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FIG, 2. Localization of CSE in the rat testis. (A) Low-
power rtepresentative picture showing immunohistochemical
analysis indicates the localization of CSE in the rat testis. (B)
High-power representative picture showing the enzyme expres-
sion. Note the presence of CSE in Sertoli cells and immature
germ cells standing close to the seminiferous tubules, whereas
mature cells located in the central portion of the tubules exhibit
little expression, if any. Note marked expression of CSE in vas-
cular smooth muscle cells in the interstitial space (arrows in B).
Bars = 100 pum.

suggest that both CBS and CSE did not alter greatly in re-
sponse to the heavy metal stressor so far as judged from the
protein expression,

Analyses of sulfur-containing amino acid
metabolism and H,S generation

Table | ilfustrates metabolomic profiles of alterations in con-
tents of sulfur-containing amino acids and their derivatives in
testes of CdCl -treated rats, Data were collected at 12 h after
the administration of the reagent, As scen, administration of
CdCl, induced a significant elevation of contents of methion-
itie, SAH, serine, and cysteine. By contrast, contents of cys-
tathionine and the oxidized form of glutathione (GSSG) were
significantly decreased. On the other hand, terminal products
of the transsul furation pathway such as H,S and taurine were
unchanged in response to the exposure to CdCl,. Homocys-
teine, a product standing at the intersection between remethy-
lation and transsulfuration pathways, was undetectable in tes-
ticular sainples so far as determined by the present analyses.
The observation that testicular contents of ¢cysteine were sig-
nificantly elevated by the CdCl, exposure led us to examine if
this event coincided with alterations in contents of sulfur-
containing compounds in the plasina component. As seen in
Table 2, the administration of CdCl, significantly decreased
plasma contents of homocysteine and cysteine, while induc-
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TABLE .  ANALYSES OF SULFUR-CONTAINING
AMINO ACID METABOLISM IN RAT TESTES
TREATED WITH VEHICLE AND CDCL,

Mewbolites Vehicle Cdci,
Remethylation metabolites
Methionine 252428 114.6 £8.2*
S-Adenosy!methionine 24111 228+23
S-Adenosythomocysteine 1.6+0.2 22+01*
Homocysteine ND ND
Serine 4274£314 6946637
Transsulfuration metabolites
Cystathionine 12607 94+ 1.4*
Cysteine 29571 132.1 £16.5*%
H,S 19.6=0.7 192+1.8
GSH 2531£89 2300+ 79
GSSG 284+ 14 128 £13*
Taurine 1,182 140 1,021 £102

Data (in nmol/g of tissue) represent means + SD of four to
13 separate experiments.

*p < 0.05 as compared with data collected from the vehicle-
treated control rats.

ing no notable changes in glutathione. Interpretation of these
events will be discussed later in the Discussion.

As the contents of metabolites could be altered as a func-
tion of those of their upstreamn substrates, we analyzed the ratio
valucs of the contents such as SAH/SAM and reduced glu-
tathione (GSH)Y/GSSG to estimate altcrations in methyl dona-
tion and redox regulation of glutathione, respectively. In addi-
tion, as H,S is synthesized through the reactions of CBS and/
or CSE, which consume cysteing as the commen substrate,
the ratio between H,S and cysteine was calculated and com-
pared between the control and cadmium-treated groups. As
summarized in Fig. 3, total amounts of the substrates for the
remethylation cycle in the cadmium-treated group became
2.5-fold greater than those of the conirol group. Under these
circutnstances, the SAH/SAM values were significantly ele-
vated, suggesting acceleration of methyl donatton in the cad-
mium-exposed testes. The cadmium exposure also turned cut
to elicit marked changes in the transsulfuration pathway. As
indicated in a marked reduction of the H,S/cysteine ratio,
amounts of the gas generated in the tissue appeared to be far
smaller than those expected from the elevation of cysteine
contents. Another important change occurring at the transsul-

TABLE2, ALTERATIONS IN PLASMA CONCENTRATIONS OF
HoMOCYSTINE, CYSTEINE, AND GLUTATHIONE IN RAT
TesTES TREATED WITH VEHICLE AND CDCL,

Plasma concentrations Vehicle Cdci,
Homocystine 9.8+£0.5 8.1<0.5*
Cystine 178.8£6.0 147.9 = 4.0*
Glutathione 21.2+£09 19.6 £0.7

Data (in pmol/L) represent means + SD of five or six
separate experiments for each group.

*p < 0.05 as compared with data collected from the vehicle-
treated control rats.
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furation processes is a modest decrease in total glutathione
(GSH + 2GSS8(G), which coincided with a marked elevation of
the GSH/GSSG ratio. Consequently, in the testes exposed to
CdCl,, H,S generation is relatively down-rcgulated, whercas
GSH appears to be well preserved. These results suggest that
remodeling of sulfur-containing amine acids elicited by
CdCl, involves preservation of the antioxidative capacity of
glutathione,

DISCUSSION

This study first demonstrated distribution patterns of CSE
and CBS in testes of rats, In this organ, these enzymes oc-
curred in distinct topographic patterns. According to the clas-
sic concept for cysteine metabolism, CSE and CBS coopera-
tively cxecute biotransformation of sulfur-containing amino
actds such as methionine into cysteine. In this context, Sertoli
cells appear to play an important role in the amino acid me-
tabolism, because both enzymes are colocalized with abun-
dant expresston. This fact is reasonable in that the cells are
known to require ample amounts of glutathione to maintain
their capacity to nurse germ cells for spermatogenesis (15,
18, 22). The anatomical distribution of these enzymes re-
vealed in the current study led us to suggest putative path-
ways for methionine metabolism; because of its biochemical
feature as an essential amino acid supplied through circula-
tion from nutritional rescurces, methionine could access Ser-
toli cells direetly or be captured primarily by Leydig cells to
be converted to cystathionine and then secondarily transferred
to Sertoli cells where both enzymes are colocalized,

Although such an intercellular pathway for amino acid trans-
fer has not been investigated in the current study, the role of
Leydig cells as a putative gateway to facilitate methionine
metabolism is likely to be of great physiologic relevance. Pre-
vious studies revealed that testicular germ cells abundantly
express antioxidative enzymes such as glutathione peroxidase
and thioredoxin reductase (16, 23, 26). Considering that nu-
tritional support via the bloodstream in the interstitial space
plays a crucial role in maintenance of spermatogenesis, it is

not unreasonable to speculate that both Leydig cells and Ser-
toli cells cooperatively execute the delivery of cysteine and
H,S as reductants to strengthen antioxidative capacity of the
gerin cells for a quality control of spermatogenesis.

To further clarify mechanisms for metabolic remodeling of
sulfur-containing amino acid derivatives, we quantitatively
determined the metabolites using metabolomic apptoaches.
Metabolomic information that covers the whole products of
remethylation and transsulfuration pathways led us to specu-
late the role of CBS as a critical enzymatic step causing the
cadmium-induced changes in the metabolites; first, the expo-
sure to CdClL, significantly expanded amounts of substrates
for the remethytation cycle (¥ remethylation cycle) and ap-
peared to facilitate methy] donation, as judged from the SAH/
SAM ratio. Of importance is a reduction of the tissue cys-
tathionine contents, suggesting the inhibition of the CBS activity.
Despite such a decrease in the subsirate for CSE, the cysteine
contents were significantly elevated. Considering that cystine
could access the intracellular space through the ¢ystine trans-
porter (11}, the results suggest that the cadmium exposure
could increase the testicular contents of cysteine through ac-
tive uptake of the substrates from the circulation rather than
through up-regulation of intratesticular delivery of the upstream
substrate from the remethylation pathway. During these pro-
cesses, maintenance of testicular H,S concentration could help
the entry of cysteine through the transporter (13).

