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FIGURE 4 MVD in grade 0, grade 1, and grade 2 patients divided

_ according to the count of CD68-positive cells. MVD differad
significantly among the three groups (p=0.0007, Kruskal-Wallis test).
Multiple comparison test showed that MVD differed significantly
between grade 0 and grade 1 patients (p=0.007), and between grade
1 and grade 2 patients (p=0.020). A significant positive correlation
was observed between MVD and the ratio of double-immunopositive
cells (p=0.0001, Spearman rank correlation coefficient = 0.70).
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FIGURE 5 Correlation between MVD and cells positive for PD-ECGF
alone among non-cancerous cells. No correlation was observed
between MVD and the number of cells showing positivity for PD-ECGF
alone (p=0.42, Spearman rank correlation coefficient=0.18).

MVD and the grade of double immunopositivity
(p=0.0001, Spearman rank correlation coeffi-
cient=0.70). No correlation was observed between
MVD and the number of cells showing positivity for
PD-ECGF alone (p=0.42, Spearman rank correlation
coefficient=0.18) (Figure 5).

We also evaluated the relationship between PD-
ECGF immunoreactivity in cancer cells and prognosis
or MVD. The survival rate of PD-ECGF (+) patients
was not significantly different from that of PD-ECGF
(-) patients (p=0.08). MVD in patients with PD-ECGF
(+) and PD-ECGF (-) cancer cells was 48+34.5 and
49.5+24.1, respectively, and the difference was not
statistically significant (p=0.6).

DISCUSSION
Some previous clinical studies of patients with
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ABSTRACT

Recent studies in the field of regenerative medicine have
exploited the pluripotency of embryonic stem (ES) cells to
generate a variety of cell lineages. However, the target has
always been only a single lineage, which was isolated from
other differentiated cell populations. In the present study,
we selected sublines with a high capability for differentia-
tion to contracting cardiomyocytes and also produced germ-
line chimeric mice from a parent ES line. We also succeed
in establishing embryoid bodies prepared from the ES cells
that differentiated into not only hepatocytes but also at least
two mesodermal lineages: cardiomyocytes that supported
liver development and endothelial cells corresponding to
sinusoids. This allowed the development of an in vitro system

uéing murine ES cells that approximated the events of liver
development in vivo. The expression of albumin was signifi-
cantly higher in cardiomyocytes that had arisen in differenti-
ated ES cells than in those that had not. Our in vitro system
for liver organogenesis consists of a blood/sinusoid vascular-
like network and hepatocyte layers and shows higher levels of
hepatic function, such as albumin production and ammonia
degradation, than hepatic cell lines and primary cultures of
murine adult hepatocytes. This innovative system will lead to
the development of second-generation regenerative medicine
techniques using ES cells and is expected to be useful for the
development of bioartificial liver systems and drug-metabo-
lism assays. STEM CELLS 2005,23:903-913

INTRODUCTION

The liver develops from the ventral foregut in vertebrates, receiv-
ing multiple stimuli in the form of growth factors, cytokines,
and hormonal factors, as well as intercellular and matrix cellu-
lar interactions [1-5]. In particular, the precardiac mesoderm
produces factors that trigger hepatic development [6, 7], that is,
cardiomyocytes support liver organogenesis (Fig. 7A). The sig-
naling of fibroblast growth factor (FGF), produced in the cardiac
mesoderm, induces the initial step of hepatogenesis in the ven-
tralendoderm at E8.5--9.5 of mouse development, resulting in the

activation of albumin and a-fetoprotein expressions [4, 6, 8]. As
the hepatic precursor cells migrate into the septum transversum
to form a liver bud [9], endothelial progenitor cells arise there
simultaneously in close association with early developing hepa-
toblasts and hepatogenesis [10]. These endothelial cells develop
a fenestrated morphology to form the hepatic sinusoids [11-13],
and then finally the liver is completed, with its multiple and spe-
cific functions.

In the field of regenerative medicine, the pluripotency of
embryonic stem (ES) cells has been applied to obtain a vari-
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ety of cell lineages. However, the targets of these systems have
always been limited to only a single lineage, which was isolated
from other differentiated cell populations. There have been a few
reports on the differentiation of murine ES cells to hepatocyte-
like or albumin-producing cells [14~19]. However, these studies
focused only on hepatocytes as a single-cell lineage and did not
refer to liver organogenesis. It also has been reported that hepa-
tocyte-like cells spontaneously differentiate from human ES
cells [20], as well as previous studies using murine ES cells. In
particular, there has been no description about the roles of car-
diomyocytes and endothelial cells in hepatocyte differentiation,
although one previous study has detected albumin-positive cells
adjacent to cardiomyocytes in teratoma-derived human ES cells
in severe combined immunodeficiency mice [20]. Cardiac meso-
derm has a strong capacity to induce liver organogenesis [4, 6, 8].
These cell lineages can also be obtained from ES cells. There-
fore, we considered that emergence of cardiomyocytes would
be necessary for liver morphogenesis from ES cells in vitro.
Our purpose in the present study was to establish a system for in
vitro hepatic morphogenesis consisting of not only hepatocytes
but also cell lineages supporting hepatic differentiation, such as
cardiomyocytes and endothelial cells, which correspond to those
involved in liver organogenesis in vivo, from murine ES cells. We
exploited the pluripotency of ES cells for differentiation of these
cell lineages, which included hepatocytes, cardiomyocytes, and
endothelial cells, and succeeded in establishing a novel system of
hepatic morphogenesis from murine ES cells based on naturally
occurring embryological events, that is, with contributions from
cardiac mesoderm and endothelial cell lineages.

MATERIALS AND METHODS

Cell Culture

El14-1 ES cells derived from 129/0la were grown on mitomycin
C-treated mouse embryonic fibroblast feeder layers to maintain
them in an undifferentiated state in Dulbecco’s modified Eagle’s
medium (DMEM) (Invitrogen, Tokyo, http://www.invitrogen.
com) containing 20% fetal bovine serum (FBS) (Hyclone, Logan,
UT, http://www.hyclone.com), 1 mM sodium pyruvate (Invit-
rogen), 100 uM nonessential amino acids (Invitrogen), 100 pM
2-mercaptoethanol (Sigma, St. Louis, http://www.sigmaaldrich.
comy), and 10° U/m! leukemia inhibitory factor (LIF) (Chemicon,
CA, http://www.chemicon.com). The cells were dissociated with
0.25% trypsin, 1% chicken serum (Invitrogen), and | mM EDTA
in phosphate-buffered saline (PBS) and resuspended in Iscove’s
modified Dulbecco’s medium (IMDM) (Invitrogen) containing
20% FBS, 1 mM sodium pyruvate, 100 uM nonessential amino
acids, and 100 pM 2-mercaptoethanol without LIF and then
formed into a hanging drop at a concentration of 1,000 cells per
50-uldrop. The hanging drop was cultured inan atmosphere of 5%
CO, at 37°C for 5 days. An individual 5-day-old embryoid body

In Vitro Liver Organogenesis Using Murine ES Cells

(EB) was plated in each well of a gelatin-coated 96-well plate,
and the growth factor was added to the culture medium. The day
when the 5-day-old EBs were plated in the dish was denoted day 0
(A0). Human recombinant acidic fibroblast growth factor (aFGF)
(Invitrogen) was added to the differentiation medium at a con-
centration of 100 ng/ml 2 days after plating of the 5-day-old EBs
(A2), and 20 ng/ml human recombinant hepatocyte growth factor
(HGF) (Genzyme/Techne, Minneapolis, http://www.g-tonline.
com) was added at A4. Then, at A6, 10 ng/ml mouse recombinant
oncostatin M (Genzyme/Techne), 100 nM dexamethasone (MP
Biomedicals, Irvine, CA, http://www.mpbio.com), ITS (insulin
10 pg/ml, transferrin 5 pg/ml, selenium 5 ng/ml; Invitrogen),
and 10 mM nicotinamide (Nakalai tesque, Kyoto, Japan, http://
www.nacalai.co.jp) were added. The emergence frequency of
contracting cells in the EB outgrowths, indicating cardiac mus-
cle differentiation, was monitored daily. Emergence frequency
was expressed as a percentage, where 100% meant detection of
acontractile area in all wells containing EB outgrowths. Twenty
recloned 5-day-old EBs were plated on a 6-cm dish coated with
gelatin as a semi-large-scale culture.

To obtain fetal hepatocytes, mouse liver at E15 was minced
and dissociated with collagenase II (Sigma) in Hanks’ buffer
(Invitrogen). The cells were seeded on a gelatin-coated dish in
DMEM supplemented with 10% FBS, 100 uM nonessential
amino acids, and 100 U/m1 penicillin-100 j1g/ml streptomycin-
292 pg/ml glutamine for a few hours and washed once with the
same medium. The medium was replaced every day.

