, the rats were sacrificed and
liver tissues (left lobes) were collected. The experimental
procedure is shown in FIG. 2.

(3) Measurement of Liver Function (ALT)

[0054] The HA-S1P group showed a significantly lower
serum ALT value than the vehicle and S1P groups 30
minutes after reperfusion. The HA-S1P group showed a
significantly lower value than the vehicle, HA, and S1P
groups 60 minutes after reperfusion. The HA-S1P group
showed a significantly lower value than the HA group 120
minutes after reperfusion. The results are shown in FIG. 3.

(3) Confirmation of Apoptosis and Liver-Protecting Action
by Western Blot

[0055] As a result of confirming the expression of the
apoptosis-related protein cleaved caspase 3 by Western blot
in accordance with the method described in a literature
(Tamura et al., J Surg Res, 178, pp. 443 to 451, 2012), the
expression was inhibited only in the HA-S1P group, sug-
gesting that apoptosis was significantly inhibited in the
HA-S1P group. Also, the expression of HO-1, which has a
liver-protecting action, was increased only in the HA-S1P
group. The results are show in FIG. 4.
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(4) Pathological Evaluation of Liver

[0056] HE staining revealed that the sinusoid structure
was maintained in HA-S1P, whereas the narrowing and
winding of sinusoid were observed in the other groups (FIG.
5). In TUNEL staining, positive cells were almost unob-
served in the HA-S1P group, whereas they were observed
mainly in Zone 1 near the portal vein, the site known to be
prone to ischemia/reperfusion injury, in the other groups
(FIG. 6). Also, as a result of quantification by counting the
number of TUNEL-positive cells/the total number of
hepatocytes in 400x fields, centering around Zone 1, per 10
fields for each TUNEL staining sample, the percentage of
TUNEL-positive cells was significantly low in the HA-S1P
group (FIG. 7).

(5) Electron Microscopic Evaluation of the Microstructure
of Liver

[0057] Electron microscopic images confirmed that the
undercoat structure of LSECs was maintained in the
HA-S1P group, whereas LSECs were injured and came
loose in the sinusoid in the other groups (FIG. 8).

Example 3

Confirmation of the Accumulation of S1P in the
Liver by Western Blot

[0058] The expression of S1P in the liver tissues was
confirmed by Western blot in accordance with the following
method.

[0059] The rat liver tissues stored at —80° C. were homog-
enized in a buffer prepared from various reagents (150
mmol/L NaCl, 50 mM Tris-Cl, 1% NP-40, and a protease
inhibitor). The resulting samples were centrifuged and the
supernatants were collected for analysis. The samples thus
obtained were separated using 10% SDS-PAGE gel and
transferred to nitrocellulose membranes (Millipore, Bed-
ford, Mass.). As the primary antibody, Anti-S1P antibody
(ab140592) (1:1000, rabbit polyclonal, Abcam, Cambridge,
UK) was used. As the secondary antibody, Anti-rabbit IgG,
HRP-linked antibody (#7074S) (1:1000, Cell Signalling
Technology, Beverley, Mass., USA) was used.
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[0060] The results are shown in FIG. 9. The expression of
S1P was higher in the HA-S1P sample than in the S1P only
sample, suggesting that more specific accumulation in the
liver was achieved with HA-S1P than with only S1P.

1. Hyaluronic acid modified with sphingosine-1-phos-
phate.

2. The hyaluronic acid modified with sphingosine-1-
phosphate according to claim 1, which is obtainable by
covalently binding sphingosine-1-phosphate to hyaluronic
acid.

3. The hyaluronic acid modified with sphingosine-1-
phosphate according to claim 2, which is obtainable by
condensing hyaluronic acid and sphingosine-1-phosphate.

4. The hyaluronic acid modified with sphingosine-1-
phosphate according to claim 3, which is obtainable by
forming an amide bond between a carboxyl group of
hyaluronic acid and an amino group of sphingosine-1-
phosphate.

5. A medicine for the prevention and/or treatment of liver
failure associated with liver ischemia/reperfusion, wherein
the medicine comprises the hyaluronic acid modified with
sphingosine-1-phosphate according to any one of claims 1 to
4 as an active ingredient.

6. A medicine for the prevention and/or treatment of liver
failure after liver surgery involving hepatic vascular exclu-
sion, wherein the medicine comprises the hyaluronic acid
modified with sphingosine-1-phosphate according to any
one of claims 1 to 4 as an active ingredient.

7. The medicine according to claim 6, wherein the liver
surgery involving hepatic vascular exclusion is liver trans-
plantation and partial liver resection.

8. A medicine for the prevention and/or treatment of liver
failure attributable to hypoxia/reoxygenation due to liver
ischemia/reperfusion, wherein the medicine comprises the
hyaluronic acid modified with sphingosine-1-phosphate
according to any one of claims 1 to 4 as an active ingredient.

9. A medicine for the inhibition of apoptosis in liver
sinusoidal endothelial cells attributable to hypoxia/reoxy-
genation caused by liver ischemia/reperfusion, wherein the
medicine comprises the hyaluronic acid modified with
sphingosine-1-phosphate according to any one of claims 1 to
4 as an active ingredient.
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