As down-regulation of the enzyme per se secondarily greatly
alters the expression of diverse genes (24), it is difficult to
understand entire mechanisms for alterations in metabolites
in the current experimental model (24). However, so far as
judged from the aforementioned results, metabolome analy-
ses given by the current study led us to hypothesize that CBS
could serve as a putative target for the CdCl-induced remod-
eling of the methionine metabolism in the testes. Such a hy-
pothesis is in good agreement with another observation that the
ratio of H,S/cysteine was significantly reduced upon the ex-
posure. Recent studies suggest multiple mechanisms by which
CBS alters its catalytic activities: such mechanisms involve
proteolytic cleavage of the enzyme by cytokines (33) or mod-
ulation of the activity by binding of adenosine ligands to its CBS
domain, suggesting the enzytne senses cellular encrgetics (25).
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Another possible effector of the CBS activity is carbon monox-
ide (CO) derived frotn heme oxygenase, the gaseous monox-
ide that regulates neurovascular function (17, 19, 28). We have
recently revealed that Leydig cells serve as a sensor for de-
tecting exposure to heavy metal stressors such as cadmium
and mediate down-regulation of spermatogenesis under stress
conditions (22). To sense the stressors, the cells induce heme
oxygenase-1 and increase CO as an alert signal for triggering
germ cell apoptosis (22). Although molecular mechanisms by
which CO tranduces signals involve soluble guanylate cyclase
ot mitogen-activated protein kinase, we recently collected evi-
dence for the ability of the gas to inhibit the activity of CBS
(Hoshikawa ef al., unpublished observations), in agreement
with previous experiments using the purified CBS enzyme in
vitro (31). If CO derived from Leydig cells could inhibit CBS
in the same cells, biotransformation of methionine into cys-
teine and/or glutathione could largely be compromised to trig-
ger germ cell apoptosis. Although farther investigation is ob-
viously necessary to specify which mechanisms could actually
contribute to metabolic remedeling of the cadmium-exposed
testes, the current results showed the potential usefulness of
metabolotic approaches to pinpoint putative molecular can-
didates that play a critical role in metabolic regulation in vivo.
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Role of Thromboxane Derived From COX-1 and -2 in

Hepatic Microcirculatory Dysfunction During
Endotoxemia in Mice

Hiroyuki Katagiri,! Yoshiya Ito,! Ken-ichiro Ishii,' Izumi Hayashi,? Makoto Suematsu,* Shohei Yamashina 3

Takahiko Murata,> Shuh Narumiya,® Akira Kakita,! and Masataka Majima?

Although thromboxanes (TXs), whose synthesis is regulated by cyclooxygenase (COX), have
been suggested to promote inflammation in the liver, little is known about the role of TXA, in
leukocyte endothelial interaction during endotoxemia. The present study was conducted to
investigate the role of TXA, as well as that of COX in lipopolysaccharide (LPS)-induced hepatic
microcirculatory dysfunction in male C57Bl/6 mice. We observed during in vive fluorescence
microscopic study that LPS caused significant accumulation of leukocytes adhering to the he-
patic microvessels and non-perfused sinusoids. Levels of serum alanine transaminase (ALT) and
tumor necrosis factor alpha (TNFa) also increased. LPS raised the TXB; level in the perfusate
from isolated perfused liver, A TXA; synthase inhibitor, OKY-046, and 2 TXA, receptor antag-
onist, $-1452, reduced LPS-induced hepatic microcirculatory dysfunction by inhibiting TNFe
production. OKY-046 suppressed the expression of an intercellular adhesion molecule (FCAM)-1
in an LPS-treated liver. In thromboxane prostanoid receptor-knockout mice, hepatic responses
to LP’S were minimized in comparison with those in their wild-type counterparts. In addition, a
selective COX-1 inhibitor, $C-560, a selective COX-2 inhibitor, NS-398, and indomethacin
significantly attenuated hepatic responses to LPS including microcirculatory dysfunction and
release of ALT and TNFa. The effects of the COX inhibitors on hepatic responses to LPS
exhibited results similar to those obtained with TXA, synthase inhibitor, and TXA, receptor
antagonist. In conclusion, these results suggest that TXA, is involved in LPS-induced hepatic
microcirculatory dysfunction partly through the release of TNFa, and that TXA, derived from
COX-1 and COX-2 could be responsible for the microcitculatory dysfunction during endotox-

emia. (HEpATOLOGY 2004339:139-150.)

he initial hepatic responses to lipopolysaccharide
(LPS) include the activation of the nonparenchy-
mal cells that constitute the hepatic microvascular
system. The early events occurring in the hepatic micro-

Abbreviations: LPS, lipopolysaccharide; TNF, tumor necrosis facter; PG, pros-
taglandin; TX, thromboxane; COX, cycloonygenase; TP, thromboxane-proseanoid;
ALT, alanine aminotransgferase; RT-PCR, reverse-transcription polymerase chain
reaction; ICAM-1, intercellular adbesion molecule-1;: PECAM- I, platelet-endoshe-
tial cell adhesion molecule-1; mRNA, messenger RNA,
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vasculature, including increases in leukocyte adhesion, re-
duction of sinusoidal perfusion, and activated Kupffer
cells contribute to alterations in liver function caused by
endotoxin.»? Howevet, the mechanisms by which LPS
induces hepatic microcirculatory dysfunction are not
fully understood.

Proinflammatory cytokines released from activated
Kupfter cells including tumor necrosis factor alpha
(TNFa)>4 are involved in the hepatic microvascular in-
flammatory response to LPS. Inactivation of Kupffer cells
with gadolinium chloride ameliorates LPS-induced he-
patic microcirculatory dysfunction, and this process was
accompanied by a decrease in the plasma TNFa level.2
The administration of TNFe causes a hepatic microcir-
culatory derangement similar to that produced by endo-
toxin.> In addition to cytokines, metabolites of
arachidonic acid including prostaglandins (PGs) and
thromboxanes (TXs) have been suggested to participatein
liver injury during endotoxemia.¢ For example, a signifi-
cantincrease in the plasma level of TXB; (a stable metab-
olite of TXA,) is shown after LPS administration.” The
TXA; receptor antagonist exerts a protective effect on
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liver injury caused by endotoxin.® Furthermore, PGs and
TXs modulate TNFa synthesis. PGE; suppresses TNFo
production from Kupffer cells stimulated with endotox-
in,? while TXA,; synthase inhibitor suppresses TNFa re-
lease from petitoneal macrophages.” These results suggest
that TXA; could augment leukocyte-endothelial interac-
tion during endotoxemia by affecting the production of
TNFa.

The synthesis of TXA; is regulated by cyclooxygenase
(COX), which catalyzes the conversion of arachidonic
acid to PGs and TXs. Two isoforms of the enzyme have
been identified. The isoform designated COX-1 is consti-
witively expressed in most tissues, while the isoform des-
ignated COX-2 isinducible by a variety of factors, such as
cytokines and endotoxin.'® Indeed, the expression of
COX-2 protein was induced in LPS-treated liver from
rats.!" The liver injury caused by LPS sensitized with
galactosamine was minimized in COX-2 deficient mice, 12
Inhibition of COX-2 protects the liver'3 against injury
from ischemia/reperfusion. These results indicate that
COX-2 contributes to liver injury. However, much re-
mains unknown about the involvement of 2 isoforms of
COX (COX-1 and COX-2) in hepatic microcirculatory
dysfunction during endotoxemia.

The present study was thus conducted to exarnine the
effects of the inhibition of TXA, synthase and of the
blockade of TXA, receptor on the hepatic microvascular
response to LPS in mice using #» vive microscopic meth-
ods. Some of the experiments were performed with
thromboxane prostanoid (TP)-receptor knockout mice to
elucidate the role of endogenously produced TXA; in this
response. We also investigated the effects of selective in-
hibition of COX-1 and COX-2 on LPS-induced hepatic
microcirculatory dysfunction.

Materials and Methods

Drugs. Endotoxin (LPS from Escherichia coli, serotype
055:B5) was purchased from List Biological Laboratories
(Campbell, CA). The selective TXA, synthase inhibitor
OKY-046  ((E)-3-[p-(1H-imidazolmethyl)-phenyl]-2-pro-
penoic acid) was supplied from Kissei Pharmaceutical
(Osaka, Japan). The TXA; receptor antagonist 5-1452 (14)
{calcium (IR, 2S, 3S, 4S)}-(5Z)-7(({phenylsulphonyl)-
amino)-bicyclo-(2.2.1)-hept-2-yl) hept-5-heptenoate dihy-
drate} was supplied by Shionogi Pharmaceutical (Osaka,
Japan). The selective COX-1 inhibitor SC-560 (15) (5-(4-
chlerophenyl)-1-(4-methoxyphenyl)-3-trifluoromethyl-
pyrazole) was obtained from Searle (St. Louis, MO). The
selective COX-2 inhibitor NS-398 (16) (IN-[2-(cyclohexy-
loxy)-4-nitrophenyl]-methanesulfonamide) was obtained
from Cayman Chemical (Ann Arbor, MI). The nonselective
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COX inhibitor indomethacin was purchased from Merck
(Rahway, NJ). The NS-398, SC-560, indomethacin, and
5-1452 were suspended in 5% gum arabic, while the OKY-
046 was dissolved in physiological saline. Anti-mouse lym-
phocyte function associated antigen (LFA)-1 monoclonal
antibody was purchased from Endogen (Woburn, MA).

Animals. Male C57BL/G mice (6—8 weeks of age},
weighing 20-25g, were obrained from Shizuoka Labora-
tory Animal Center (Hamamatsu, Japan). TP receptor-
knockout mice (TP, male, 8 weeks of age) were
developed by us.'” A genetic background of TP-receptor
knockout mice is similar to that of C57BL/6 mice. They
were maintained at a constant humidity (60 = 5%) and
temperature (25 * 1 °C) and were kept continuously on
a 12-hour light/dark cycle. All animals were provided
food and water 2 libirum. All procedures on animals were
performed in accordance with the guidelines for animal
experiments of Kitasato University School of Medicine.

