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Table 2. Body Weight and Serum Biochemical Parameters in the Treated Groups

Ethanol (n = 8)

Ethanc! + Pioglitazone {(n = 8)

Control (n = 8)

Liver weight/body weight (%)
Epididymal fat weight/body weight {%)
Liver triglyceride {mg/g liver weight)
AST {lU/L)

ALT (1U/L)

Phospholipid (mg/dl)

FFA {mEQ/L)

Total cholesterol (mg/dL)

LDL (mg/dL)

VLDL (mg/dL}

Triglyceride (mg/dL)

Leptin (ng/mL}

TNF-w {pg/mL)

v3.57 (0.34)
20,574 (0.044)
578.24 (11.25)
9362.4 {25.4)
8174.2 (13.4)
159.2 {10.8)
0.562 (0.126)
116.0 (8.9)
82.4(15.8)
7.25(0.23)
21.67 (3.68)
0.82 (0.25)
22.26 (4.48)

3.08 (0.24) 2.35(0.25)
0.808 (0.065) 0.806 (0.062)
14.36 (3.72) 9.67 (4.34)
195.7 (23.3) 38.1(10.6)
50.3 (4.9) 33.5 (5.2)
146.7 (14.2) 110.0(7.3)
0.550(0.240) #0.448 (0.066}
130.8 {20.9) 72,7 (7.1
98.0(22.3) 45.4 (7.9)
7.96 (0.35) 6.94 (0.28)
20.35 (2.76} 21458 (2.64)
1.55 (1.25) 0.82 (0.46)
23.32(3.87} 25.02 (4.87)

NOTE. Resuits (and standard error of the mean) from 8 rats/group at the end of feeding period.

8P < 0.05 versus both other groups.
8P < 0.05 versus the control group.

criglyceride, phospholipid, toral cholesterol, and LDIL,
and pioglitazone caused elevation of serum VLDL levels,
but no significanc changes were found in serum TNF-ut
or leptin levels (Table 2). We did not find any significant
changes in total protein, albumin, glucose, insulin, lactic

Transcriptome Analyses for Mining Genes
Responsible for Antisteatotic Effects of
Pioglitazone

To elucidate mechanisms by which pioglitazone

acid, or choline esterase levels (data not shown).
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Flgure 1. Effect of pioglitazone on liver histelogy in the ethancl-fed rats. {4) H&E-stained sections of representative liver samples of control rats
(Cont), ethanol-fed rats (EtOH), and ethanol-fed rats given pioglitazone (EtOH + Picg) { X 40). Minimal steatosis or no change was seen in the livers
of the pairfed control rats. Severe macrovesicular steatosis was observed preferentially in the perivenular areas In the ethanolfed rats.
Pioglitazone markedly decreased accumulation of lipid dropiets in both the perivenular and the periportal areas. Cnly minimal steatosis was left
in the livers of ethanol-fed rats given pioglitazene. (B} Qif red-stained sections of representative liver samples of control rats, ethanolfed rats,
and ethanol-fed rats given pioglitazone {X40). Specific stalning of lipid accumulation was shown. Ploglitazone markedly decreased accumulation

of lipid droplets.
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Flgute 2. Hepatic c-Met, HGF, and apoB expression. (A) DNA microarray analysis showed that ploglitazone increased hepatic c-Met mRNA
expression. Results (and standard error of the mean) from 3 rats/group at the end of feeding period. P < 0.05 versus the ethanol-fed group.
EtOH, ethanol-fed rats; PIO+EtOH, ethanol-fed rats glven ploglitazone. (B) Real-time PCR analysls showed that chronic ethanol feeding decreased
hepatic c-Met expression and that pioglitazone prevented this decrease. Results (and standard error of the mean) from 6 rats/group at the end
of feeding pericd. All real-time quantitative PCR reactions were carried out in duplicate. 2P < 0.05 versus the ethanolfed group. (C) Westem
immuncblot analysis of expression of ¢-Met (upper) and tyrosine phosphorylation of e-Met (fowen) in llver homogenates (contalning 50 pg of tatal
protein each). (D) Realtime PCR analysls {upper} and Western hlotting analysis (Jower) showed that chronic ethanol feeding increased hepatic
HGF expression and ploglitazone had no effect on this. Results {and standard erfor of the mean) from 6 rats/group at the end of feeding period.
All realtime quantitative PCR reactions were carried out in duplicate. P < 0.05 versus the control group. (E) Westem immunoblot analysis of
expression of apoB in liver homogenates {containing 50 ug of total protein each). Control, rats pair-fed isocaloric liguid diet without ethanol;
EtOH, ethanol-fed rats; PIO+EtOH, ethanclfed rats given ploglitazone.
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applied DNA mictoarrays to reveal differential mRNA
expression beeween the livers exposed to chronic ethanol
feeding with and without pioglitazone treatment. The
transcriptome analysis allowed us to reveal up-regulacion
of c-Met (Figure 2A) and down-regulation of SCD-1 and
-2, lipogenic enzymes in the liver (data not shown).
Pioglitazone had no effect on the hepatic levels of
TNF-w, UCP-2, CYP4A2 (cytochrome P450 4A2),
CYP2E1, PPARY, AMPK-catalycic subunit (ol and
a2), microsomal triglyceride transfer protein (MTTP),
hepatic enzymes contributing to fatty acid oxidation
such as carnitine palmitoyltransferase-1 or acyl-CoA ox-
idase (data not shown). These results were confirmed by