Primary adult hepatocytes were isolated from male 129/Sv]
mice by the two-step collagenase perfusion method. The hepa-
tocytes were separated from the resulting cell suspension by
centrifugation and then by centrifugation through a 50% Percoll
(Sigma) gradient. Isolated hepatocytes were plated onto gelatin-
coated dishes.

Production of Chimeric Mice

Chimeric mice were produced by the modified aggregation
method [21]. This involved aggregation of 10 to 15 ES cells with
two (BDF1 x C57BL) F, eight-cell-stage embryos, from which the
zona pellucida had been removed with Tyrode’s solution (Sigma),
were placed in a hole on a plastic dish and cultured overnight. The
ES cells and eight-cell-stage embryos became a single blastocyst,
and the blastocysts were then transferred to the uterus of pseudo-
pregnant female ICR mice. Male chimeric mice were then bred
with C57BL/6 female mice, and germ-line transmission of the ES
cells was checked by the agouti coat color of the offspring.

RNA Extraction and Reverse Transcription—
Polymerase Chain Reaction Analysis

Total RNA was extracted from the outgrowths of the EBs using
aMagEXtractor mRNA kit (Toyobo, Tokyo, http://www.toyobo.
co.jp/e). Briefly, 2-pg aliquots of total RNA were reverse tran-
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scribed to cDNAs using a Superscript I first-strand synthesis
system with an oligo dT primer (Invitrogen). Semiquantitative
reverse transcription—polymerase chain reaction (RT-PCR)
was performed using Ex Tag DNA polymerase (Takara, Tokyo,
http://www.takara-bio.com) with the following primer sets. For
each experiment, a housekeeping gene, hypoxanthine phospho-
ribosyltransferase, was amplified with 25 cycles to normalize
the expressions of other genes in the sample. The forward and
reverse primers were located at different exons to discriminate
the product from the targeted mRNA or its genomic DNA. The
PCR primers used were as follows: albumin, GCTACGGCA-
CAGTGCTTG and CAGGATTGCAGACAGATAGTC (product
size, 265 bp; annealing temperature, 65°C); a-fetoprotein, TCG-
TATTCCAACAGGAGG and AGGCTTTTGCTTCACCAG
(productsize, 173 bp; annealing temperature, 65°C); transthyre-
tin, CTCACCACAGATGAGAAG and GGCTGAGTCTCT-
CAATTC (product size, 223 bp; annealing temperature, 56°C);
ctl-anti-trypsin, AATGGAAGAAGCCATTCGAT and
AAGACTGTAGCTGCTGCAGC (product size, 483 bp; anneal-
ingtemperature, 50°C); Oct3/4, AGCACGAGTGGAAAGCACT
and CTCATTGTTGTCGGCTTCCT (product size, 339 bp;
annealing temperature, 60°C); tyrosine aminotransferase,
ACCTTCAATCCCATCCGA and TCCCGACTGGATAGG-
TAG (product size, 205 bp; annealing temperature, 66°C); tryp-
tophan 2,3-deoxygenase, TGCGCAAGAACTTCAGAGTGA
and TGCGCAAGAACTTCAGAGTGA (product size, 419
bp; annealing temperature, 62°C); liver-specific organic
anion transporter-1, TGCGCAAGAACTTCAGAGTGA
and TGAGTTGGACCCCTTTTCAC (product size, 226 bp;
annealing temperature, 65°C); asialoglycoprotein recep-
tor-1, GCTGGAAAAACAGCAGAAGG and CTGTTC-
CATCCACCCATTTC (product size, 358 bp; anneal-
ing temperature, 65°C); asialoglycoprotein receptor-2,
CGGACCCTGAAAGAAACCTT and ATGAAACTG-
GCTCCTGTGCT (product size, 410 bp; annealing tempera-
ture, 66°C); HGF, AGACACCACACCGGCACAGT and
ATAGGGCAATAATCCCAAGG (product size, 484 bp; anneal-
ing temperature, 65°C); FGF-1, ACCGAGAGGTTCAACCT-
GCC and GCCATAGTGAGTCCGAGGACC (product size, 386
bp; annealing temperature, 66°C); vascular endothelial growth
factor (VEGF), CAGGCTGCTGTAACGATGAA and AAT-
GCTTTCTCCGCTCTGAA (product size, 206 bp; annealing
temperature, 65°C); VEGFRI, TGTGGAGAAACTTGGT-
GACCT and TGGAGAACAGCAGGACTCCTT (product size,
504 bp; annealing temperature, 65°C); VEGFR2, TCTGTG-
GTTCTGCGTGGAGA and GTATCATTTCCAACCACCC
(product size, 269 bp; annealing temperature, 55°C); platelet-
endothelial cell adhesion molecule-1 (PECAM-1), GTCATG-
GCCATGGTCGAGTA and AGCAGGACAGGTCCAACAAC
(product size, 168 bp; annealing temperature, 65°C); atrial natri-
uretic peptide, ATGGGCTCCTTCTCCCATCAC and TGTTG-
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CAGCCTAGTCCACTC (product size, 541 bp; annealing tem-
perature, 65°C); and hypoxanthine phosphoribosyltransferase,
GTTGGATACAGGCCAGACTTTGTTG and GAGGGTAG-
GCTGGCCTATAGGCT (product size, 269 bp; annealing tem-
perature, 65°C).

Immunohistochemical Analysis

Twenty EBs were cultured on gelatin-coated glass coverslips in
asix-well plate. EB outgrowths on the coverslips were fixed with
4% paraformaldehyde/PBS for 20 minutes and then permeabi-
lized with 0.1% Triton X for 10 minutes at room temperature. The
fixed samples were incubated in blocking buffer containing 4%
donkey serum (JacksonImmunoresearch, Baltimore, http://www.
jacksonimmuno.com) for 10 minutes atroom temperature. They
were then incubated with the primary antibody overnight at 4°C
and with the secondary antibody for 1 hourin a humidified cham-
ber. The following antibodies were used: rabbit immunoglobulin
(IgG) against mouse albumin (1:250; MP Biomedicals), goat IgG
against mouse PECAM-1 (1:250; Santa Cruz Biotech, CA, http:/
www.scbt.com), tetramethylrhodamine isothiocyanate—conju-
gated swine anti-rabbit immunoglobulin (1:60; DakoCytomation
A/S, Glostrup, Denmark, http://www.dakocytomation.com), and
fluorescein-conjugated donkey anti-goat IgG (1:100; Jackson
Immunoresearch, West Grove, PA). For nuclear staining, the cells
were incubated for 5 minutes at room temperature with DAPI (4,6
diamidino-2-phenylindole). The samples were mounted in Dako-
Cytomation fluorescent mounting medium and observed using a
fluorescence microscope (BX 60; Olympus, Tokyo, hitp://www.
olympus-global.com/en/global) and a confocal laser microscope
(TCS SP2; Leica, Manheim, Germany, http:/www.leica.com/
index.html).

Western Blotting Analysis

ES cells and EBs were homogenized in buffer containing 20 mM
Tris-HCI, pH 7.5, 150 mM NacCl, 1% Nonidet P-40, 0.1% SDS,
1% sodium deoxycholate, 2 mM EDTA, 1 mM phenylmethyl-
sulfonyl fluoride, 2 pg/ml aprotinin, 10 pg/ml leupeptin, and
5 ug/ml pepstatin, centrifuged at 12,000 rpm for 10 minutes at
4°C, and the supernatants were collected. Protein concentra-
tion was measured with a bicinchoninic acid protein assay (BCA
protein assay kit; Pierce, Rockford, IL, http://www.piercenet.
comy). The same amounts (10 ug each lane) of proteins from cell
homogenates were electrophoresed on 8% polyacrylamide gels.
Proteins were transferred onto polyvinylidene difluoride mem-
branes by electro blotting. The membranes were blocked for 1
hour at room temperature with 5% nonfat dried milk and 0.1%
bovine serum albumin in tris-buffered saline (TBS) containing
0.1% (vol/vol) Tween 20 (TBS-T) and incubated for 1 hour with
peroxidase-conjugated sheep anti-rabbit antibody (GE Health-
care, Piscataway, NJ, http://www.gehealthcare.com) diluted in
TBS-T containing 5% FBS. After washing with TBS-T, the blots
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were developed by enhanced chemiluminescence (GE Health-
care) and exposed to x-ray film (RX-U; Fuji, Kawasaki, Japan,
http://home.fujifilm.com).

Treatment with Thalidomide or CBO-P11

Thalidomide (N-[2,6-dioxo-3-piperidinyl] phthalimide; Tocris
Cookson, Ellisville, MO, http://www.tocris.com) was dis-
solved in dimethy! sulfoxide and added to the medium at the
indicated concentration. CBO-P11 (cyclo-VEGI) (DFPQIM-
RIKPHQGQHIGE) (Calbiochem, San Diego, http://www.
emdbiosciences.com/html/CBC/home.html), a cyclopeptidic
vascular endothelial growth inhibitor, was dissolved in water and
added to the medium at a concentration of 10 uM. These chemi-
cals were added to the medium after 20 five-day-old EBs had been
plated on the dish {AO). The medium was replaced every day.