Experimental Protocols for In Vivo Microscopic
Study. LPS wasinjected intravenously (0.3 mg/kgin 0.1
ml of physiological saline) into mice through the tail vein.
OKY-046 (50 mg/kg in 0.1 ml saline, inttavenously},
5-1452 (10 mg/kg, per os}, SC-560 (10 mg/kg, per os),
INS-398 (10 mg/kg, subcutaneous injection), indometh-
acin (10 mg/kg, per os), and vehicle (10 mg/kg, per os)
were administered 30 min before LPS injection. Some
animals were treated with 2 mg/kg (intravenously) of the
LFA-1 meonoclonal antibody simultaneously with LPS in-
jection. The dose regimens of the specific inhibitors, in-
cluding NS-398 and SC-560, used in the present study
were based on their inhibitory effects on activity against
COX-1 or COX-2,151¢

Preparation for In Vivoe Microscopy. Four hours
after LPS injection, animals anesthetized with pentobar-
bital sodium (50 mg/kg, intraperitoneally) were prepared
for én vive fluorescence microscopy according to medifi-
cations of methods previously described.® After transverse
laparotomy, the animals were positioned on their left side
and placed on a stage. The left lobe of the liver was pulled
gently and covered with a thin cover glass to stabilize its
position and limit movement induced by respiration. The
hepatic microcirculation was observed at the surface of
the liver using a fluorescence microscope (X2-UD, up-
right type; Nikon, Tokyo) with a 100-W mercury lamp
for epi-illumination. The microscopic images were ob-
rained with a long working distance objective lens (M
plan 20/0.20 SLWD; Nikon, Tokyo) and a X5 eyepiece
lens. Images of the hepatic microcirculation were trans-
mitced through a silicon-intensified target camera
{C2400-08; Hamamatsu Photonics; Hamamatsu) to a
TV monitor screen (PVM-1444Q; Sony, Tokyo) and
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were recorded on videotape with an S-VHS recorder (BR-
$600; Victor, Tokyo).

For contrast enhancement of the plasma, FITC-a-
beled dextran (Sigma, St. Louis, MO) was intravenously
administered (4 mg/kg) just before the start of the obser-
vation. Leukocytes were labeled with 0.3 wmol/kg of tho-
damine-6G (Sigma) at the same time.'® FITC-dextran
and thodamine-GG were visualized by epi-illumination
with filter combination of 420 to 490 nm/ > 520 nm
(excitation/emission) and 510 to 560 nm/ > 590 nm,
respectively.

Analysis of In Viva Microscopy. To examine the
interaction of leukocytes with endothelium, the number
of leukocytes adhering was determined off-line during
video playback analysis. A leukocyte was defined as adher-
ing to the venular and sinusoidal walls if it remained sta-
tionary for more than 20 seconds. With respect to the
leukocytes adhering to the venules, 5 to 8 portal or central
venules per animal were observed and assessed. The en-
dothelial surface area of each venule was measured from
video recordings using an adjustable electric microscaler
{Argus-10; Hamamatsu Photonics; Hamamatsu). We de-
termined the adherence of leukocytes in terms of 1) num-
bers of adhering leukocytes in the sinusoids per
microscopic field (X100), and 2) numbers of adhering
leukocytes in the portal and central venules per 1000 4m?
of endothelial surface.

The sinusoidal perfusion deficits were evaluated by
counting the number of non-perfused sinusoids in the
same microscopic field as that in which the number of
adhering leukocytes was determined. ‘The percentage of
non-perfused sinusoids was calculated as the ratio of the
number of non-perfused sinusoids to the total number of
all visible sinusoids. The results were expressed as the
percentage of non-perfused sinusoids.

Sampling and Assays. In a separate set of experimen-
tal animals, blood was collected from the heart. The se-
rum activity of alanine aminotransferase (ALT) was
measured by an automated procedure with an analyzer.
The plasma concentration of TNFa was measured with
an enzyme-linked immunoabsorbent assay kit (Bio-
source International Inc, Camarillo, CA).

Experimental Procedure for Perfusion of the Iso-
lated Liver. The isolated non-recirculating perfused
liver system was prepared according to the method of
Suematsu et al.'? with some minor modification. In brief,
mice were anesthetized with pentobarbital sodium (50
mg/kg, intraperitoneally) and were heparinized (100
units/mouse) to avoid blood coagulation in the liver. Af-
ter transverse laparotomy, the portal vein was cannulated
with a 24-gauge catheter. Immediately after the cannula-
tion, the liver was initially perfused with a sterile, hemo-
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globin- and albumin-free Krebs-Henseleit bicarbonate
buffered solution (pH 7.4, 37 °C) gassed with carbogen
(95% O,, 5% COy). After the start of perfusion of the
liver, the inferior vena cava was cut, and the liver was
removed. The perfusate was pumped through the isolated
liver at a constant flow rate (4.0 ml/min) while the portal
perfusion pressure was monitored and maincained at a
level of 2 to 4 cmH,O. Before collection of the first sam-
ple, the isolated liver was perfused for 20 min to eliminate
blood elements and to stabilize it. Samples of the hepatic
effluent emerging from the inferior vena cava were col-
lected every 5 min to determine the amount of TXB,. The
levels of TXB, were measured with separate enzyme-
linked immunoabsorbent assays (Cayman Chemical) as
desctibed previously.20.21

Experimental Protocols for Perfusion Experiment.
Four experimental groups of animal livers were set up to
investigate whether the liver isa site of TXA; production.
In the Ist group, the livers of wild-type mice perfused
with buffer solution throughout the experiment served as
controls. In the Znd and 3rd groups, 30 min after the start
of perfusion, the administration of LPS (1.25 ug/min for
20 min} was initiated to TP-receptor knockout mice and
to their wild-type counterparts and was continued
throughout the experimental period. In the 4th group, 30
min before the start of preparation for the perfusion ex-
periment, wild-type mice were treated with OKY-046 (50
mg/kg, intravenously), and OKY-046 (0.05 pg/min for
50 min) was administered simultaneously with the start of
the perfusion with buffer. At 30 min after the start of
perfusion, LPS (1.25 pg/min for 20 min) was continu-
ously infused until the end of the experimental period.

Reverse-Transcription Polymerase Chain Reaction
Analysis. Four hours after LPS injection, approximarely
100 mg of the liver tissue was excised and was homoge-
nized in 1 ml of Trizol Reagent (GIBCO BRL, Rockville,
MD} with Polytrone (Kinematica GmbH, Luzern, Swit-
zerland). A sample of RNA was extracted from the tissue
in accordance with the manufacturer’s instructions. Sin-
gle-stranded complementary DNA was synthesized from
250 ng of total RNA using 0.4 pg of oligo-p(dT)15
primer and 4 units of AMV reverse transcriptase (Roche
Diagnostics, Basel, Switzerland). PCR was performed in
10 pl of 20 mM Tris-HCl (pH 8.7) and 0.5 unit of Taq
DNA polymerase (Qiagen GmbH, Germany). The oligo-
nucleotide primers used were for reverse-transcription
polymerase chain reaction (RT-PCR) analysis as follows:
for mouse COX-1, 5'-TTGCACAACACTTCACCCA-
CCAG-3" (sense), 3'-AAACACCTCCTGGCCCAC-
AGCCAT-3’ (antisense) (276 bp); mouse COX-2,
5'-GGAGAGAAGGAAATGGCTGCA-3" (sense), 5'-
ATCTAGTCTGGAGTGGGAGG-3’ (antisense) (363
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bp); intercellular adhesion molecule (ICAM)-1,
5 -CGGGATCCAGGAAAGCCAAGGCCAAA-3
(sense) and5'-CGGAATTCTTGACTGTCTTAA-
GTTCC-3" (antisense) {326 bp); platelet-endothelial cell
adhesion molecule (PECAM)-1, 5'-CGGGATCCAG-
GAAAGCCAAGGCCAAA-3" (sense) and 5'-CG-
GAATTCTTGACTGTCTTAAGTTCC-3' (antisense)
(348 bp); glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), 5'-CCCTTATTGACCTCAACTACAT-
GGT-3' (sense) and 5'-GAGGGGCCATCCACA-
GTCTTCTG-3' (antisense) (470 bp). These PCRs were
run for 40 cycles. Cycling conditions were: 94 °C, 30 sec;
54 °C, 45 sec; and 72 °C, 45 sec for COX-1, [CAM-1,
PECAM-1and GAPDH, followed by a final extension for
10 min at 72 °C. For the amplification of COX-2, anneal-
ing was performed at 50 °C for 45 sec. Products of PCR
were analyzed using 1.8% agarose gel electrophoresis, and
the size of products was predicted from the sequences.