real-time PCR analysis (Table 3). Chronic ethanol feed-
ing significantly increased CYP2E1 mRNA and de-
creased PPARY mRNA (Table 3).

Pioglitazone Increased Hepatic c-Met
Expression and Induced Tyrosine
Phosphorylation of c-Met Leading to
Increased Hepatic apoB Expression

Alterations in c-Met gene expression were also
confirmed at the protein levels. Moderate expression of
c-Met protein was observed in the liver of the control
rats, and the ethanol diet decreased the expression of
c-Met protein (Figure 2C). The decrease in c-Met protein



March 2004

Table 3. The Level of Expression of Genes Known to Play a
Role in the Formation of Steatosis and
Steatohepatitis Among the Treated Groups

Gene Ethanol Ethanol + Pioglitazone
TNF-c 1.12 = 0,22 1.17 + 0.23
uce2 1.21 + 0.30 118 = 0.21
CYP2E1 21.81 + 0.32 .76 = 0.24
CYP4A2 1.07 = 0.36 1.11 = 0.23
PPAR-x 20.46 * 0.12 20.50 * 0.09
AMPKal 0.89 = 0.31 0.95 + Q.19
AMPKa2 1.14 = 0.15 1.08 + 0.17
Acyl-CoA oxidase 0.20 + 0.28 0.95 = 0.21
CPT-1 1.06 *0.17 1.10 = 0.23
MTTP 0.94 = 0.27 0.95 * 0.26

NOTE. Results {and SEM) from 8 rats/group at the end of feeding
period. Quantifications were normalized for RNA from the liver in the
control group.

#P << 0.05 versus the control group.

in the liver of the ethanol-fed rats was restored by
pioglitazone administration (Figure 2C). The level of
tyrosine phosphorylation of c-Mer was also reduced in
the ethanol-fed livet, whereas the pioglitazone treatment
arrenuated this change (Figure 2C). DNA array and
real-time PCR analyses also showed that ethanel admin-
isttation decreased hepatic ¢-Met expression and that
pioglitazone prevented this decrease (Figure 24, B).
Chronic ethanol feeding significantly increased HGF at
both mRNA and protein levels, whereas the pioglitazone
trearment did not alter these levels (Figure 2D), Western
blotting analysis showed that the level of apoB 100
protein in the liver was increased by pioglitazone in the
ethanol-fed rats (Figure 2E).

Stimulatory Effects of Pioglitazone on ¢c-Met
Expression, Its Tyrosine Phosphorylation,
DNA Synthesis, and apoB Expression in
Primary-Cultured Hepatocytes

To examine the direct effect of pioglitazone on
expression of c-Met, rat primary cultured hepatocytes
were incubated with various doses of pioglitazone and
troglitazone for 24 hours (from 24 hours to 48 hours after
inoculation). Ten WM pioglitazone markedly increased
¢-Met expression. The same concentration of croglitazone
also increased c-Met expression, and the addition of
bisphenol A diglycidyl ether (BADGE), a PPARY an-
tagonist,?? inhibited this reaction (Figure 3A). The level
of tyrosine phosphorylation was also increased by the
addition of pioglitazone (Figure 3B). Stimulation of
hepatocytes with both 5 ng/mL HGF and pioglitazone
led to a greater increase in DNA synthesis than with
either alone. In primary-cultured hepatocytes, HGF at 5
ng/mL and pioglitazone at 10 pmol/L maximally stim-
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ulated BrdU incorporation into DNA (Figure 3C). Pio-
glitazone also mimicked stimulatory effeces of HGF on
the expression of apoB in primary-cultured hepatocytes
as seen in Figure 3D and E.

Troglitazone Mimicked the Actions of
Pioglitazone In Vivo

In the in vivo study for troglitazone, we found
that troglitazone significantly reduced fat accumulation
and improved serum rransaminase level in echanol-fed
rats. Troglitazone also enhanced hepatic ¢-Met expres-
sion (Figure 4),

Pioglitazone Decreased Hepatic SCD-1, 2,
and SREBP-1¢ Expressions, Mimicking
Effects of HGF

The real-time PCR analysis showed that chronic
ethanol feeding conspicuously increased heparic SCD-1
and 2 expressions, and that pioglitazone treatment sup-
pressed them, consistent with the resules of DNA array
(Figure 5). Pioglitazone significantly decreased hepacic
SREBP-1c expressions, although it had no effect on
hepatic SREBP-1a level (Figure 3). Such effects of pio-
glitazone were also reproducible in primary-cultured
hepatocytes. The HGF creacment dramatically decreased
SREBP-1c and SCD-2 expressions in primary-cultured
hepatocytes (Figure 6A). Pioglitazone treatment also de-
creased SREBP-1¢ and SCD-2 expressions upon the ap-
plication of HGF, although the reagent had no effect on
them without it (Figure 6B, C).