Ammonia Modification Function Assay

To examine cellular ammonia degradation activity, 2 mM NH,Cl
was added to the serum-free culture medium of 30 or 50 EBs at
days 10 and 18 after plating and further incubated for 24 hours.
The concentration of NH,Cl remaining in the medium was mea-
sured at various time points by a modified indophenol method
using a commercial kit (Ammonia-test Wako; Wako, Osaka,
Japan, http://www.wako-chem.co.jp).

RESULTS

Roles of Embryonic Stem Cell-Derived
Cardiomyocytes in Hepatic Differentiation from
Murine Embryonic Stem Cells

Asis the casein in vivo development, the emergence of cardiomy-
ocytes is necessary for liver organogenesis in an in vitro differen-
tiation system using ES cells. As an initial approach for inducing
murine ES cells to undergo hepatic morphogenesis, we estab-
lished a system for spontaneous differentiation to contracting car-
diomyocytes with a high frequency of emergence. A single 5-day-
old EB comprised of dissociated murine ES cells was plated onto
gelatin-coated plates and allowed to adhere to the bottom of the
plate. The EB outgrowths began to contract spontaneously within
5 days after plating. These ES cell-derived contracting cells were
considered to be cardiomyocytes based on specific gene expres-
sion (Fig. IB) and pharmacological responses. The outgrowths of
EBs were cultured in the differentiation medium for 18 days (A18)
after adhesion to the well bottom. The expression of albumin was
compared in groups of EBs in which cardiomyocytes had and had
not arisen at A10; the levels of albumin expression were signifi-
cantly higher in those with outgrowths of contracting cardiomyo-
cytes than in those without (Fig. 1B), suggesting that the ability to
differentiate to cardiomyocytes in the ES cell population and the
emergence of cardiomyocytes in the EB outgrowths are impor-
tant for endodermal and hepatocyte differentiation.

In Vitro Liver Organogenesis Using Murine ES Cells

To increase the efficiency of liver organogenesis from ES cells,
it was considered important to increase the frequency of cardiomyo-
cyteemergence in the EB outgrowths. The frequency of cardiomyo-
cyte emergence at Ab-3 was less than 30% using the parental line of
the E14-1 ES cells at passages 14 through 18, whereas the frequency
was almost 100% using some sublines (My-1 and Ab-3) other than
My-5, which were recloned from the parental line E14-1 (Fig. 1 A).
Ability for the production of chimeric mice was also compared in
the parental line and these E14-1 sublines. The chimera-forming
ability of the parental E14-1 was 2 germ-line/i7 chimeric mice from
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Figure 1. Establishment of a system for allowing differentiation of
ES cells to cardiomyocytes at a frequency of almost 100% for hepatic
differentiation. (A): Comparison of the time courses of the frequency
of emergence contractile cells from outgrowths of EBs prepared from
the parental line of E14-1 ES cells (@), subline My-1 (O), Ab-3 (&),
and My-5 (4). (B): Expression of albumin as a representative hepatic
marker and of ANP as an atrial marker was determined by reverse
transcription—-PCR during differentiation of EBs. PCR amplication
of ANP and albumin was carried out for 30 cycles. Human recom-
binant aFGF was added to the differentiation medium at a concen-
tration of 100 ng/ml 2 days after plating of the 5-day-old EBs on the
dish (A2), and then 20 ng/ml human recombinant HGF was added
at Ad. Then with 10 ng/ml mouse recombinant OSM, 100 nM dexa-
methasone, ITS (insulin 10 pg/ml, transferrin 5 pg/ ml, selenium 5
ng/ml), and 10 mM nicotinamide (Nacalai) were added at A6. Arrow-
head indicates the expected band of ANP. Abbreviations: aFGF,
acidic fibroblast growth factor; AL, mouse adult liver; ANP, atrial
natriuretic peptide; EB, embryoid body; ES, embryonic stem; GF,
growth factor; FH, mouse fetal heart at E15; FL, mouse fetal liver
at E15; HGF, hepatocyte growth factor; OSM, oncostatin M; PCR,
polymerase chain reaction.
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171 ES-aggregated embryos, whereas that of a subline Ab-3 was 4
germ-line/18 chimeric mice from 155 ES-aggregated embryos. It is
very important that undifferentiated and pluripotent ES cells should
be present in these cultures for differentiation not only to cardiomy-
ocytes but also to albumin-producing hepatocytes and endothelial
cells corresponding to the developmental stages of the liver. For the
following experiments, we used the selected subline, Ab-3, which
showed high capability for differentiation to cardiomyocytes and
also forproduction of germ-line chimeric mice, within six passages.

Expression and Function of Liver-Specific Gene
Expressions and Functions in Murine Embryonic Stem
Cell-Derived Hepatic Morphogenesis

Twenty 5-day-old EBs were placed together on gelatin-coated
dishes in differentiation medium as a semi—large-scale system,
because the absoluie numbers of cells would be needed for hepatic
development. Contracting cardiomyocytes emerged in the central
area of EB outgrowth. A heterologous population was considered
important for in vitro hepatic morphogenesis using murine ES
cells. The expressions of endodermal/hepatocyte-specific genes,
suchastransthyretin, o-fetoprotein, o l-antitrypsin, and albumin,
at the various stages of EB differentiation were examined (Fig.
2A). The levels of expression of these genes increased markedly
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as differentiation of the EBs proceeded, whereas that of Oct-3/4,
a marker of undifferentiated ES cells, decreased. The levels of
expression of liver-specific genes and Oct-3/4 in the presence of
growth factor were the same as those in the absence of growth fac-
tor, suggesting that cardiomyocytes were not induced in the pres-
ence of growth factor. We also confirmed that albumin protein
was detectable in the differentiated outgrowths of EBs at A4 and
increased gradually throughout differentiation (Fig. 2B), corre-
sponding to the changes in mRNA levels (Fig. 2A).

As a second approach for inducing hepatic morphogenesis
from ES cells, aFGF, HGF, and oncostatin M were added to the
cultures to investigate the effects of growth factors. The lev-
els of expression of albumin, tyrosine aminotransferase (TAT),
and tryptophan oxygenase (TQ) were significantly higher in
the presence than in the absence of additional growth factors
at A10, corresponding to the early differentiation stage of EBs.
This suggests that the addition of growth factors artificially
induces the expression of mature hepatocyte-specific genes or
accelerates differentiation in the system at an early stage (Fig.
2C). On the other hand, at A18, corresponding to the late dif-
ferentiation stage, the levels of expression of albumin, TAT, TO,
and asialo glycoprotein receptors (ASGRI, ASGR2) in the EB
were almost the same levels under conditions with and without

Figure 2. Expression by ES cell-derived hepatocytes of a variety of
liver-specific genes, production of albumin protein, and ammonia
modification function. (A): The expression of endodermal-specific
genes was examined in the outgrowths of EBs from before plating
(3- and 5-day-old EBs) to 8 days after plating (A8) by RT-PCR. PCR
amplification of Oct-3/4, TTR, AFP, AAT, and albumin was carried
out for 30 cycles. Five-day-old EBs were plated on gelatin-coated
dishes and cultured in the absence of any growth factors. (B): Thelevel
of albumin protein was quantified by Western blotting analysis during
hepatic differentiation of EBs. EBs were cultured in the absence of any
growth factors for 18 days. (C,D): Expression of albumin and mature
hepatocyte-specific genes expression was detected in the EB out-
growths at A10 (C) and A18 (D). Comparison of cultures in the pres-
ence or absence of additional growth factors. PCR amplification of
albumin was carried out for 25 cycles. Amplification of TAT, ASGR-
1, ASGR-2, and LST-1 was carried out for 40 cycles. Amplification
of TO was carried ont for 30 cycles. (E): Expression of CYP family
genes, such as Cyp2AS, 2B10, and 3A 16, was detected by RT-PCR (40
cycles, respectively) in the EB outgrowths at A10 and A18 cultured
in the absence of additional growth factors. (G): Ammonia modifica-
tion function was measured in EB outgrowths at A 18. The amounts of
residual ammonia in 100 cells are indicated, which were calculated
from the quantity of prepared genomic DNA. [, primary adult mouse
hepatocyte culture; B, outgrowth of 50 EBsat A18; O, 30 EBs at A18§;
@, 30 EBs at A10; ¥, mouse hepatoma cell line, HePal—6; A,ES E14-
1. (F): Endogenous aFGF and HGF gene expression was detected by
RT-PCR (40 cycles, respectively) in the EB outgrowths during differ-
entiation in the absence of these additional growth factors by RT-PCR.
Arrowheadindicates the expected band of ANP. Abbreviations: aFGF,
acidic fibroblast growth factor; AL, mouse adult liver; EB, embryoid
body; ES, embryonic stem; GF, growth factor; FL, mouse fetal liver
at E15; HGF, hepatocyte growth factor; RT-PCR, reverse transcrip-
tion—polymerase chain reaction ; TAT, tyrosine aminotransferase.
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additional growth factors. Furthermore, liver-specific trans-
porter (LST-1) mRNA was detected only in the absence of any
growth factor (Fig. 2D), suggesting that these additional fac-
tors were not essential for hepatic differentiation and matura-
tion from ES cells in our system. The expressions of some CYP
genes were also detectable under conditions without growth
factors (Fig. 2E).