Immunohistochemical Studies. Immunohistochemi-
cal studies were performed as described elsewhere?2. The
sections from the paraffin-embedded tissues were incu-
bated with rabbit anti-murine COX-1 or COX-2 anti-
serum (1:200 dilution, Cayman), or with rat anti-murine
ICAM-1 antibody (1:100 dilution, 1A29, Biotechnology,
Ozford) or rat anti-murine PECAM-1 antibody (1:100
dilution, MEC 13.3, PharMingen) at 4 °C overnight.
These immunoreactivities were visualized using avidin-
biotin-peroxydase complex (Vectastain ABC Kit, Vector
Lab., Burlingame, CA).

Statistical Analysis. All data were expressed as
means *+ SEM. Multiple comparisons were carried out
using 1-way ANOVA followed by Fishet’s test. Differ-
ences were considered to be significant for P values less
than .05.

Results

Figure 1 shows the iz vive fluorescence micrographs of
hepatic microvasculature 4 hours after LPS injection.
Leukocytes were seen adhering to the sinusoids as well as
to the central venules (Fig. 1A). The sinusoidal perfusion
deficits were also observed (Fig, 1B). In an additional
group of experiments, we observed that the mean systemic
arterial blood pressure 4 hours after LPS injection
(109.3 £ 5.4 mmHg) did not change significantly when
compared with that before LPS treatment (107.5 * 5.6
mmHg) (n = 4).

The administration of LPS caused significant increases
in the numbers of leukocytes adhering to the portal
venules (8.5-fold) (Fig. 2A), sinusoids (50.2-fold) (Fig.
2B), and central venules (51.0-fold} (Fig. 2C) in compar-
ison with those in saline-treated mice. Pre-treatment with

OKY-0146 lowered those by 61%, 46%, and 45.0%, re-
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Fig. 1. Representative in vivo fluorescence micrographs of the hepatic
microcirculation 4 hours after LPS injection. (A) Numergus leukocytes
{open arrows), which were labeled with rhodamine 6G, adhere to the
sinusoids and to the central venules. (B) The sinusoids and hepatic
venules were well visualized by the injection of FITC-dextran. The sinu-
soidal perfusion deficits were detected by direct observation of the
microcirculation as evidenced by the cessation of the perfusion (arrows)
and by the non-visualization of the sinusoids (arrowheads). The fluero-
graph in Fig. 18 shows the same microscopic field as that in Fig. 1A. Bar
represents 50 pm. -

spectively. Pre-treatment with 5$-1452 also suppressed
those by 69%, 48%, and 39.0%, respectively. Concomi-
tantly, the percentage of non-perfused sinusoids after LPS
injection was increased (7.1-fold) (Fig. 2D). The percent-
age of non-perfused sinusoids was significantly lowered by
OKY-046 (by 61.0%) and S-1452 (by 47.0%), respec-
tively,

OKY-046 decreased the levels of plasma ALT activity
at 4 hours after and che levels of plasma TNFe at 1 hour
after LPS injection by 22% and 31%, respectively.
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cytes adhening to the portal venules, (B} the numbers B . .
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parentheses indicate number of animals. Data are
shown as means = SEM. *P < .05 versus Saline-
treated mice; #P < .05 versus LPS-treated mice.

5-1452 also reduced them by 17% and 40%, respectively
(Fig. 3).

To further investigate whether LPS-induced hepatic
microcirculatory dysfunction is mediated by endog-
enously produced TXs, we used TP receptor-knockout
mice. As shown in Fig. 2, in wild-type counterparts, LPS
caused significant hepatic microcirculatory dysfunction as
described above (Figs. 2A-D). In TP receptor-knockout
mice, the numbers of leukocytes adhering to the portal
venules, sinusoids, and central venules were significantly
lower than in wild-type counterparts. Also the percentage
of non-perfused sinusoids was lower in TP receptor-
knockout mice than in wild-type mice. The levels of ALT
and TNFe after LPS administration in TP receptor-
knockout mice were decreased by 18% and 28%, respec-
tively (Fig. 3).

Figure 4 illustrates changes in the levels of TXB, in the
effluent perfusate from isolated perfused liver. The perfu-
sion experiments were performed to determine whether
there was a release site of TXA,; by liver cells. In controls,
no significant change in TXB; levels appeared (Fig. 4A).
Within 15 min of the start of LPS administration, TXB;
levels were rapidly increased in comparison with the base-
line, and then continued to increase (Fig, 4B). Treatment
of wild-type mice with OKY-046 completely abolished

(celfs/microscopic field)

adhering leukocytes

non-perfuzed sinusolds
%

the increment of TXB; in response to LPS (Fig. 4C). In
TP receptor-knockout mice, changes in TXB, levels after
LPS were similar to those in the wild-type counterparts
(Fig. 4D). During the perfusion experiment, the perfu-
sion pressure was stable (2~4 cmH,0) at all time points.

To investigate whether attenuation of hepatic micro-
circulatory dysfunction by TXA, inhibition affected the
expression of adhesion molecules, the expression of
[CAM-1 and PECAM-1 in the liver was assessed by RT-
PCR and by immunohistochemistry (Figs. 5 and 7). LPS
resulted in enhanced hepatic expression of messenger
RNA (mRNA) of ICAM-1 when compared with that in
saline-treated mice (Fig. 5A). OKY-046 partially pre-
vented LPS-induce increase in ICAM-1 mRNA expres-
sion. The reduction in ICAM-1 mRNA expression was
also seen in TP receptor-knockout mice.

The immunoreactivity with ICAM-1 was demon-
strated in the sinusoids of saline-treated mice (Fig. 5B).
LPS upregulated ICAM-1 expression in the sinusoids, as
well as the heparic venules (Fig. 5C), and OKY-046 re-
duced the ICAM-1 immunoreactivity (Fig. 5D).

To examine the significant contribution of ICAM-1 to
leukocyte adhesion to the hepatic microvessels, mice were
treated with monoclonal antibody against LFA-1, which
isaligand of [CAM-1. As shown in Fig. 6, the anti-LFA-1

A Saline & B e |

Vebi ] . Fig. 3. Effects of LPS on (A) serum ALT activity and
ehicle * (9 Vehicle LEC ] . .
n @ (B) the serum concentrations of TNFex in TP receptor-
Zlokvas | L okvee] b knockout (KQ) mice and in their wild-type counterparts
§-1452 } e 51452 ke treated with OKY-046 (50 mg/kg, intravenously) and
TP-KOQ FrrotTs 3 r TP-KO EFSEreeiT o (9 5-1452 (10 mg/kg, p.0.). Numbers in parentheses
PP : M indicate number of animals. Data are shown as
* #owoa 8 ¢ n:_?: ( ,n:;;w % means + SEM. *P < .05 versus Saline-treated mice;
ALT (IUL) P # P < 05 versus LPS-treated mice,
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Fig. 4. Changes in the levels of TXB, in the effluent perfusate from the
isolated perfused livers of wild-type mice (A,B,C) and of TP receptor-
knockout mice (D). Livers fram LPS-treated wild-type mice (B} and of TP
receptor-knockout mice {D). Livers perfused with KH buffer solution alone
throughout the experiment served as controls {A}. Livers from wild-type
mice treated with a combination of OKY-046 (0.05 pg/min for 50 min)
and LPS (1.25 pg/min for 20 min) (C). Data are shown as means *
SEM from 3 animals.

antibody minimized hepatic microcirculatory dysfunc-
tion in response to LPS,

LPS resulted in slightly enhanced hepatic expression of
mRNA of PECAM-1 when compared with that in saline-
treated mice, and OKY-046 slightly reduced the expres-
sion of PECAM-1 in response to LPS (Fig. 7A). In results
of immunchistochemical study, PECAM-1 was demon-
strated in saline-treated mice liver (Fig. 7B). LPS en-
hanced expression of PECAM-1 weakly in comparison
with that of ICAM-1 (Fig. 7C). OKY-046 did not affect
PECAM-1 expression induced by LPS (Fig. 7D).

Because our results indicate that the hepatic microcir-
culatory dysfunction is mediated by TXA,, and because
TXA, is regulated by COX, we detected the expression of
mRNA for COXs using RT-PCR. As shown in Fig. 8, in
wild-type counterparts, COX-1 mRNA was expressed in
both saline- and LPS-treated livers, whereas the expres-
sion of COX-2 mRNA was observed in an LPS-treated

Fig. 5, Hepatic expression of ICAM-1 by RT-PCR analysis (A) and by
immunohistochemical staining (B,C,D) 4 hours after LPS administration.
LPS enhanced the expression of ICAM-1 mRNA in the liver (A). The
hepatic expression of ICAM-1 mRNA after LPS was reduced in mice
treated with OKY-046 and in TP- receptor-knockout mice, Immunoreac-
tive ICAM-1 was seen in the sinusoidal lining cells in saline-treated mice
(B). LPS enhanced ICAM-1 expression (C), and OKY-046 reduced the
expression of ICAM-1 in LPS-treated liver (D). One representative exper-
iment of 2 animals was presented. Bar indicates 50 um.
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liver, but not in a saline-treated liver. The same was true
for the livers of TP receptor-knockout mice.