Pioglitazone Attenuates Hepatic Lipid
Peroxidation Elicited by Chronic Ethanol
Feeding

4-HNE-adducted protein, as a product of lipid
peroxidation reaction, was intensely detected in centri-
lobular regions of ethanol-fed rats and colocalized with
accumulated lipid droplets. The pioglitazone treatment
decreased the products of lipid peroxidarion (Figure 7A).
We found by real-time PCR analysis that the hepatic
level of stress response proteins such as metallothionein
(MT) -1, -2, and heme oxygenase (HOX)-1 dramatically
increased in ethanol-fed rats (group A). Pioglitazone
prevented these stress responses induced by ethanol (Fig-
ure 7B). Of importance in the current study is thac
neither the pioglitazone treatment nor chronic ethanol
feeding induced any notable apoptosis, as judged by the
TUNEL methed seen in Figure 7C.
In this study, all rats in the groups were pair fed daily on
an isoenergetic basis, and the rats in group A and B were
daily given the same amounts of ethanol. We chen inquired
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Flgure 3. Direct effect of pioglitazone on expression and tyrosine phosphorylation of ¢-Met, expression of apoB, and on DNA synthesis in rat
primary cultured hepatocytes. (4) Rat primary-cultured hepatocytes were incubated with various doses of pioglitazone or troglitazone for 24 hours
(from 24 to 48 hours after inoculation). In the control, the medium was supplemented with the same volume of DMSO0. Real-time quantitative
PCR analysis of c-Mat showed that 10 pmol/L of pioglitazone treatment dramatically increased c-Met expression. Ten pmol/L of troglitazone
treatment also significantly increased c-Met expression. Addition of 300 umol/L of BADGE inhibited this increass. All real-time quantitative PCR
reactions were camied out in duplicate. Results {and standard error of the mean) from 4 Individual experiments. 2P < 0,05 versus the groups
with 0 or 1 pmel/L of pioglitazone or troglitazane treatment. (8) Tyrosine phosphorylation of c-Met in homogenates of primary-cultured
hepatocytes stimulated or not with 5 ng/mL HGF or pioglitazone. Addition of 10 pmol/L pioglitazone induced tyrosine phosphorylation of c-Met.
(C) Effect of ploglitazone on DNA synthesis of primary cultured hepatocytes. BrdU incorporation Into cellular DNA was determined 24 houts after
the addition of HGF and/or ploglitazone. *P < 0.05 versus the other groups. PP < 0.05 versus the groups without any addition of HGF or
pioglitazone. Next, realtime PCR analysis of primarycultured hepatocytes was used to assess apoB gene expression {D, E). (D) Rat
primary-cultured hepatecytes were incubated with various doses of HGF for 24 hours. 2P < 0.05 versus the group without addition of HGF. (£}
Incubation with pioglitazone with addition of 5 ng/mL of HGF for 24 hours. ®P < Q.05 versus the group without any addition of ploglitazone. All
realtime quantitative PCR reactions were carried out in duplicate. Results (and standard error of the mean} from 4 individual experiments.

whether the treatment with pioglitazone by itself could  steatosis caused by chronic administration of ethanol,
alter ethanol metabolism in rats. Table 4 shows that blood ~ Furchermore, several lines of evidence provided in this
levels of ethanol and aceraldehyde did not differ signifi-  study suggest chat the ability of this antidiabetic to
cantly irrespective of the presence or absence of pioglitazone  significantly alter synthesis and redistribution of lipids is
in ethanol-fed rats. This result suggests thar pioglitazone  ascribable to therapeutic potential against the ethanol-
has lictle, if any, effect on ethanol metabolism and thus is  jpduced hepatic steatosis. The epididymal fat weight/
not a likely mechanism for the attenuating effect of this body weight ratio significantly decreased in the ethanol-

reagent on hepatic steatosis. fed rats compared with that in the pair fed rats. Distinct
. from nonalcoholic hepatic steatosis, which induced by
Discussion chronic alcohol abuse often coincided with energy wase-