To investigate whether the outgrowths of EBs could supply
these growth factors themselves, the expressions of these genes
were analyzed in EBs without these growth factors. Endogenous
aFGF and HGF expression was detected in the outgrowths in the
absence of the additional growth factors (Fig. 2F), suggesting that
addition of these growth factors is not necessary for hepatic dif-
ferentiation of EBs, as they are produced endogenously.

Assay of ammonia degradation, a representative hepatic
function, was also carried out. Interestingly, the level of ammonia
degradation was markedly higher in the differentiated EB out-
growths than in the hepatocyte cell line, HePal-6, and in primary
cultures of murine hepatocytes (Fig. 2E).

To investigate the distribution of albumin-positive cells in
the EB outgrowths at A0 and A18, we performed immunohis-
tochemical analyses using anti-mouse albumin antibody. The
albumin-positive cells were visualized adjacent to the contract-
ing cardiomyocytes, around the central area of the outgrowths, at
A0 (Fig. 3A). These albumin-positive cells formed clusters and
showed an islet-like morphology in the outgrowths (Figs. 3A, 3B).

At Al8, corresponding to the late stage of hepatic differentiation,

Figure 3. Albumin-positive cells observed as expanding coloniesin
the outgrowths of EBs. (A): Photomicrograph showing the contract-
ing region and albumin-positive areas in the outgrowths of differen-
tiated EBs at A 10 in the absence of any growth factors. The shaded
square is magnified in (B). (B-D): Immunohistochemical analysis
of the EB outgrowths at (B) A10 and (C, D) A18 using anti-albumin
(red). White arrowheads indicate the binuclearcells inthe outgrowths
of the EB. These cultures were also carried out in the absence of any
growth factors. Abbreviations: CA, contracting cardiomyocyte area,
EB, embryoid body.
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these colonies had grown and were strongly detected, as can be
seen in Figure 3C, suggesting that these cells were proliferating
and expanding.

Morphology of Murine Embryonic Stem

Cell-Derived Hepatocytes

Murine hepatocytes contained two morphologically distinct
populations, a mononuclear population and a binuclear popula-
tion. Hepatocytes in the resting liver consist predominantly of
binuclear hepatocytes, whereas those in the regenerating liver are
mainly mononuclear hepatocytes [22]. Some of these albumin-
positive cells were binuclear, which is a characteristic of mature
hepatocytes in mice (Fig. 3D). Thus, these cells were confirmed
to be murine hepatocytes on the basis of morphology as well as
by hepatic function and gene expression analysis. In addition to
hepatic function and expression in our cultures, morphological
evidence also suggested that the albumin-producing cells derived
from ES cells in our system were hepatocytes.

Vasculogenesis in the System to Induce Murine
Embryonic Stem Cells to Hepatic Morphogenesis

The contribution of the nonparenchymal hepatic cell population
is necessary for hepatic in vitro morphogenesis from ES cells.
Expression of VEGF, VEGFRI, and VEGFR2 was detected from
the EB in the period from before plating to the late stage of dif-
ferentiated EB, and CD31/PECAM-1, a definitive endothelial
cell—specific marker, began to be expressed at the stage of EB
formation and continued to be detectable until the late stage of
differentiation of the EB outgrowths (Fig. 4A), suggesting that
vasculogenesis had been activated in this system. Indeed, CD31/
PECAM-1—-positive cells were shown to form network structures
(Fig. 4C), indicating that CD31/PECAM-1—positive cells orga-
nized the formation of vascular networks in the EB outgrowths.
In the presence of additional growth factors, few CD31/PECAM-
I—positive cells were seen to be organizing capillary networks,
which were twisted and slender (Fig. 4D), compared with those in
the absence of additional growth factors.

To analyze the interactions between albumin-producing cells
and these endothelial cells, the EB outgrowths at both the early
and late stages after plating were stained with anti-albumin and
anti-CD31/PECAM-1 antibodies. Using these antibodies dis-
criminated parenchymal or nonparenchymal cells as anti-albu-
min-positive or anti-CD31/PECAM-1—positive cells, respec-
tively, in mixed control cultures of cells prepared from mouse
liver (Fig. 4B). Interestingly, the CD31/PECAM-1-positive cells
were seen to be migrating in the albumin-positive areas of the EB
outgrowths at A10 and made contact with the juxtapositions of
the albumin-positive cells (Fig. 4E), similar to the situation liver
organogenesis in the developing embryo [10]. As can be seen in
Figures 4E and 4F, albumin-positive cells were proliferating from
Al10to A18. The CD31/PECAM-1~positive cells were seen to be
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proliferating and organizing networks with the spread of the albu-
min-positive area in the EB outgrowths at A18 (Fig. 4F), suggest-
ing that these endothelial cells had a marked influence on forma-
tion of hepatic tissue within EBs.

To obtain conclusive evidence that vasculogenesis was nec-
essary for hepatocytes to arise and grow in the EB outgrowth,
vasculogenesis was inhibited by addition of thalidomide to the
differentiation medium. First, the emergence frequency of con-
tracting cardiomyocytes was significantly lower with the addi-
tion of thalidomide (26.7% + 12.0% at 25 mg/L., 6.8% £ 4.2% at
100 mg/L) at A3 than without thalidomide (99.5% + 0.5%), sug-
gesting that thalidomide was able to inhibit the differentiation of
ES cells to cardiomyocytes. The results of confocal microscopy
analysis (Figs. 5SA-5C) indicated that thalidomide could strongly
inhibit the differentiation of CD31/PECAM-1-positive cells in
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Figure 4. Hepatic morphogenesis derived from outgrowths of EBs
consisting of albumin-positive hepatocytes and CD31{/PECAM-
I-positive endothelial cells expanding into vessel-network struc-
tures. (A): Endothelial development-associated gene expression was
detected by reverse transcription—polymerase chain reaction analysis
and activated during the differentiation of EBs. (B): Immunohisto-
chemical analysis, with anti-albumin (red) and anti-CD31/PECAM-1
green) antibodies, in mixed cultures of embryonic liver cells in vitro
as a control. (C, D): CD31/PECAM-I1—positive cells were shown to
form a network structure in the presence of growth factors (D) and in
the absence of growth factors (C). The outgrowths of EBs at A18 were
stained with CD31/PECAM-1 antibodies. Without exogenous growth
factors, a part of the outgrowth EBs was shown as vessel-like forma-
tion. (E, F): Immunohistochemical analysis of the EB outgrowth
at A10 (E) and A18 (F) using anti-albumin (red) and anti-CD31/
PECAM-1 (green) antibodies in the absence of any growth factors.
Abbreviations: EB, embryoid body; ES, embryonic stem; FL, mouse
fetal liver at E15; PECAM-1, platelet-endothelial cell adhesion mol-
ecule-1; VEGFR, vascular endothelial growth factor receptor.
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the EB outgrowths compared with the control cultures without
thalidomide. In addition, the albumin-positive area was signifi-
cantly smaller in differentiated EB outgrowths exposed to tha-
lidomide at A18 compared with the control culture in the absence
of thalidomide (Fig. SA), and the density and area of the vascular-
like network consisting of ES-derived CD31/PECAM-I—positive
endothelial cells were much lower in the thalidomide-treated EB
outgrowths than in the absence of thalidomide. The expression of
VEGFRI, VEGFR2,and PECAM-1 was inhibited by thalidomide
ina dose-dependent manner. These results of immunohistochem-
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Figure 5. Dependence of hepatic morphogenesis depends on angio-
genesis or vasculogenesis in the differentiated EBs. (A, B): Immuno-
histochemical analysis of the EB outgrowths at A 18 using anti-CD31/
PECAM-1 antibody in the presence of 100 pg/ml thalidomide for 18
days (B) and withoutthalidomide as a control (A). (C,D): Quantitative
analysis of the CD31/PECAM-1-positive areain the EB outgrowths at
A18 was performed using the Scion image Beta 4.0.2 software in each
of 15 selected individual fields from three independent experiments.
Data are given as mean values + standard error. Student’s #-test for
unpaired data was applied as appropriate. Difference of p <.001 was
considered significant. (E): Endothelial cell and hepatocyte-asso-
ciated gene expression was analyzed by reverse transcription~PCR
in the thalidomide-treated EB outgrowths of the EBs at A18. PCR
amplification of PECAM-1, VEGFRI, VEGFR2, and TAT was car-
ried out for 40 cycles. Amplification of albumin was carried out for 30
cycles. Abbreviations: AL, mouse adultliver; ES, undifferentiated ES
cells; FH, mouse fetal heart at E15; FL, mouse fetal liver at E15; GF,
growth factor; PCR, polymerase chain reaction; PECAM-1, platelet-
endothelial cell adhesion molecule-1; TAT, tyrosine aminotransfer-
ase; VEGFR, vascular endothelial growth factor receptor.
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ical and RT-PCR analyses suggested that differentiation to endo-
thelial cells was strongly inhibited by thalidomide. Expression of
albumin and TAT was detected in the EBs at A18 in the absence,
but notin the presence, of thalidomide (Fig. 5F).