The immunoreactivity with COX-1 in the saline-
treated liver (Fig. 9A) and LPS-treated liver (Fig. 9B) was
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Fig. 6. Effects of an anti-LFA-1 antibody on (A) the
numbers of levkecytes adhering to the portal venules,
(B) the numbers of leukocytes adhering to the sinu-
soids, (C} the numbers of leukocytes adhering to the
central venules, and (D) the percentage of non-per-
fused sinuscids at 4 hours after LPS administration.
Numbers in parentheses indicate number of animals.
Data are shown as means + SEM. *P < .05 versus
LPS-treated mice.

LFS
anti LFA-1

detected on the surface of hepatic microvessels. In con-
trast, the staining of COX-2 was negative in the saline-
treated liver (Fig. 9C), however, the immunoreactive
COX-2 in the LPS-treated liver was observed on the sur-
face of the sinusoidal lining cells and on the hepatic
venules. The most intense staining was shown in the si-
nusoids (Fig. 9D).

To ascerrain which COX isozymes contribute to
LPS-induced hepatic microcirculatory dysfunction,
mice wete pre-treated with SC-560, NS-398, and in-
domethacin. SC-560, NS-398, and indomethacin sig-
nificantly lowered the numbers of leukacytes adhering
to the portal venules (Fig. 104), sinusoids (Fig. 10B),
and central venules (Fig. 10C}), respectively. In sinu-
soids, indomethacin lowered the numbers of adhered
leukocytes more than SC-560 or NS-398 (Fig. 10B).
The percentages of non-perfused sinusoids after LPS
administration also were lower in mice treated with
SC-560, NS-398, or indomethacin than in mice
treated with vehicle (Fig. 10D). SC-560, NS-398, and
indomethacin themselves did not significantly change
leukocyte adhesion and sinusoidal perfusion in saline-
treated mice (data not shown).

Four hours after LPS injection, the levels of ALT were
significantly increased (3.2-fold) in comparison with the
saline-treated controls (Fig. 11A). SC-560, NS-398, and
indomethacin significantly decreased ALT levels after
LPS injection by 35.0%, 42.0%, and 42.0%, respectively.
The levels of TNFa 1 hour after LPS injection were sig-
nificantly increased (Fig. 11B). SC-560, NS-398, and in-
domethacin significantly decreased TNFa levels, by
49.0%, 30.0%, and 33.0%, respectively.
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Discussion

The results of the present study showed that OKY-
046, a TXA, synthase inhibitor and $-1452, 2 TXA, re-
ceptor antagonist attenuated LPS-induced hepatic
microcirculatory dysfunction as indicated by an increase
of leukocytes adhering to the hepatic microvessels, as well
as by impaired sinusoidal perfusion. To rule out the pos-
sibility that LPS affects the systemic hemodynamics, we
measured the arterial blood pressure. The administration
of LPS at a dose of 0.3 mg/kg (intravenously) did not
reduce the mean arterial blood pressure. The hepatic mi-
crocirculatory dysfunction in response to LPS was accom-
panied by decreases in the serum levels of ALT and
TNFa. These results suggest that TXA,; enhances hepatic
microcirculatory dysfunction during endotoxemia. This
possibility was supported by our finding that TP receptor-
knockout mice minimized liver injury and hepatic micro-
circulatory dysfunction in response to LPS by inhibiting
TNFe production.

The finding that TXA, appears to modulate TNFa
production after LPS administration (Fig. 3) is consistent
with the findings of others,”-27:28 that TXA, synthase in-
hibitor and TXA, receptor antagonist suppress LPS-in-
duced TNFe release from macrophages”2? and from the
perfused heart.?8 The inhibitory effects of OKY-046 and
S-1452 on TNFa production in response to LPS were
partial (30 -40% reduction), while QKY-046 completely
inhibited TXB, release in perfusate from the LPS-treated
liver. These results suggest that other factors may be in-
volved in the regulation of TNFa generation.

We observed that OKY-046 prevented the LPS-in-
duced increase in ICAM-1 expression in the intrahepatic
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TP-KO
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Fig. 8. Expression of COXs in fiver tissue by RT-PCR analysis. Liver
tissue was excised 4 hours after saline or LPS administration in wild-type
and TP receptor-knockout (K0) mice. One representative experiment of 2
animals were presented.

circulation, and that TP-receptor knockout mice exhib-
ited decreased expression of ICAM-1 in the LPS-treated
liver (Fig. 5). It has been reported that TXA; receptor
antagonist suppresses the expression of [CAM-1 on hu-
man umbilical vein endothelial cells.?? These findings
suggest that increased ICAM-1 expression mediated by
TP-receptor signaling may have facilitated leukocyte ad-
hesion in the liver during endotoxemia. However, it is
well known that TNFa released from Kupffer cells in
response to LPS induces the transcriptional activation of
ICAM-1 expression on the hepatic microvessels indepen-
dently through TXA, signaling,3® and that TNFe is the
central mediator responsible for upregulation of hepatic
ICAM-1 expression in response 1o hepatotoxicants such
as carbon tetrachloride?! and endotoxin.32

Enhanced ICAM-1 expression in the liver has been
shown to contribute to leukocyte adhesion to the hepatic
venules as well as to the sinusoids.3? Our findings that the
anti-LFA-1 antibody attenuated leukocyte adhesion indi-
cates that [CAM-1 is involved in leukocyte adhesion in
the endotoxemic liver. These results also suggest that at-
tenuation of hepatic microcirculatory dysfunction is at-
tributable to the reduction of ICAM-1 expression by

Fig, 7. Expressicn and immunoreactivity of PECAM-1 in liver tissue by
RT-PCR analysis (A) and immunohistochemical staining (B,C.D) in liver
tissue from mice treated with saline, LPS, and OKY-Q46/LPS. LPS
resulted in slightly enhanced hepatic expression of mRNA of PECAM-1
when compared with that in saline-treated mice, and OKY-046 slightly
reduced the expression of PECAM-1 in response to LPS (Fig. 7A). The
immunaoreactivity with PECAM-1 In saline-treated liver was weak (B}, and
was slightly enhanced in LPS-treated liver (C). OKY-046 did not change
significantly the expression of PECAM-1 in LPS-treated liver (D). Liver
tissue was excised 4 hours after LPS administration. One representative
experiment of 2 animals was presented. Bar indicates 5¢ pm.
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Fig. 9. Immunohistochemical localization of COX-1 (A,B) and COX-2 (C,D) in liver tissue 4 hours after the administration of saline or EPS.
Immunoreactive COX-1 was seen in the sinusoidal lining cells in both saline- (A) and LPS-treated mice (B). On the other hand, the immunareactivity
with COX-2 was negative in saline-treated animals (C), whereas it was enhanced in the sinusoids after LPS treatment (D). One representative

experiment of 2 animals were presented. Bar indicates 50 gm.

TXA; inhibition, However, others?® have reported that
ICAM-1 is involved in accumulation of leukocytes in the
hepatic venules, but not in the sinusoids. Furthermore,
the present study showed that OKY-046 did not signifi-
cantly change the LPS-induced increase in the expression
of PECAM-1, suggesting that microcirculatory dysfunc-
tion improved by TXA, inhibition is independent of
PECAM-1 expression, and this is consistent with the
findings of others.33

LPS administration to the isolated perfused liver re-
sulted in a rapid and significant release of TXB,; into the
perfusate, suggesting that the liver is an important source
of TXA;, and that TXA; seems to be an inflammatory
mediator in the early phase of endotoxemia. We measured
the levels of TXB, in the effluent perfusate because the
levels of TXs and PGs were artificially elevated with ease
by mechanical stimulation.2® In the liver, in response to

LPS, TXA,; is released from nonparenchymal cells (i.e.,
Kupffer cellsé and sinusoidal endothelial cells).34 Of these,
Kupffer cells are a major source of TXA;. However, the
possibility that activated platelets are productive sources
of TXA; in vive cannot be excluded.

To explore whether COX-1 and COX-2 activities are
involved in hepatic microcirculatory dysfunction during
endotoxemia, mice were treated with the selective COX-1
inhibitor SC-560 and the selective COX-2 inhibiror NS-
398. Both SC-560 and NS-398 significantly reduced liver
injury and hepatic microcirculatory dysfunction in re-
sponse to LPS. These results suggest that COX-1 and
COX-2 are involved in liver injury. In fact, the levels of
ALT activity after LPS combination with galactosamine
were significantly decreased in COX-2-deficient mice.12
A selective COX-2 inhibitor, FK3311, limited liver injury
in dogs caused by ischemia/reperfusion and restored he-
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the numbers of leukocytes adheting to the portal
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patic tissue blood flow.13 Inhibition of COX-2 with NS-
398 improved survival from sepsis induced by cecal
ligation and puncture in mice.3 In contrast, Leach etal.3s
reported that inhibition of COX-2 with N5-398 failed to
attenuate liver injury elicited by LPS in rats. The reasons
for these discrepancies remain unclear, though they may
be caused by differences in the animals and the doses of
drugs used.