This study ficse suggested that pioglitazone serves  ing and inhibition of adipose tissue accumulation. These
as a potentially therapeutic tool to attenuate hepatic  evenrts are likely to result in the fact thac alcoholics are
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Figure 4. Troglitazone mimicked the actions of ploglitazone in vivo. Eightweek-cld male SD rats fed ethanol-containing liquld diet were glven
troglitazone (200 mg/kg body weight per day) once every 24 howrs intragastrically for 6 weeks. In this study, we divided the rats into 3 groups
in the same way as our last examination of pioglitazone {n = 6). Troglitazone decreased accumulation of fipld droplets and suppressed the
elevation of serum concentrations of ALT in ethanol-fed rats. Real-time PCR analyses showed that ethanol administration decreased hepatic
c-Met expression and that troglitazone prevented this decrease. Results (and standard error of the mean) from 6 rats/group at the end of feeding
periad. All realtime quantitative PCR reactions were carried out in duplicate. 2P < 0.05 versus the other groups. bP < 0.05 versus the ethanol-fed
group. Control, rats pair-fed isacaloric liquid diet without ethanol; EtOH, ethanol-fed rats: TRO+EtOH, ethanol-fed rats given troglitazone.

not obese despite a high toral energy intake.?’ Pioglita-
zone prevented the decrease in amount of adipose tissue,
probably by mobilizing fat from the liver to adipose
tissue.

[e has been believed until now that impaired mico-
chondrial B-oxidation of fatcy acids could be a major
cause of triglyceride accumulation in alcoholic fatey liver.2
In the current study, however, pioglitazone did not alter the
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oxidation such as carnitine palmitoyltransferase-1 or acyl-
CoA oxidase (AOX) or the expression of hepatic TNF-ov,
uncoupling protein-2, PPARY, or AMPK-catalytic subunit
(2l and 02) levels; plasma TNF-a, glucose, leptin, insulin
levels, or insulin resistance remained unchanged. These
results suggest that other mechanisms play cencral roles in
pioglitazone’s effect on alcoholic fatty liver. Differential
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Figure 5. Hepatic SCD1, SCD2,
SREBP-1a, and SREBP-1c ex-
pression. Realtime PCR analy
sis was carrled out to quantitate
hepatic mRNA tevels of SCD1,
8C02, SREBP-1a, and SREBP-1¢
in liver homogenates among the
groups. Results (and standard
error of the mean} from 4 rats/
group at the end of feeding pe-
ried. All realtime quantitative
PCR reactions were carried out
in duplicate. 3P < 0.05 versus
the other groups. PP < 0.05 ver-
sus the ethanol-fed group. Con-
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Flgure 6. Effects of ploglitazone and HGF on expression of SREBP-1a, ¢, and SCD-1, 2 mRNA in hepatocyte cultures. Realtime PCR analysis was
used to assess SREBP-1a, SREBP-1¢, SCD-1, and SCD-2 gene expression. (A) Rat primarycultured hepatocytes were incubated with various
doses of HGF for 24 hours. P < 0.05 versus the other groups. "P < 0.05 versus the group with addition of 20 ng/mL of HGF, (8} Incubation
with pioglitazone with addition of 5 ng/mL of HGF for 24 hours. 5P < 0,05 versus the group without any addition of pioglitazone. (C) Incubation
with various doses of pioglitazone for 24 hours. All real-time quantitative PCR reactions were carried out in duplicate. Results (and standard error

of the mean) from 4 individual experiments.

transcriptome analyses comparing mRINA expression in the
chronic ethanol-exposed livers with and wichout the piogli-
tazone treacment fed us to pinpoint a critical role of che
hepatic ¢-Met signaling pathway, and the results suggest
that the reagent facilitates HGF-induced intracellular sig-
naling without aleering hepatic HGF levels.

HGF is the most potent stimulator of hepatocyte
proliferation.?> HGF has mulciple biological properties
in the liver, including mitogenic, antifibrotic, antiapop-
totic, and cytoprotective activities.?6-2% Such multiple
biological responses elicited by HGF are transferred
through the cytoplasmic domain of c-Met, a specific cell
surface transmembrane tyrosine kinase receptor.?$ Obser-
vation that pioglitazone directly enhanced both c-Met
and its activated form in rat primary-cultured hepato-
cytes from ethanol-fed rars suggests that this reagent

serves as the first clinically available tool that directly
up-regulates c-Met expression in hepatocytes. Several
data in the current study suggested that PPARY is
involved in mechanisms by which the reagent up-regu-
lates c-Met, inasmuch as this event is mirmicked by
troglitazone, another PPAR Yy ligand, and is canceled by
BADGE, a PPAR vya antagonist. Further studies are nec-
essary to determine the whole mechanisms for exploring
direct actions of the reagent on c-Met expression.