Furthermore, to address the potential role of endothelial cell
differentiation and proliferation in the growth of hepatocytes
from ES cells, CBO-P11, a VEGF receptor—specific inhibitor,
was added in this system. CD31/PECAM-1-positive cells were
reduced by addition of CBO-P11 in the EB outgrowths at A18
compared with the control (Figs. 6A—6C). In the presence of
CBO-P11, the morphology of the small CD31/PECAM-1-posi-
tive area was truncated and disconnected (Fig. 6B). Correspond-
ing to the CD31/PECAM-1-positive cell populations, no albu-
min-positive cells were observed in the CBO-P1l1-treated EB
outgrowths, whereas there were many albumin-positive cells in
the control (Figs. 6A, 6B, 6D). The expression of PECAM-1 was
significantly lower in the CBO-P11-treated EB outgrowths than
in the control without CBO-P11. Interestingly, no expression of
albumin or TAT was detected in the EBs at A18 in the presence
of CBO-P11 (Fig. 6F). The results of these experiments involv-
ing treatment with thalidomide and CBO-P11 suggest that CD31/
PECAM-1-positive cells have a crucial role in the hepatic differ-
entiation of ES cells.

Discussion

The purpose of this study was to devise an in vitro system that
would allow liver morphogenesis from ES cells, reproducing the
events of liver development in vivo. We first considered it nec-
essary to promote the differentiation of outgrowths from EBs,
derived from dissociated ES cells, to cardiomyocytes at high effi-
ciency. Selected sublines from the parental ES cells showed a high
frequency of emergence of cardiomyocytes and albumin-positive
cells, whereas the frequency of cardiomyocyte emergence from
the parental ES cells was not so high because of the heterogene-
ity of the ES cell culture in which albumin-positive cells failed
to appear. The same effect was observed in our culture system,
suggesting that the initial pluripotency of ES cells contributed to
the differentiation of EBs to beating cardiomyocytes, and after
induction to mesodermal lineages hepatic differentiation and
maturation occurred in the EB outgrowths. Naggy et al. [23]
described that recloned ES cell sublines could contribute signifi-
cantly to the production of chimeric mice and for germ-line trans-
mission in these mice compared with the parental line and could
also become a complete body using ES cell-tetraploid aggrega-
tion [23, 24], because after a high number of passages, an ES cell
culture is a heterogeneous mixture of undifferentiated and differ-
entiated populations. It is very important for undifferentiated and
pluripotent ES cells to be present in these cultures for differen-
tiation not only to cardiomyocytes but also to albumin-producing
hepatocytes and endothelial cells, corresponding to the various
developmental stages of the liver. We tested several sublines of ES

In Vitro Liver Organogenesis Using Murine ES Cells

cells for their efficiency in the production of chimeric mice that
would have the potential for germ-line transmission and a high
frequency of cardiomyocyte emergence. It is interesting that the
ES cell sublines that transmitted the germ line in chimeric mice at
high efficiency corresponded to those with a frequency of cardio-
myocyte emergence of almost 100%. The potential of ES cells to
transmit the germ line in chimeric mice corresponded to the fre-
quency of cardiomyocyte emergence in the EB outgrowths. We
showed that albumin expression data in both emergence and non-
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Figure 6. Lack of induction of hepatic morphogenesis by vascular
endothelial growth factor inhibitor in the differentiated EBs. (A, B):
Immunohistochemical analysis of the EB outgrowths at A18 using
anti-CD31/PECAM-1 antibody in the presence of 10 uM CBO-PI1
for 18 days (B) and without CBO-P11 asa control (A). (C, D): Quan-
titative analysis of the CD31/PECAM-1-positive area in the EB out-
growths at A 18 was performed using the same method as that for the
thalidomide experiments in each of nine individual fields selected
from three independent experiments. (E): Endothelial cell and hepa-
tocyte-associated gene expression was analyzed by RT-PCR in the
thalidomide-treated EB outgrowths at A18. PCR amplification of
PECAM-1 and TAT was carried out for 40 cycles. Amplification of
albumin was carried out for 30 cycles. Abbreviations: AL, mouse
adult liver; EB, embryoid body; ES, undifferentiated embryonic
stem cells; FH, mouse fetal heart at E15; FL, mouse fetal liver at E15;
PECAM-1, platelet-endothelial cell adhesion molecule-1; RT-PCR,
reverse transcription—polymerase chain reaction; TAT, tyrosine ami-
notransferase.
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emergence of cardiomyocytes, as shown in Figure 1B, although
cardiomyocyte ablation and blocking cardiomyocyte differentia-
tion experiments are very interesting. However, we consider that
subclone screening for the frequency of emergence of cardiomyo-
cytes from the parental murine ES cells would be useful for estab-
lishing an in vitro mode! of hepatic morphogenesis.

The number of albumin-producing cells increased cumu-
latively in the expanding vascular network area during differ-
entiation to the late stage. It has been clarified that in vitro dif-
ferentiation of murine ES cells within EBs leads to complex
structures that can mimic the normal developmental process of
the early embryo, in particular vasculogenesis and hematopoie-
sis, although no details of liver morphogenesis have beenreported
[25-27]. Our presentresults indicated that expansion of the endo-
thelial cell network derived from ES cells plays an important role
in the proliferation of hepatocytes and also liver morphogenesis
in vitro, reproducing the events that occur in vivo. Furthermore,
ourliver morphogenesis system does not involve simple coculture
of ES cells with endothelial cells prepared from liver sinusoids or
blood vessels but is a novel system that utilizes the differentiation
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of pluripotent ES cells to cardiomyocytes to support subsequent
differentiation to endothelial cells and hepatocytes. The interac-
tion between hepatocytes and endothelial cells in liver organo-
genesis has already been reported by Matsumoto et al. [10]. Our
in vitro system for the induction of liver morphogenesis from ES
cells closely corresponds to the natural events of liver develop-
ment that occur in vivo, as shown in Figure 7. Thalidomide, an
inhibitor of angiogenesis, inhibited the differentiation and pro-
liferation of CD31/PECAM-1-positive cells in EB outgrowths.
However, there is a possibility that thalidomide may have directly
suppressed the differentiation of hepatocytes. Therefore, to con-
firm the crucial role of endothelial cells in hepatic differentiation
and maturation, we examined the effect of CBO-P11, a potent
VEGF signal-specific inhibitor [28-30], in our culture system.
CBO-Pl11 strongly suppressed the differentiation and prolifera-
tion of CD31/PECAM-1—positive cells, corresponding to endo-
thelial cells, during EB differentiation, and consequently, the
differentiation of albumin-positive cells, corresponding to hepa-
tocytes, was completely blocked. These results were consistent
with the data obtained from the thalidomide experiment.
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Figure 7. Illustrations of (A) in vivo liver development and (B) our in vitro system for the construction of hepatic organogenesis using murine ES

cells. Abbreviations: ES, embryonic stem; FGF, fibroblast growth factor.

— 548 —



912

The process of organogenesis relies on the presence of spe-
cific microenvironments, However, it is difficult to reconstruct
such microenvironments in vitro simply by addition of excess free
molecules, such as FGF, HGF, and oncostatin M. Strategies for
adding growth factors known as liver development inducers to the
differentiation medium or for introducing an expression vector of
a liver-specific master gene into ES cells can induce the expres-
sion of several specific genes in the area of cell interaction, which
means that it is difficult to induce the differentiation of ES cell
cultures to more than two cell lineages, such as hepatocytes and
sinusoidal endothelial cells, through addition of these factors.
These kinds of strategies make it impossible, or at least very dif-
ficult, to reconstruct target morphogenesis or to induce natural
target cells with specific multiple functions. Therefore, no addi-
tional growth factors were used in cur experiments. We succeeded
in reconstructing in vitro the process of liver morphogenesis that
involved at least three different types of cell populations: cardio-
myocytes, endothelial cells, and hepatocytes. Initiation of liver
organogenesis in vivo occurs in the septum transversum. The sep-
tum transversum mesenchyme also has important roles in liver
organogenesis, such as production of HGF [9, 31]. In our present
study, strong expression of HGF was detected in the ES differen-
tiation system, as shown in Figure 2F. Although we detected many
fibroblastic cells in this system, it was unclear whether some of
these cells corresponded to the septum transversum. With regard
to liver function, we were able to demonstrate ammonia degrada-
tion activity in this liver differentiation system (Fig. 2G). Unlike
a primary hepatocyte culture, which contains almost 100% hepa-
tocytes, our system contains a heterologous population including
hepatocytes, endothelial cells, cardiomyocytes, and so on. How-
ever, the level of hepatic function, such as ammonia degradation,
in each individual hepatocyte was higher in our differentiation
system than in a primary culture, suggesting that hepatocyte—
endothelial cell contact is very important for the generation of full
hepatic function in hepatocytes, as well as for liver development
and proliferation in the embryo. Generally, a hepatocyte primary
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culture has a short life span, shows no proliferation, and has low
hepatic function. Therefore, we consider that a hepatocyte pri-
mary culture as a single-cell source is not sufficient for creation
of a bioartificial liver system and that nonparenchymal cell popu-
lations are also necessary for reproducing the complex structure
and polarity of the liver seen in vivo.