The contribution of PGs generated through the action
of COX-1 to hepatic microcirculatory dysfunction and
leukocyte adhesion can be estimated from the reduction
in the leukocyte adhesion variables after the administra-
tion of a COX-1 selective inhibitor, SC-560. This agent
used in the present experimental conditions exhibits good
selectivity to COX-1. The same wasalso true in the case of
COX-2 inhibition using the COX-2 inhibitor NS-398.
In the portal venules, the adhesion of leukocytes were
reduced equally by SC-560 and NS-398. This indicates
that the PGs generated through COX-1 and COX-2 en-
hanced the adhesion equally. But, indomethacin did not
inhibit the adhesion mote intensely than SC-560 and
IN5-398 in portal venules in the present experiment, al-
though this inhibitor blocks both COX-1 and COX-2.
We supposed that there might be a threshold concentra-

naar-parfuzed sinisoids
(%)

treated mice; #P <05 versus LPS-treated mice; P <
.05 versus NS-398-treated mice and SC-560-treated
mice.

tion of TXA; generated in the microvasculature to induce
leukocyte adhesion. Without treatment with COX inhib-
itors, the amount of TXA; genetated may be more than
the threshold concentration of TXA; when either CO¥X-1
or COX-2 is inhibited. If PGs are generated through the
action of COX-1 and COX-2, and if no alternative path-
way for PG generation is present, the inhibition of either
COX-1 or COX-2, or both, certainly reduces the PG
levels, which may be lower than the threshold concentra-
tion. If the inhibition of either COX-1 or COX-2 is
enough to lower the TXA; levels below the threshold
concentration, the effects of indomethacin are not differ-
ent from those observed under the inhibition of COX-1
or COX-2. Judging from the results of the perfusion ex-
periment, sites of TXA, generation were certainly present
in the liver. So, the concentration of TXA; may be higher
in the sinusoids or in the central venules than in the portal
venules. TXA,; at a concentration over the threshold con-
centration may induce adhesion in a concentration-de-
pendent manner. In fact, we can observe the effects of
indomethacin to be the sum of the inhibition of COX-1
and that of COX-2 in the sinusoids or central venules,
where the TXA; concentration may be higher than thatin
portal venules.

B

saie [T} Saline {

Fig. 11, Effects of SC-560 (10 mg/kg, p.o.), Vehicle * {8 Vehicle * (5)
NS-398 (10 mg/kg, s.c.), and indomethacin — ”
(IDM 10 mg/kg, p.o.) on (A} serum ALT activity g SC-560 :"‘ #0) g scseo {___ s
and (B) the serum cancentrations of TNFex after N5-398 et N5-398 ‘ ‘ b
LPS administration. Numbers in parentheses fn- DM TS IDM e ko
dicate number of animals, Data are shown as 2 o 2000 o0 000
means = SEM. *P < .05 versus Saline-treated o
mice; #P < .05 versus LPS-treated mice, ALT (L) TNFa (pg/ml)
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In conclusion, our present study clarifies the important
role played by TXA, in hepatic microcirculatory dysfunc-
tion elicited by LPS administration, although factors
other than TXA; were reported previously.3”-42 LPS-in-
duced hepatic microcirculatory dysfunction was associ-
ated with TXA; generation in the liver. The inhibitory
effects of TXA, synthase inhibitor and TXA; receptor
antagonist on the hepatic response to LPS were similar to
the effects of selective COX-1 and COX-2 inhibitors,
suggesting that endogenous TXA, derived from both
COX-1 and COX-2 participate in LPS-induced liver in-
jury by enhancement of TNFa production. TP receptor
signaling may be related to the upregulation of expression
of an adhesion molecule, ICAM-1.
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Pioglitazone Prevents Alcohol-Induced Fatty Liver in Rats

Through Up-regulation of c-Met

KENGO TOMITA,* TOSHIFUMI AZUMA,* NAOTO KITAMURA,* JIRO NISHIDA,* GEN TAMIYA,S
AKIRA OKA,S SAYAKA INOKUCH),* TAKESHI NISHIMURA,* MAKOTO SUEMATSU,/

and HIROMASA {SHII*

Departments of *Internal Medicine and "Biochemistry, Keio University School of Medicine, Tokyo, Japan; *Department of Gastroenterology,
lchikawa General Hospital, Tokyo Dental College, Chiba, Japan; and SDepartment of Molecular Life Sclence, School of Medicine, Tokai

University, Kanagawa, Japan

Background & Alms: Treatment of steatosis is important
in preventing development of fibrosis in alcoholic liver
diseases. This study aimed to examine if pioglitazone,
an antidiabetic reagent serving as a ligand of peroxi-
some proliferator-activated receptor gamma (PPARvY),
could prevent alcoholic fatty liver. Methods: Rats fed
with an ethanolcontaining liquid diet were given the
reagent at 10 mg/kg per day intragastrically for 6
weeks. Hepatic genes involved in actions of the reagent
were mined by transcriptome analyses, and their
changes were confirmed by real-time polymerase chain
reaction and Western blotting analyses. The direct ef-
fects of pioglitazone on primary-cultured hepatocytes
were also assessed in vitro. Resuits: Pioglitazone signif-
icantly attenuated steatosis and lipid peroxidation elic-
ited by chronic ethanol exposure without altering insulin
resistance. Mechanisms for improving effects of the
reagent appeared to invelve restoration of the ethanol-
induced down-regulation of c-Met and up-regulation of
stearoyl-CoA desaturase (SCD). Such effects of pioglita-
zone on the ¢-Met signaling pathway resulted from its
tyrosine phosphorylation and resultant up-regulation of
the apelipoprotein B (apoB)mediated lipid mobilization
from hepatocytes through very low~density lipoprotein
(VLDL) as well as down-regulation of sterol regulatory
element binding protein (SREBP) -1¢ and SCD levels and
a decrease in triglyceride synthesis in the liver.
Conclusions: Pioglitazone activates ¢-Met and VLDL-de-
pendent lipid retrieval and suppresses triglyceride syn-
thesis and thereby serves as a potentially useful strata-
gem to attenuate ethanoldinduced hepatic steatosis.

hronic consumption of excess alcohol is hepatotoxic

in humans and produces an accurnulation of hepatic
triglycerides to cause steatosis. These changes are patho-
logically characterized by macrovesicular fatty degener-
ation and occur in pericentral regions. Recent clinical
studies provided evidence that such an accumulation of
triglycerides in the liver is not benign but could lead to

fibrosis and cirrhosis with effective treacment remaining
to be established.!:2 Because the hepatic steatosis often
coincides with hyperinsulinemia and insulin resistance,
treatment that renders parients sensitive to the hormone
could be beneficial. Such a possibility was well supporced
by previous scudies showing that metformin, an agent
improving insulin resistance of the liver, improved ste-
arosis, hepatomegaly, and the release of transaminases in
insulin-resistant ob/ob mice with nonalcoholic fatty liver;
mechanisms for such beneficial effects of metformin appear
to involve down-regulation of tumor necrosis factor-o
{TNF-at) and TNF-inducible genes such as SREBP-1 and
uncoupling protein-2* as well as increased phosphorylation
and activation of AMP-activated protein kinase (AMPK).4
The fact that the histological features and natural history of
alcohelic fatey liver are similar to those of nonalcoholic farry
liver suggests that unidentified common mechanisms for
pathogenesis of hepatic steatosis could be involved in these
2 disease conditions. However, utilization of metformin is
unlikely to be applicable to treat alcoholic steatosis because
of its side effect of lactic acidusis, an important complication
of clinical alcoholic liver injury.