HGF is known to stimulate apoB secretion in hepa-
tocytes and to induce cell maturation during liver regen-
eration.?? The HGF administration has recently been
shown to improve alcoholic fatry liver by enhancing
apoB synthesis and subsequent mobilization of lipids
from hepatocytes with fatty changes.'? These observa-
tions led us to examine if pioglitazone could serve as a
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Figure 7. Effect of ploglitazone on hepatic lipid peroxidation, apoptosis, and expression of stress response proteins. {4) immunohistochemistry
for 4HNE, Representative liver samples of control rat (Cont), ethanol-fed rats (FtOH), and ethancl-fed rats given ploglitazone (EtOH +Piog)
(X100}. {8) Realtime PCR analysis was used to assess stress response proteins such as MT-1, MT-2, and HOX-1 mRNA expression in liver
homogenates among the groups. Results {(and standard error of the mean) from 4 rats/group at the end of feeding period. Al realtime
quantitative PCR reactions were cairied out in duplicate. 2P <2 0.05 versus the other groups. (C) TUNEL results of liver apoptosis among the
treated groups. The apoptotic cells and hepatocytes were counted from 5 lower microscopic fields for each animal.

subsritute reagent that triggers lipid mobilization from
the liver through stimulation of the c-Met pathway. As
one might expect, the current results showed that pio-
glitazone mimics such effects of HGF to stimulate he-
patic apoB synthesis and resultant VLDL secretion
through HGF/c-Met intracellular signaling; this event

Table 4. Blood Concentration of Ethanol and Acetaldehyde
in Pioglitazone-Treated and Control Rats After
Ethanol Administration (4 g/kg)

Control Pioglitazone Treated
Ethanol {mg/dL) Oh 0*x0 0x0
2h 184 * 27 198 + 26
12h° 8222 84 * 35
24 h 3+1 42
Acetaldehyde (mg/L) Oh 00 00
2h 19+05 2.0=x04
12 h 0.2x04 0.2+01
24 h 0x0 o+0

could greatly contribute to mobilization of triglycerides
from the liver undergoing chronic ethanol exposure.
Besides its action on lipid mobilization from the liver,
pioglitazone obviously exerts its anti-steatotic actions
through multiple mechanisms as judged by alterations in
expression of genes responsible for triglyceride synchesis.
SREBPs and stearoyl—CoA (8CD} are such genes respond-
ing to pioglitazone. Ntambi et al.?® recently reported
that a lipogenic diet fed to mice with a null murarion in
the SCD1 gene (SCD1-/-} failed to induce the synthesis
of criglycerides in liver, despite the induction of expres-
sion of SREBP-1 and its target genes. Cohen et al.?! also
reported that SCD-1 is required for the fully developed
obese phenotype of leptin-deficient mice, including fatty
liver. SCD-1 and SCD-2 catalyze the same reaction, and
SCD-2 is reported to be expressed at higher levels in
livers of mice overexpressing the truncated nuclear form
of SREBP-1.32 These observations suggest thar induction
of criglyceride synthesis is highly dependent on SCD
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gene expression and thae both 8CD-1 and SCD-2 play a
role in the mechanism of farty liver. As shown in results
from our and other laboratories, chronic ethanol feeding
increased levels of SCD-2, and SREBP-1c expression.
Consistent with our results, Crabb et al.?* recently re-
porced that chronic ethanol feeding activates hepatic
SREBP-1. Such suppressive actions of pioglitazone on
up-tegulation of these genes could greatly improve eth-
anol-induced hepatic stearosis cooperatively with its
aforementioned effects on the lipid mobilization via
VLDL as a whole.

Recently, HGF was reporred to prevent LPS-induced
hepatic sinusoidal endothelial cell injury and intrasinu-
soidal fibrin deposition in rats.** It has also been reported
that the mere presence of fat in the liver leads to hepatic
lipid peroxidation and that chronic steatosis is associated
with persistent lipid peroxidation.?’ Lipid peroxidation
is proposed as a mechanism of alcohol-induced heparo-
coxicity. It has been suggested that chronic lipid peroxi-
dation could represent the missing link between chronic
steatosis and steatohepatitis. In our study, pioglitazone
improved ethanol-induced lipid peroxidation and result-
anc cellular damages by increasing the ¢-Met expression
and by decreasing hepatic fat amounts, as indicated by
resules showing suppression of antioxidative genes such
as MT-1, -2, and HOX-1.3637 Furthermore, so far as
judged from the current TUNEL analyses, pioglitazone
treacment did not induce any notable apoptosis in liver.
Such a cytoprotective feature of pioglitazone on ethanol-
induced hepatic steatosis is likely to be of great clinical
advantage in that other thiazolidinedione derivatives
such as rroglitazone have been reported to induce apo-
protic heparacyte death, leading to a conflice for its
clinical use.’® Based on chese findings, we propose an
important new mechanism to explain the recovery from
alcoholic fatty tiver in response to pioglitazone (i.e., that
pioglitazone enhances c-Met expression in hepatocytes,
resulting in acrivation of HGF/c-Met signaling). The
HGF/c-Met signaling activation induced by pioglitazone
leads to increased apoB synthesis with subsequent lipid
mobilization of VLDL from hepatocytes, and decreases
hepacic SCD levels with decreased synthesis of triglycer-
ides in liver. Such an effect of pioglitazone could also
stimulate regeneration and attenuate lipid peroxidation.