Here, we established a novel system for liver organogenesis
from murine ES cells based on embryological events, i.e., with
contributions from cardiac mesoderm and endothelial cell lin-
eages, which were also derived from the ES cells. Furthermore,
it has been difficult up to now to culture hepatocytes prepared
from adult or embryonic liver in vitro for a long period, as well
as to maintain the multiple functions characteristic of the liver.
This is one of the major obstacles to the development of a bioar-
tificial liver system. Our system makes it possible to culture ES
cell-derived hepatocytes for a long period, at least for more than
30 days, and these cells are able maintain a high degree of hepatic
function (Fig. 2F). This innovative system will be useful for cre-
ation of liver embryology and regeneration systems as well as for
the development of a bioartificial liver system for bridging use in
patients waiting for aliver donor and for drug-metabolism assays.
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Summary

Hepatic warm ischemia-reperfusion injury (IRI) during hepatectomy and liver
transplantation is a major cause of liver dysfunction in which the pathologic
role of free radicals is a major concern. To assess the effect of MCI-186 (edara-
vone) on hepatic IRI, male Wistar rats were subjected to partial hepatic ische-
mia for 60 min after pretreatment with vehicle (group C) or MCI-186 (group
M), or after both MCI-186 pretreatment and additional administration of
MCI-186 12 h after reperfusion (group MX). Groups M and MX showed signi-
ficantly lower levels of serum alanine aminotransferase and hepatic lipid perox-
idation than group C, and also significantly lower expression levels of mRNA
for cytokines, chemokines and intercellular adhesion molecule-1. There were
fewer tissue monocytes and neutrophils in groups M and MX than in group C.
These effects were more marked in group MX than in group M. Our findings
suggest that treatment with MCI-186 attenuates hepatic IRI in this rat in vivo

model.

Introduction

Warm ischemia-reperfusion injury (IRI) during hepatic
resection and liver transplantation may lead to local and
systemic organ dysfunction. The local hepatic injury com-
prises two phases, the acute (early) phase and the subacute
(late) phase [1-9]. During the acute phase, Kupffer cells are
activated and release oxygen-derived free radicals (ODFRs)
and proinflammatory cytokines such as tumor necrosis
factor (TNF)-o, interleukin (IL)-1, IL-6 and IL-8. The
subacute phase is mediated by infiltrating neutrophils that
are primed and activated during the acute phase [1-9].
Chemokines released by Kupffer cells, including CXC
chemokines and CC chemokines, may also play important
roles in hepatic IRI. CXC chemokines induce neutrophil
activation and CC chemokines activate macrophages and T
cells and upregulate cell adhesion molecules [10-13]. While
recent studies have shown that not only macrophages
(Kupffer cells) and neutrophils but also T cells play

significant roles in hepatic IRI [3,5,6,14,15], the signifi-
cance of free radicals in the pathology of the acute and sub-
acute phases of hepatic IRI is thought to be crucial.
MCI-186 [edaravone (3-methyl-1-phenyl-2-pyrazolin-
5-one); Mitsubishi Pharma Co., Osaka, Japan] is a free
radical scavenger. This reagent has already been applied
clinically for the prevention of brain edema in patients
with acute cerebral infarction through inhibition of the
lipoxygenase pathway in the arachidonic acid cascade and
has shown positive results [16~19]. Several reporis have
described the effects of MCI-186 on hepatic IRL In
ex vivo hepatic IRI experiments {20,21}, perfusion with
Krebs—Henseleit solution cannot reproduce the effects of
circulating macrophages and neutrophils, which play
major roles in hepatic IRL In in vivo experiments, the

efficacy of MCI-186 in attenuating hepatic warm IRI has

been evaluated in terms of aspartate aminotransferase,
phosphatidylcholine hydroperoxide, adenosine triphos-
phate (22}, and mitochondrial function {23]. However,
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the effects of MCI-186 on monocytes, neutrophils and
their associated cytokines have not been evaluated.

In the present study, we evaluated the potential of
MCI-186 to attenuate hepatic warm IRI in a partial-IRI
rat model in vivo. We focused on the changes in lipoxyge-
nase activation, monocyte activation, chemokine expres-
sion, neutrophil infiltration and hepatic dysfunction
resulting from administration of MCI-186.

Materials and methods

Experimental animals and reagents

Male Wistar rats (Clea Japan Inc., Tokyo, Japan) welgh-
ing 200-250 g were used. All animals were maintained
under standard conditions and fed rodent chow and
water ad libitum. Twelve hours before surgery, the ani-
mals were fasted, but allowed access to water. All experi-
mental procedures were reviewed and approved by the
Institutional Animal Care and Use Committee of Shinshu
University.

The following monoclonal antibodies were used as pri-
mary antibodies for immunohistochemistry: HNE]-2
(Nikken Seil Co., Shizuoka, Japan) specific for 4-hydroxy-
2-nonenal (4-HNE) modified protein, ED-1 (Serotec,
Oxford, UK) specific for rat CD163 expressed on free and
fixed macrophages, ED-2 (Serotec) specific for rat CD68
expressed on Kupffer cells and on residential macrophages,
and HIS48 (BD Biosciences, Palo Alto, CA, USA) specific
for rat neutrophils.

Hepatic IRI model

All surgical procedures were carried out according to the
protocol described elsewhere [24]. Rats were anesthetized
with sodium pentobarbital 50 mg/kg, intraperitoneally
(Dainippon Pharmaceutical Co. Ltd, Osaka, Japan). After
laparotomy, a microvascular clip (BEAR Medic Co., Chiba,
Japan) was used to interrupt the arterial and portal venous
supply to the median and left lateral lobes of the liver. This
resulted in ischemia of approximately 70% of the whole

Ischemial-reperfusion

Hepatic ischemia~reperfusion injury in rats

liver while avoiding portal venous congestion. After
60 min of partial hepatic ischemia, the clamp was removed
for reperfusion. The abdomen was closed and 1 ml of
saline was administered intravenously. The rats were killed
1, 3, 6 and 24 h after reperfusion, and blood and tissue
samples were harvested for analysis.

Experimental protocol

The rats were divided into three groups(Fig. 1). Group §
was a sham operation group. Group C comprised IRI
model rats, administered saline 5 min before reperfusion.
Group M comprised IRI model rats, administered MCI-
186 (3 mg/kg) 5 min before reperfusion. Saline and MCI-
186 were injected intravenously. The dose and timing of
saline and MCI-186 administration were based on previ-
ous reports [25-27].

Each group was divided into four subgroups according
to the time (h) from reperfusion to killing [groups S-1,
S-3, 8-6, S-24 (n = 5, respectively), C-1 (n=6), C-3
(n=5),C6((n=17),C24 (n=17), M-1 (n=26), M-3
(n=5), M-6 (n=7) and M-24 (n =5)]. For groups
S-24, C-24 and M-24, additional administration of saline
was performed 12 h after reperfusion.

In addition, considering the short half-life of MCI-186
as well as the acute and subacute mechanisms underlying
IRL, a fourth group was additionally administered MCI-
186 12 h after reperfusion instead of saline, followed by
killing 24 h after reperfusion [group MX-24 (n = 7)].
This protocol was used to evaluate the role of MCI-186
in the subacute phase of IRL.

Peripheral blood and tissue samples

Blood samples were obtained via the abdominal aorta.
The blood was centrifuged (2500 g, 10 min) at room tem-
perature and the plasma was collected and stored at
—20 °C until use. Portions of the ischemic and nonis-
chemic lobes were fixed in 10% buffered formalin and
embedded in paraffin. Other portions were snap-frozen in

Time after reperfusion

for 60min
8 1h 3h 6h 12h 24 h
L a a g T a
Saline | Groups Groups Groups | Saline for groups Groups
or S-1 S-6 S-6 S-24, C-24, M-24 S-24
MCI-186 | C-1 C-6 Cc-6 or C-24
M-1 M-6 M-6 MCI-186 for M-24
group MX-24 MX-24
Figure 1 Experimental protocols for rat hepatic ischemia-reperfusion injury models.
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liquid nitrogen to extract mRNA and embedded in opti-
mal cutting temperature (OCT) compound (Sakura Fine-
technical Co., Tokyo, Japan) for immunohistochemistry,
and stored at —80 °C until used.