Such circumstances led us to examine if another class
of antidiabetic agents such as thiazolidinediones are ef-
fective to treat hepatic steatosis caused by chronic etha-
nol administeation. These reagents are ligands of perox-

Abbreviations used in this paper: ALT, alanine aminotransferase;
AMPK, AMP-activated protein kinase; apoB, apolipoprotein B; AST,
aspartate aminotransferase; BADGE, bisphencl A diglycidyl ether; HGF,
hepatocyte growth factor; 4-HNE, 4-hydroxynonenal; HOX, heme oxy-
genase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PPAR,
peroxisome proliferator-activated receptor; PCR, reverse-transcriptase
polymerase chain reaction; TG, triglycerlde; TNF-e, tumor necrosis
factor-o; VLDL, very low-density lipoproteln; ZDF fa/fa, Zucker diabetlc
fatty.
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isome proliferacor-activated receptor Y (PPARY), which
is expressed at high levels in adipocytes, forms a hee-
erodimeric DN A-binding complex with retinoid X re-
ceptor, and acts as a transcriptional regulator of genes
involved in adipocyte lipid metabolism. One such re-
agent, troglitazone, was reported to reduce the excessive
islet triglyceride (T'G) content of Zucker diabetic fatey
(ZDF fa/fa) rats, which led to the restoration of B-cell
function and the prevention of lipoapoptosis of §§ cells.5
Troglitazone has also been shown to reduce TG content
in liver and heart of prediabetic ZDF rats® or to reduce
hepatic TG contents concurrently with improvement of
plasma levels of TG and insulin in ZDF fa/fa rats sug-
gesting rescoration of SREBP-1 gene expression.” To
examine effectiveness of thiazolidinediones on the exper-
imenta! hepatic steatosis caused by chronic ethanol ad-
ministration, we have herein chosen pioglitazone, an-
other derivative of the antidiabetic reagents; this
compound has never been reported so far to cause lactic
acidosis or to increase transaminases, whereas troglita-
zone was withdrawn from the markert after a case report
of severe hepatic failure.® Qur attempt to examine the
hypothesis in this study has not only shown the effec-
tiveness of pioglitazone but also shed light on signifi-
cance of the c-Mer—mediated signaling pathway to reg-
ulate synthesis and removal of criglycecides as a potential
therapeutic target for creacment of ethanol-induced he-
patic steatosis and injury.

Materials and Methods
Animal Feeding

The Lieber-DeCarli diets were purchased from Bio-
Setv, Inc (Frenchtown, NJ).? Four-week-old male Sprague-
Dawley rats housed in temperature- and lighe-controlled
rooms were randomly divided into 3 groups: (A) rats fed
ethanol-containing liquid diet for 6 weeks (n = 9), (B) racs
pair fed ethanol-containing liquid diet for 6 weeks during
which they were given pioglitazone (10 mg/kg body weight
per day) once every 24 hours intragastrically (n = 9), and (C}
racs paic fed isacaloric liquid diet without ethanol for 6 weeks
(n = 9). Pioglitazone was dissolved in methylcellulose before
use. Maeshida et al.'® reported that pioglitazone was well
absotbed from the gastrointestinal tract at an extent of 96% in
rats, The plasma concentration of pioglitazone peaked at 4
hours after dosing and declined with a half-life of 2.6 hours.
They also showed the concentration of radicactivity in rat
tissues at 0.5, 2, 6, 10, 24, and 72 hours after oral adminis-
tration of [¥Clpioglitazone.’® 'The radioactivity of liver tissue
was higher than that of plasma, and it peaked at 6 hours. The
concentration of pioglitazone in liver at 24 hours after oral
adminiscration is still about one third of the concentration at

GASTROENTEROLOGY Vol. 126, No. 3

30 minutes. There is another report describing that 1 dose of
10 mgikg of pioglitazone every 24 hours ameliorated insulin
resistance associated with diabetes in rats.!! Based on these
previous papers, we think it reasonable ro expece that | dose of
10 mg/kg of pioglitazone every 24 hours is sufficient to sustain
effective concencration. The rats in groups A and C were given
methylcellulose once every 24 hours intragastrically for 6
weeks in the same amount as their corresponding litter mares
in group B. The rats in group B and group C were pair fed
daily on an isoenergetic basis with the corresponding liteer
mates fed the ethanol-containing diet (group A). To investi-
gate whether another thiazolidinedione, troglicazone, could
prevent alcoholic farty liver, we next gave troglitazone (200
mg'kg body weight/day) to 8-week-cld male SD rats (n = 6),
instead of pioglitazone, in the same way as our last examina-
tion of pioglitazone. Troglitazone was alse well absorbed from
the gastroincestinal trace, and the highest uptake by the liver
was shown in rats.!? All animals received humane care in
compliance with the National Research Council’s criteria out-
lined in the “Guide for the Care and Use of Laboratory
Animals” prepared by the U.8. National Academy of Sciences
and published by the 1.8, National Institutes of Health.

Biochemical and Histological Analysis

Hepatic triglyceride contents were measured as previ-
ously described.?? For histological analysis, liver tissue was
fixed in 49 paraformaldchyde and embedded in paraffin. Al-
tetnatively, hepatic lipids were stained by an oil red O method
{Nacalai Tesque Inc., Kyoto, Japan). For protein or RNA
analysis, tissue was frozen in liquid nitrogen and stored at
—80°C until used. Apoptosis was analyzed with TUNEL
staining {Apoptosis Detection System, Promega Corp., Madi-
son, WI)according to the manufacturer’s instructions. At lease
2 individual livers were examined in each group by counting
the density of the positive-staining hepavocytes in 5 random X
200 fields/liver. Serum concentrations of alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), triglyceride,
total cholesterol, phospholipids, total proteins, albumin, and
free fatty acids were measured with a standard clinical auto-
analyzer (Hitachi 7170; Hitachi Lid., Tokyo, Japan). Plasma
glucose was measured by the glucose oxidase method with a
glucose analyzer 11 (Beckman Instruments, Brea, CA). Plasma
TG levels were measured with a GPO-Trinder triglyceride kit
(Sigma, St. Louis, MO). Plasma leptin and insulin were assayed
with Linco leptin and insulin assay kits (Linco Research Im-
munoassay, St. Charles, MO). Serum low-density lipoprotein
cholesterol was measured by the direct enzymatic method!?
with Cholestest LDL (Daiichi Pure Chemicals Co., Ltd, Tokyo,
Japan). Serum very low—density lipoprotein (VLDL) choles-
terol was separated by a modification of the method of Hatch
and Lees.!> A commercially available enzyme-linked immu-
nosorbent assay kit was used to determine serum tumor ne-
crosis factor-o (TNF-au).
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Table 1. Primer and Tagman Probe Sequences for Real-Time PCR

Gene Sense primer (5'-3') Antlsense primer (5'-3") Tagman probe (5'-3")
cMet 5"-CGACATTCAGTCCGAGGTTCA-3' 5'-GGGACACTGGCCTGACTCTTC-3 B TGCATGTTCTCCCCACTTGCGG-3'
HGF 5 -GACATGTCTTGCCTGATTICTGTGT-3 5-AGTCTGTGACATTCCTCAGTGTTCA-3' 5'-TCACCGTTGCAGGTCATGCATTCA-3’
HOX1 5'-CACCTTCCCGAGCATCGA-3' B5'-AGGCGGTCTTAGCCTCTTCTGT-3" 5'-CTCGCATGAACACTCTGGAGATGACE 3
MTL 5'-CTGCTCCACCGGCGG-3 5'-GCCCTGGGCACATTTGG-3 B"-CTCCTGCAAGAAGAGCTGCTGCTCCT-3
M12 5 -TCCTGTGCCACAGATGGATC-3' 5"-GTCCGAAGCCTCTTTGCAGA-3' B'-AAMGCTGCTGTTCCTGCTGCCCC-3'
SREBP1a 5'-ACACAGCGGTTTTGAACGACA-3' 5'-GCATCAAATAGGCCAGGGAA-3' 5'-CATGCTTCAGCTCATCAACAACCAAG-3’
SREBP1c 5"-GGAGCCATGGATTGCACATT-3 5'-GCATCAAATAGGCCAGGGAA-3 5"-CATGCTTCAGCTCATCAACAACCAAG-3
SCD1 5'-CCTCATCATTGCCAACACCAT-3' 5"-AGCCAACCCACGTGAGAGAA-3 5'-TTICTCTGAGACACACGCCGACCCTC-3’
scbz 5'-ACCGCTGGCACATCAACTTC-3' 5" -GGACACCCTCTTCCGGTCAT-3' 5'-CCACGTTCTTCATCGACTGCATGGC-3'