The current study suggesting usefulness of pioglita-
zone to treat ethanol-induced hepatic steatosis led us to
hypothesize that such an HGF-mimicking hepatoprotec-
tive PPARY ligand could clinically be used to limit facty
infiltration of the liver caused by other disease condi-
tions. For instance, posttransplant fatty infileration in the

GASTROENTEROLOGY Vol 126, No. 3

donor liver accounts for a serious complication causing
primary nonfunction.?? Because use of steatotic livers are
actually increasing for transplancation because of a short-
age of the nonsteatotic donor grafts, we should find the
method for amelioration of injury in donor fatty liver ar
liver transplantation. A possible use of the pioglitazone
treatment deserves furure studies if its use for posttrans-
planted recipients or for nonalcoholic steatohepatitis
turned out to reduce the related liver injury. This may
provide a means for designing future therapeutic strace-
gies with pioglitazone. Pioglitazone may thus be useful
as a therapeutic agenc for alcoholic fatty liver and merits
further evaluation.
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Kupffer Cells Alter Organic Anion Transport
Through Multidrug Resistance Protein 2
in the Post-Cold Ischemic Rat Liver

Atsushi Kudo, 2 Satoshi Kashiwagi,> Mayumi Kajimura,? Yasunori Yoshimura,3 Koji Uchida,? Shigeki Arii,!

and Makoto Suematsu?

Although Kupffer cells (KCs) may play a crucial role in post—cold ischemic hepatocellular injury,
their role in nonnecrotic graft dysfunction remains unknown. This study examined reveal the
role of KC in post-cold ischemic liver grafts. Rat livers treated with or without liposome-
encapsulated dichloromethylene diphosphonate, a KC-depleting reagent, were stored in Univer-
sity of Wisconsin (UW) solution at 4°C for 8 to 24 hours and reperfused while monitoring biliary
output and constituents. The ability of hepatocytes to excrete bile was assessed through laser-
confocal microfluorography i situe. Cold ischemia-reperfused grafts decreased their bile output
significantly at 8 hours without any notable cell injury. This event coincided with impaired
excretion of glutathione and bilirubin-IXa (BR-TXa), suggesting delayed transport of these
organic anions. We examined whether intracellular relocalization of multidrug resistance pro-
tein-2 (Mrp2) occurred. Kinetic analyses for biliary excretion of carboxyfluorescein, a fluoro-
probe excreted through this transporter, revealed significant delay of dye excretion from
hepatocytes into bile canaliculi. The KC-depleting treatment significantly attenuated this decline
in biliary anion transport mediated through Mrp2 in the 8-hour cold ischemic grafts via redis-
tribution of Mip2 from the cytoplasm to the canalicular membrane. Furthermore, thromboxane
A; (TXA,) synthase in KC appeared involved as blocking this enzyme improved 5-carboxyfluo-
rescein excretion while cytoplasmic internalization of Mrp2 disappeared in the KC-depleting
grafts. In conclusion, KC activation is an important determinant of nonnecrotic hepatocellular
dysfunction, jeopardizing homeostasis of the detoxification capacity and organic anion metab-

olism of the post—cold ischemic grafis. (HEpaTOLOGY 2004;39:1099-1109.)

Abbreviacions: KC, Kupffer cell; UW solution, University of Wisconsin solution;
BR-Doi, bilirubin-IXo; Mrp2, multidvug resisance protein 2; BC, bile canaliculi:
TXAp thromboxane Ay CF, carboxyfluorescein; ATE, adenosine sriphosphate; TX,
thromboxane; EHBR, Eisai byperbilirubinemia rats; LDD, liposome-encapsulased di-
chloromethylerie diphosphonate; GSH, reduced ghasthione; LD, lactate debydroge-
nase; cAMP, gyclic adenosine monophogphate; CFDA, carbaxyfluorescein diavetase.
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Ithough use of University of Wisconsin (UW) so-