Measurement of serum aminotransferase

To evaluate hepatic injury, we measured serum alanine
aminotransferase (ALT) levels at the time of killing in
each group using an AUS5232 autoanalyzer (Olympus,
Tokyo, Japan), as described previously [24].

Histologic examination

Samples were fixed with 10% buffered formaldehyde and
embedded in paraffin. Sections at 3-um intervals were
prepared and stained with hematoxylin and eosin for his-
tologic examination. A blinded analysis was performed by
two pathologists to determine the degree of lesions
observed (n = 5, independent animals in each group).
The degrees of sinusoidal congestion, cytoplasmic vacuoli-
zation and necrosis of parenchymal cells were evaluated
semiquantitatively according to the criteria described in a
previous study [28].

Immunohistochemistry

Immunohistochemical detection of lipid peroxidation and
inflammatory cell recruitment was carried out. For detec-
tion of 4-HNE and macrophages, 10% buffered formalde-
" hyde-fixed and paraffin-embedded tissue samples were
cut into 3-um-thick sections. Antigen retrieval was per-
formed by 25 min of microwave irradiation in 1.0 mm
EDTA-Na, for 4-HNE, and by 6 min of proteinase K
digestion (0.4 mg/ml) for ED-2. No retrieval procedure
was performed for ED-1. After antigen retrieval, the sec-
tions were incubated with primary antibodies at 4 °C
overnight for 4-HNE and at room temperature for
60 min for ED-1 and ED-2. The dilutions of the primary

Suzuki et al.

antibodies were 1:80 for 4-HNE, 1:200 for ED-1 and
1:100 for ED-2. Goat anti-mouse immunoglobulin conju-
gated with peroxidase-labeled dextran polymer (Envi-
sion™+ system; Dako, Carpinteria, CA, USA) was used
as the secondary antibody.

For detection of neutrophils, we used frozen sections.
Samples embedded in OCT compound were cut into
5-pm-thick sections, placed on adhesive-coated slides
(Matsunami Glass, Osaka, Japan), and then air-dried.
After blocking with 1% normal goat serum in tris-
buffered saline, these tissue specimens were incubated at
room temperature for 60 min with a primary monoclo-
nal antibody, HIS48. Afier washing with phosphate-
buffered saline, the specimens were incubated using the
Envision™+ system.

In a control experiment, the primary antibody was
omitted from the staining procedure, and no specific
staining was found. Counterstaining was carried out with
hematoxylin.

Analysis of mRNA by reverse transcription-polymerase
chain reaction (RT-PCR)

Total RNA was extracted from tissue with ISOGEN
(Nippon Gene Co. Ltd, Tokyo, Japan). cDNA was
reverse-transcribed from 2 pg of total RNA using an
Omniscript™ Reverse Transcriptase kit (Qiagen GmbH,
Hilden, Germany). The cDNA was amplified by RT-PCR
using a Taq polymerase core kit (Qiagen GmbH). We
prepared primer sets for RT-PCR as shown in Table I,
and the final reaction volume was 25 pl. The samples
were loaded into a thermal cycler after determining the
optimal number of cycles as follows: 30 cycles of denatur-
ing at 94 °C for 1 min, annealing at 55 °C for 1 min, and
extension at 72 °C for 2 min for TNF-a and IL-1B; 30
cycles at 94 °C for 30 s, 58 °C for 1 min, and 72 °C for
1 min for cytokine-induced neutrophil chemoattractant
(CINC)-2 and macrophage inflammatory protein (MIP)-2;
25 cycles at 94 °C for 30 s, 60 °C for 1 min, and 72 °C

Table 1. Polymerase chain reaction primer sets for cytokines, chemokines, and adhesion molecule.

Sense (5" — 3')

Anti-sense (5" — 3)

p-actin CGG CAT TGT AAC CAA CAG G

TNF-o TAC TGA ACT TCG GGG TGA TTG GTC C
IL-1B GCT ACC TAT GTC TTG CCC GT

CINC-2 GCT ACC TAT GTC TTG CCC GT

MiP-2 AGC TCC TCA ATG CTG TAC TGG
MCP-1 CTC TTC CTC CAC CAC TAT GC

MIP-1a GAA GGA AAG TCT TCT CAG CG

MIP-18 ATG AAG CTC TGC GTG TCT GC

ICAM-1 GAT GCT GAC CCT CCA CAC CA

CAT TGC CGA TAG TGA TGA CC
CAG CCT TGT CCC TTG AAG AGA A
GAC CAT TGC TGT TTC CTA GG
TGA CCATCC TTG GAG AGT GGC
TCT ATC ACA GTG TGG AGG TGG
CTC TGT CAT ACT GGT CAC TTC
AGA CAT TCA GTT CCA GC

AGT TCC GAT GAA TCT TCC GG
CAG GGA CTT CCC ATC CAC CT

TNF-g, tumor necrosis factor alpha; IL-1p, interleukin-1 beta; CINC-2, cytokine-induced neutrophil chemoattractant-2; MIP, macrophage inflamma-
tory protein; MCP, monocyte chemoattractant protein; ICAM-1, intercellular adhesion molecule-1.
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for 1 min for monocyte chemoattractant protein (MCP)-
1; 30 cycles at 94 °C for 30 s, 56 °C for 1 min, and 72 °C
for 1 min for MIP-1o; 30 cycles at 94 °C for 30 s, 60 °C
for 1 min, and 72 °C for 1 min for MIP-1B; and 30 cycles
at 94 °C for 45 s, 55 °C for 30 s, and 72 °C for 90 s for
intercellular adhesion molecule (ICAM)-1. The house-
keeping gene B-actin was used as the RT-PCR control,
and its cycling program was 25 cycles at 94 °C for 30 s,
60 °C for 1 min, and 72 °C for 1 min. For every gene,
the final cycle was followed by soaking for 7 min at
72 °C. RT-PCR products were analyzed using 2.0% ag-
arose gel electrophoresis, and visualized by staining with
ethidium bromide.

Statistical analysis

Differences among the groups were evaluated by the
Mann-Whitney U-test. All values are expressed as
mean + SEM, and data were considered significant at
P < 0.05.

Results

Serum ALT levels at 1, 3, 6 and 24 h after reperfusion
The serum ALT levels in each group are shown in Fig. 2.
Among the groups that underwent ischemia-reperfusion,
ALT increased to 11207 + 1957 U/l in group C-6, but
decreased to 3782 + 1334 U/l in group M-6, which was
significantly lower than the level in group C-6. The effect
of MCI-186 became less prominent 24 h after reper-
fusion.

Consequently, we focused on changes occurring 24 h
after reperfusion. The ALT levels were 5445 + 1155 U/l

*
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©
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= 8000}
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B 4000
2000}
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1h 3h 6h 24 h

Figure 2 Effects of MCI-186 on serum alanine aminotransferase
(ALT) levels. In the acute phase, rats treated with MCI-186 {group M)
had lower ALT levels than the saline-treated group (group C). The ALT
level in group MX-24 was significantly lower than that in groups C-24
and M-24. Values are expressed as mean + SEM. *P < 0.05 compared
with group C; #P < 0.05 compared with group M-24. @, group S; %,
group C; B2, group M; [, group MX.

Hepatic ischemia-reperfusion injury in rats

(group C-24) vs. 4405 £ 1387 U/l (group M-24). How-
ever, additional administration of MCI-186 at 12 h after
reperfusion markedly inhibited theincrease in ALT levels
to 1065 £ 605 U/l (group MX-24).

Histologic analysis

No pathologic findings were observed in the liver tissues
of the sham control groups.(data not shown). In group
C-6, liver specimens exhibited focal necrosis, sinusoidal
congestion and infiitration of leukocytes, and these chan-
ges became more severe in group C-24 (Fig. 3). In con-
trast, such findings were minimal in group M-6, but were
observed in group M-24. In group MX-24, pathologic
findings of spotty necrosis, sinusoidal congestion and
infiltration of leukocytes were minimal compared with
groups C-24 and M-24, These results were confirmed by
a semi quantitative assessment, and shown to be signifi-
cant (Table 2).

Immunohistochemistry for 4-HNE detection

There were no 4-HNE-positive cells in the liver in the
sham control groups (data not shown). In groups C-6
and C-24, 4-HNE-positive cells were observed, but the
4-HNE levels were demonstrably reduced in group M-6
(Fig. 4). The number of 4-HNE-positive cells was lower
in group MX-24 than in groups C-24 and M-24.