Real-Time Quantitative PCR Analysis

Total RINA was extracted from the liver with ISOGEN
{Nippon Gene, Tokyo, Japan) according to the method of
Chomczynski and Sacchi, as previously described.!'¢ For the
reverse-transcriptase reaction, TagMan reverse cranscription
reagents (Applied Biosystems, Foster City, CA) were used.
Briefly, the reverse-transcriptase ceaction (final volume of 50
pLY was conducted for 60 minuces ac 37°C followed by 25°C
for 10 minutes using random hexamers. Polymerase chain
reaction (PCR) amplification was performed with TagMan
Universal Master Mix (Applied Biosystems). In bricf, reactions
were performed in duplicate containing 2X Universal PCR
master mix, 2 L of template cDNA, 900 nmol/L of primers,
and 250 nmol/I. of probe in a final volume of 50 pL and were
analyzed in a 96-well optical reaction plate {Applied Biosys-
tems). Primers and probes were synthesized by Applied Bio-
systems custom oligo synthesis service. Sequences of primers
and probes are shown in Table 1. Probes include a fluorescent
reporter dye, FAM, on the 5’ end and labeled with fluorescent
quencher dye, TAMRA, on the 3" end to allow direct detection
of the PCR product. Reactions were amplified and quantified
using an ABI 7700 sequence detector and manufacturer’s
software (Applied Biosystems). The threshold cycle (Ct) indi-
cates the fractional cycle number at which the amount of
amplified target reaches a fixed threshold. The relative quan-
tity of target messenger RNA (mRINA) was obtained using the
comparative Ct method and was normalized using predevel-
oped TagMan assay reagent rat 18S ribosomal RNA as an
endogenous control (Applied Biosystems) (for details, see user
Bulletin 2 for the ABI PRISM 7700 Sequence Detection
System under www.applicdbiosystems.com/support/tutarials).
Briefly, the TagMan software (Applied Biosystem) was used to
calculate a Ce value for each reaction, where the Ct value is the
point in the extension phase of the PCR reaction that the
product is distinguishable from the background. The Ct values
were then normalized for amplification by subtracring the Ce
value calculated for 188 ribosomal RNA, an endogenous con-
trol for the amount of mRNA from the same sample, to obtain
a Ct using the following equation: Cr target — Cr 18S
ribosomal RNA = Ct. The fold induction was calculated
relative to the Ct value obtained in the control rats or cells.
The normalized expression was calculated as fold changes in a

quantity of mRNA., TNF-a mRNA was measured using pre-
developed TagMan assay reagent rat TNF-ot (Applied Biosys-
tems) (for details, see user Bulletin 2 for the ABI PRISM 7700
Sequence Detection Systern under www.appliedbiosystems.
com/support/tutorials).

Isolation and Primary Culture of Rat
Hepatocytes

Primary cultured hepatocytes were prepared from liv-
ers of ethanol-fed rats through a collagenase perfusion method
in group A as described elsewhere.l” The isolated hepatacytes
were cultured on gelled pig tendon collagen (Cellmarrix, Nitea
zerachin, Ttd., Osaka, Japan), and the second layer of collagen
gel was spread over the cells after 1 day of incubation as
previously described.’” A PPARy-selective agonist AD4833
{pioglitazone hydrochloride, Takeda, Ltd., Osaka, Japan)'8 and
troglitazone (Sankyo, Ltd., Tokyo, Japan)® was dissolved in
dimethyl sulfoxide (DMSO) and added to the hepacocytes at
various doses in a volume at 0.05% of the medium. In the
control, the medium was supplemented with the same volume
of DMSO.

Transcriptome Analyses by DNA Microarray

Transcriptome analyses were performed by using DNA
microarrays (Atlas cDNA expression arrays, Clontech). Prepa-
ration of 3*P-labeled cDNA samples, hybridization, and wash-
ing were carried out with total RNA of the liver tissue
according to the manufacturer’'s manual. All data sets were
normalized to the signal density of housekeeping genes, such
as the gene encoding glyceraldehyde-3-phosphate dehydroge-
nase, and tatal radioactivity, which represents the total amounc
of cDNA hybridized to the microarrays. The threshold for
determining the significance of changes in the level of gene
expression was established by using an algorithm that requires
both 2 significant absolute and significant fold change.!%-2¢

Western and Immunoprecipitation Analysis

Total cellulac protein (50 pg) collected from snap-
frozen liver was subjected to Western blot analysis for ¢-Mer,
mature hepatocyte growth factor (HGF), and apolipoprotein B
{apoB)100. For immunoblot analyses, primary antisera were
used at the concentration of 1:100. The membranes were
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probed with antirac c-Met antibody (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), anti-rat HGFa antibody (Santa Cruz
Biotech), and anti-rat apoB antibody (Santa Cruz Biotech). For
immunoprecipitation, lysates (10 mg of protein) were inca-
bated with protein A-agarose beads (Pierce, Rockford, IL) to
precipitate the antigen-antibody complex. Samples were sep-
arated by SDS-PAGE on 10% polyacryamide gels. After elec-
trophoresis, the gel was transferred to polyvinylidine diffuoride
sheets, which were subsequently ptobed with anti-phosphory-
rosine antibody (PY-20; ICN Biomedicals Inc., Aurora, OH)
or antirat c-Met antibody. Then, they were incubated witch a
chemiluminescence subscrate (ECL reagent: Amersham Life
Science, Buckinghamshire, UK) and exposed to Hyperfilm-MP
(Amersham). Densitometric analysis was petformed with Na-
tional Institutes of Healch Image Data analysis sofcware.

Immunohistochemistry

For detection of 4-hydroxynenenal (4-HNE) protein
adducts, paraffinized sections were deparaffinized, rehydrated,
treated with normal horse serum, and incubated with mAb
anti-4-HNE (0.625 pg/mL} (Nippon Rouka Seigyc Ken-
kyuujo, Tokyo, Japan) overnight at 4°C. After several washes
with phophate-buffered saline, the sections were stained with
bictinylated antimouse IgG for 1 hour (Vectastain Elite ABC
kit; Vector Laboratories, Inc., Burlingame, CA). To prevent
endogenous peroxidase reactions, the samples were pretreated
with 0.3% H,;0, in cold methanol for 30 minutes and were
subsequently incubated wich avidin and horseradish peroxidase
(HRP)-conjugated biotin for 30 minutes, followed by detec-
tion with 3,3'-diaminobenzidine solution containing 0.003%
HzOz.

Measurement of DNA Synthesis

DINA synthesis was measured by bromodeoxyuridine
{BrdU) incorporation with a Cell Proliferation ELISA, BrdU
kit (Roche Molecular Biochemicals, Mannheim, Germany). In
brief, hepatocytes were suspended in William's medium E
supplemented with 10% fetal bovine serum (FBS), 10 nmol/L
insulin, 10 nmol/L dexamethasone, penicillin (5 U/mL), and
screptomycin (30 pg/mL) and seeded at a density of 5 X 104
cells/’cm? on collagen-coated dishes. The culture medium was
exchanged after 4 hours for William's medium E supple-
mented with 10% FBS. After incubation in William’s me-
dium E with 10% FBS for approximately 20 hours, the culture
medium was exchanged for Witliam's medium E containing
10% FBS with HGF/SF, pioglitazone, or both. They were then
cultured for anocher 24 hours with the addicion of BrdU and
were harvested in determining the BrdU incorporation into
cellular DNA according to the manufacturer’s instructions.

Analyses for Effects of Pioglitazone on
Ethanol Metabolism in Rats

Four-week-old male Sprague-Dawley rats were ran-
domly divided into 2 groups: rats fed the Lieber—DeCarli
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control liquid diet for 10 days (n = 16) and those pair fed
isocaloric control liquid diet for 10 days during which they
were given pioglitazone (10 mg/kg body weight/day) once
every 24 hours inceagastrically (n = 16). After ‘overnight
starvation, rats were given cthanol intragastrically at 4 gikg
body weight on the 10th day. Before and 2, 12, and 24 hours
after the ethanol administration, 4 racs in each group were
sacrificed to collect heparinized blood samples which were
immediately deproteinized to determine ethanol and acetalde-
hyde concentrations through gas chromatography.?!

Statistical Analysis

All data are expressed as the mean X standard error.
Statistical analysis was performed by using the unpaired Scu-
denc 7 tesc or by 1-way analysis of variance. When the analysis
of variance analyses were applied, differences in mean values
among groups were examined by Fisher's multiple comparison
test.

Results

Pioglitazone Attenuates Hepatic Steatosis
Caused by Chronic Ethanol Administration

The hepatic triglyceride concentration in rats
given the isocaloric pair fed liquid diet was 9.67 (+4.34)
mg/g liver weighe, as opposed to 78.24 (X 11.25) mg/g
liver weight in the rats given the ethanol-containing diet
for 6 weeks (Table 2). Histological analysis showed that
lipid droplets accumulated in the hepatocytes in pericen-
tral regions but not in those in periportal regions in the
ethanol-fed rats. On the other hand, such changes were
not notable in the control liver even with the lipid-
specific oil red setaining (Figure 1). Pioglitazone (10
mg/kg per day) markedly decreased accumulation of
lipid droplets in both perivenular and the periportal
regions with the total body weight remaining unchanged
(Figure 1). In good agreement with these results, hepatic
triglyceride levels became as low as in the pair-fed con-
trol rats (Table 2). Treatment with methylcellulose as a
vehicle had no effect on either triglyceride contents or
histology in the liver (data not shown). The ethanol
feeding caused an increase in the liver weight/body
weight ratio and a decrease in the epididymal fat weight/
body weight ratio, whereas pioglitazone treatment pre-
vented these changes (Table 2).

Analyses of seram AST and ALT activity to assess the
effect of pioglitazone on liver function showed that pio-
glitazone suppressed the elevation of serum concentra-
tions of AST and ALT in ethanol-fed rats (Table 2}, and
this improvement was associated with improvement in
histological findings in the liver. Echanol feeding caused
elevations of the serum concentrations of free fatty acids,