lution has improved mean preservation time for

liver transplantation, primary graft nonfunction
and inidal poor function still persist.’-2 The clinical inci-
dence of such dysfunction and the resultant lack of graft
survival depend on storage time.'-4 Reperfusion injury is
the main cause of graft failure after prolonged cold isch-
emia.*® During storage, hepatocytes swell and form
blebs.5~# Upon reperfusion, however, these same changes
in the parenchymal cells are restored without leading to
irreversible injury.¢~# On the other hand, sinusoidal en-
dothelial cells lose their viability, and Kupffer cells (KCs)
are activated.S-1® According to previous studies using rat
liver grafts stored in UW solution, the critical storage time
at which changes in sinusoidal cells occur is longer than
16 hours.¢7 In these grafts, cells were damaged to cause
platelet trapping,'® fibrin deposition,' and leukocyte
margination.'? In grafts stored for a shorter duration, he-
patic adenosine triphosphate (ATP) content was reported
to be well recovered after reperfusion, suggesting that pa-
renchymal cells are viable.13:14
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Otherwise, it has not been determined whether hepa-
tocytes lose their functions without displaying irreversible
injury and then intetfere with the graft function as a
whole. Although biliary output, clearance of rauro-
cholate, and bromosulfophtalein have been measured in
previous studies,'>-15 these studies failed to demonstrate
such functional alterations in hepatocytes even when the
storage time was extended to 18 hours.!* Scant informa-
tion is available regarding alterations in the ability of the
post—cold ischemic grafts to excrete bile constituents.
Such indices include the ability of hepatocytes to generate
the osmotic driving force for bile formation and to excrete
bile salts or organic anions; thus excretion of glutathione
and bilirubin could serve as a marker for detecting early
hepatocellular changes in the grafts. The ability to excrete
organic anions could determine the efficiency of the graft
to detoxify xenobiotics and the severity of post—cold isch-
emic hyperbilirubinemia, a risk factor for allograft dys-
funcdien in clinical transplantation.2-16

We examined changes in constituents of bile samples as
a function of storage time and revealed impaired excretion
of glutathione and bilirubin as an early event on hepato-
cytes. This event turned out to be the result of cytoplasmic
relocalization of multidrug resistance associated protein 2
{Mrp2), an ATP-dependent transporter for biliary excre-
tion of the organic anions. Qur results suggest that the
funcrion of this transporter is impaired, whereas the grafts
apparently maintain their overall energy charges without
showing any notable hepatocellular damage. Further-
more, mechanisms for such a change in hepatocytes ap-
pear to involve thromboxane (TX) synthesis in KCs from
grafts exposed to a relatively short duration of cold isch-
emia (8 hours).

Materials and Methods

Animal Preparation, Experimental protocols were
approved by the Animal Care Committee of Keio Uni-
versity School of Medicine in accordance with their insti-
tutional gutdelines. Male Wistar rats (220-260 g, CLEA
Japan, Tokyo) and Eisai hyperbilirubinemia rats (EH-
BRs) (220-260 g, Sankyo Inc.,, Tokyo) that had been
allowed free access to Jaboratory chow and tap water were
fasted 24 hours before experiments. Livers of these rats
wete perfused ex vive with oxygenated Krebs-Henseleic
buffer as the baseline perfusate'”'® and stored in UW
solution at 4°C for desired lengths of time.’* When nec-
essary, rats were pretreated with an intravenous injection
of liposome-encapsulated dichloromethylene diphospho-
nate (LDD) 24 hours prior to preparation of the ex vive
liver perfusion for the cold storage according to our pre-
vious studies. !9 As described previously, this procedure
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eliminated KCs almost completely, as judged by immu-
nohistochemistry.2® After cold storage, the grafts were
gently rinsed with a transportal injection of 40 mL of
Krebs Ringer solution and perfused with the oxygenated
buffer in the presence or absence of sodium taurocholate
at 30 pmol/L at a constant flow (32 mL/min) in a single-
pass mode.!42! For some experiments, either OKY-046,
an inhibitor of thromboxane A; (TXA;) synthase, or in-
domethacin, an inhibitor of cyclooxygenase, was added in
UW solution as well as in the rinse solution at desired
concentrations.??

Determination of Bile and Tissue Constituents.
Bile samples were used to determine concentrations of
total bile salts, phospholipids, reduced glutathione
(GSH), and bilirubin-IXea (BR-IX«).222¢ BR-IXa was
determined by an enzyme-linked immunosorbent assay
using 24(G7.24 This monoclonal antibody can recognize
BR-TXe, the terminal heme-degrading product generated
specifically through the HO reaction as described
earlier.?42% Activities of lactate dehydrogenase (LDH)
were measured as described earlier.!? ATP in the liver
grafts was determined by the luciferrin-luciferase method
as described elsewhere.'#?! Cyclic adenosine monophos-
phate (cAMP) in the grafts was determined by an enzyme-
linked immunosorbent assay (Biotralk system, Amersham
Biosciences, Buckinghamshire, United Kingdom).