Immunohistochemistry for infiltrating cells

The numbers of cells positive for ED-1 (free macropha-
ges) and ED-2 (resident macrophages) in the ischemic
lobes were increased in group C-6, but not in group M-6
(Fig. 52 and b). However, such cells were increased to
some extent in group M-24. In group MX-24, the num-
bers of both ED-1 and ED-2 positive cells were markedly
reduced in comparison with groups C-24 and M-24. Fig-
ure 5¢ shows a similar tendency of infiltrated neutrophils
into the sinusoids.

Expression of cytokine and chemokine mRNAs

Expression of cytokine and chemokine genes in the
ischemic hepatic lobes in groups C and M was compared
with that in group S, the sham control group (Fig. 6a).
Expression of TNF-o0 mRNA was high after 1 h (group
C-1) and then gradually decreased with time, and was
lower in group M-1 than in group C-1 (Fig. 6b). Expres-
sion of IL-1 mRNA was high in groups C-1, C-3 and
C-6, but attenuated in groups M-3 and M-6. The expres-
sion levels of CINC-2 (rat IL-8), MIP-2, MCP-1, MIP-1a
and MIP-18 mRNAs were increased in groups C-3 and
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(b)

M-24

MX-24

Figure 3 Representative histologic findings in the excised livers at 6 h and 24 h after reperfusion. (a) At 6 h after reperfusion, focal necrosis
(arrows) and sinusoidal congestion were observed in the control group (group C-6) but not in the MCI-186-treated group (group M-6). Original
magnification x400. (b) At 24 h after reperfusion, spotty necrosis, ballooning of parenchymal cells, and more severe sinusoidal congestion were
seen in the control group (group C-24) and also in the MCI-186-treated group (group M-24) but not in group MX-24 (original magnification x100).

Table 2. Numerical degree of histologic damage according to the cri-
teria advocated by Suzuki et al. (28). Congestion, vacuolization, and
necrosis in liver tissue were estimated.

Groups Congestion Vacuolization Necrosis

C-6 3.67 £ 0.21 0.67 + 0.21 3.33+0.21
M-6 2.33 £ 0.33* 0.50 = 0.22 2.33x0.21*
C-24 3.17 £ 0.17 3.50 £ 0.22 3.83 + 0.17
M-24 2.83 +0.17 233 £ 0.21* 3.67 + 0.21
MX-24 1.67 = 0.21%%* 1.83 + 0.31* 2.50 % 0.22%*%*

*P < 0.05 compared with group C.
**p < 0.05 compared with group M-24.

C-6, but those of the mRNAs for chemokines CINC-2,
MIP-2, MCP-1 and MIP-la were significantly decreased
in group M-6. Expression of MIP-1 mRNA was not sup-
pressed by MCI-186 at any time point. Figure 6c shows
the expression of cytokine and chemokine mRNAs at
24 h. Expression was still high in group C-24, and CINC-
2 and MIP-2 mRNA expression was suppressed signifi-
cantly in group M-24. However, no suppression of IL-1,
MCP-1, MIP-1a, and MIP-15 mRNA expression was evi-
dent. In group MX-24, the expression levels of mRNAs
for all cytokines and chemokines were low. The differ-
ences in the expression levels of IL-1, MCP-1, MIP-1a
and MIP-1§ mRNAs were significant in comparison with
groups C-24 and M-24.

We also investigated ICAM-1 mRNA expression at 6 h,
as shown in Fig. 7. ICAM-1 mRNA expression was high

6 h after reperfusion (group C-6) and gradually decreased
thereafter. The expression was significantly reduced in
group M-6.

Discussion

We have investigated the usefulness of MCI-186 for the
prevention of hepatic warm IRI in a rat model. The
results demonstrate that administration of MCI-186
before reperfusion suppressed IRI in the acute phase, but
did not result in sufficient suppression in the subacute
phase. Additional administration of MCI-186 12 h after
reperfusion also suppressed IRl in the subacute phase.
This additional administration is presumably necessary
because of the short half-life of MCI-186 and the multi-
step nature of hepatic IRI [1-9].

Free radicals are one of the important factors respon-
sible for hepatic IRI [2-5,29], and several investigators
have reported that free radical scavengers attenuate hep-
atic IRI [3-5,30-35]. Nevertheless, no such scavenger has
been used clinically to date recently. MCI-186 is now
used clinically and is beneficial after cerebral infarction.
There have been several reports describing beneficial effect
of MCI-186 on hepatic IRI, e.g. it attenuates liver injury
at acute phase [22], it protects against mitochondrial
injury {23] and it ameliorates cold IRI {20] or warm IRI
[21] in isolated liver perfusion model using Krebs—Hense-
leit solution. However, none of these studies have focused
on the effects of this reagent against various chemical
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C-24
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MX-24

Figure 4 Representative findings of lipid peroxidation immunostaining with monoclonal antibody against 4-hydroxy-2-nonenal (4-HNE) modified
proteins in rat livers at 6 h and 24 h after reperfusion. In groups C-6 and C-24, 4-HNE-positive cells were observed. Although 4-HNE staining was
faint in group M-6, the number of 4-HNE-positive cells in group M-24 was comparable with that in group C-24. The number of 4-HNE-positive
cells was decreased in group MX-24, compared with groups C-24 and M-24 (original magnification x400).

mediators such as free radicals, cytokines and chemo-
kines, inflammatory cells, adhesion molecules, and also
against histologic damage in hepatic IRI model in vivo.

The ODFRs activate monocytes (resident or free) and
induce nuclear factor kB in hepatic IRI, causing hepatic
injury in the early phase [8,12,31,36-38]. TNF-o and IL-1f
are potent proinflammatory cytokines secreted mainly
by Kupffer cells during hepatic IRT {2-6,8,39,40]. These
cytokines induce IL-8 and CINC-2 synthesis [4,41] and
upregulate the expression of adhesion molecules such as
Mac-1 or ICAM-1 [3,4]. TNF-a also induces chemokines
such as epithelial neutrophil-activating protein 78, which
plays an important role in neutrophil chemotaxis and
activation, and stimulates ODFR production by Kupffer
cells {2,4,7,42,43]. IL-1f induces Kupffer cells to produce
TNF-a, upregulates ODFR production by neutrophils [4],
and also upregulates the expression of nuclear factor kB
and CXC chemokines [8]. In this study, the expression of
TNF-o. and IL-1p was elevated in the early phase after
reperfusion, and attenuated in the MCI-186-treated
groups.

MCP-1, MIP-1a. and MIP-1B are CC chemokines,
which exert a chemotactic effect on monocytes and T cells
[10-13]. The expression levels of MCP-1 and MIP-1a
were reduced in the MCI-186-treated group 3 h and 6 h
(acute phase) after reperfusion. MCI-186 reduced mono-
cyte infiltration into the liver, and this might have resul-
ted from suppressed expression of CC chemokines. In the
early phase of hepatic IRI, ODFR-stimulated Kupffer cells

release MCP-1 [12], upregulates ICAM-1 expression on
endothelial cells in vitro [44). Up-regulation of ICAM-1 is
one of the important factors involved in the pathogenesis
of neutrophil-induced hepatic IRI [45]. These correlations
appear to be supported by the present in vivo data indica-
ting that suppression of MCP-1 and ICAM-1 expression
in the MCI-186-treated groups led to a decrease in
monocyte and neutrophil infiltration.

Similar mRNA expression patterns were also observed
for members of the CXC chemokine superfamily (CINC-2
and MIP-2). CXC chemokines have potent chemotactic
effects on neutrophils. Kupffer cells produce CINC when
stimulated with ODFR generated by hypoxanthine and
xanthine oxidase [2,3,41], while CINC-2 production can
be reduced with a calcium channel blocker [41]. The level
of CINC-2 is increased for several hours after reperfusion
in rat liver IR models {2,41]. MIP-2 is also upregulated in
early hepatic or renal IRI and has an important role in
neutrophil recruitment and organ injury [7,9,13]. Our
results indicate that CINC-2 and MIP-2 levels were eleva-
ted in the early phase of IRI in the control groups, and we
suspect a correlation between the expression of CXC
chemokines and neutrophil infiltration. This inference is
supported by the observation that both CXC chemokine
expression and neutrophil infiltration were suppressed in
the MCI-186-treated groups.

In our study, single administration of MCI-186 did not
have attenuated infiltration of neutrophils or macrophages
in the subacute phase presumably because of its short
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Figure 5 Immunohistochemistry for inflammatory cells in the liver tissues. (a) ED-1-positive cells (resident macrophages). (o) ED-2-positive cells
(free macrophages). () Neutrophils. The numbers of ED-1- and ED-2-positive cells in the ischemic lobes were increased in group C-6 but absent in
group M-6. In group M-24, the numbers of ED-1- and ED-2-positive cells in the ischemic lobes were increased. In group MX-24, the number of
macrophages was markedly reduced. Infiltration of neutrophils into the sinusoids was observed in groups C-6 and C-24. Infiltration was
suppressed in group M-6, but not in group M-24. In group MX-24, infiltration of neutrophils into sinusoids was demonstrably reduced (original

magnification x400).
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