Analyses of Biliary Excretion Rates of Carboxyfino-
rescein. CarboxyHuorescein (CF) isan organicanion that
is excreted from various cells through Mrp2.2627 The ester
precursor of this dye, CF diacetate (CFDA) was loaded
transportally into the livers at 50 nmol/L for 10 minutes
in the presence of 1.5 mmol/L probenecid, a potent in-
hibitor of Mrp2.26.28 This reagent can enter hepatocytes
and is hydrolyzed by esterase into CF to be excreted into
bile.1417.29 Afier the 10-minute CFDA loading, the liver
was perfused with the probenecid-free buffer to trigger the
excretion of CF into bile. In the cold ischemic groups, the
stored grafts were loaded with the CFDA containing
buffer for 10 minutes in the presence of probenecid, fol-
lowed by removal of probenecid and subsequent reperfu-
sion for 50 minutes. Bile samples collected from these
preparations were deep-frozen until the fluorescence mea-
surements were made using a 96-well, mulrichannel flu-
orescence spectrophotometer. The measurements were
performed under epi-illumination at 440 nm, the isos-
bestic wavelength of the dye, which yields uorescence at
510 nm without interfering with the pH values of the
samples.?é The concentration of CF in samples was cali-
brated with known concentrations of CF dissolved in
phosphate buffer saline. As seen later in the Results sec-
tion, CF concentrations appeared tw decline exponen-
tially with time. With this assumption, biliary CF
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lifetimes were determined as the T of the exponential
decay. Thus this method is insensitive to the initial
amounts of CF loaded into the perfused liver.

In Situ Visualization of Hepatocellular CF Exclu-
sion. Liver grafts loaded with CF using the aforementioned
protocols were observed through intravital laser confocal mi-
crofluorography as described previously.1#20.30 As shown
later in the Results section, CF was notably loaded into hepa-
tocytes in the presence of probenecid. Upon removal of the
reagent, the dye was immediately excluded from hepato-
cytes, excreted into bile canaliculi (BC) to display honey-
comb networks, and finally disappeared from the
parenchyma. To examine if the dye exclusion depends on
Mrp2 function, some grafts were reperfused with the buffer
containing 1.5mmol/L probenecid. The laser confocal mi-
crofluorographs were captured by an inverted-type micro-
scope (Diaphot 300, Nikon/Sankei, Tokyo, Japan)
equipped with an intensified charged-coupled device (CCD)
camera (C5810, Hamamatsu Photonics, Hamamatsu, Ja-
pan) and multi-pinhole faser confocal processor (CSU-10,
Yokogawa Electric Co., Tokyo, Japan). All microfluoro-
graphs were digitally processed into 8-bit gray level images.
To calibrate the fluorescence intensities, known concentra-
tions of CF were prepared i1 vitro and the images were cap-
tured under the identical optical parameters of the camera.
Gray levels in hepatocytes were measured by variable square
window (2 X 2 um?) usinga digital image processor.'8:31 A
least 10 different hepatocytes in the microscopic fields of
interest were analyzed in a single experiment. Assuming that
fluorescence intensities measured at the liver surface is iden-
tical to those measured in the solution, gray levels were con-
verted to apparent CF concentrations using the calibration
line (designated as CFapp).

We also conducted morphomerty o examine struc-
tural changes in BC networks as an index of hepatocellu-
lar damages. As shown later in the Results section,
normally functioning hepatocytes were characterized by
polygonal CF filling in surrounding BC, while those dam-
aged were judged by partial disappearance of the sur-
rounding BC network. The number of such intact
hepatocytes surrounded by complete BC filling by CF was
counted in the areas of interest. Approximately 0.05 mm?
of the liver surface was analyzed in a single experiment for
such evaluations.

Immunohistochemical Analyses of Subcellular
Mirp2 Distribution. To evaluate Mrp2 in hepatocytes of
the grafts, the liver samples were fixed, sliced, and stained
with monoclonal antibody M,III-6 according to a previ-
ous study.?> The antigen on the sections was visualized
using phycoerythrin-conjugated anti-mouse immuno-
globulin G and was observed through laser confocal mi-
crofluorography at 488 nm as described elsewhere.20:30 To
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examine BC localization and hepatocellular internaliza-
tion of Mrp2, the sections wete double-immunostained
with a monoclonal antibody against ZO-1, another
marker expressed in hepatocellular junction.?? To deter-
mine changes in the protein distribution in a semiquan-
titative manner, single-stained microfluorographs of
Mrp2 were converted as monochrome 8-bit images.'*
The gray levels (1-256) were measured at both cytoplas-
micand canalicular domains in individual hepatocytes. At
least five different sites for each domain were chosen in a
single cell to calculate the relative values of cytoplasmic
intensities versus the corresponding canalicular intensi-
ties. Such a measurement was made in 40 to 60 hepato-
cytes in four different grafts to construct histograms of the
percentage of cytoplasmic intensities of Mrp2-associated
immunoreactivities [defined as %I-Mrp2{cyt/bc)]. The
elevation of this index represented an increase in Mrp2
internalization. The histograms were compared with the
control grafts and those exposed to cold ischemia with
and without the KC-depleting procedure in the presence
or absence of the TXA; synthase inhibitor.

To examine differences in Mrp2 expression in the
whole liver grafts among the groups, Western blot analy-
ses were performed using the same monoclonal antibody.
We also investigated alterations in oxidative modification
of Mrp2 by immunoprecipitating the protein by the an-
tibody MITI-6 to follow Western analyses by an anti-
acrolein monoclonal antibody (SFG).3435

Statistical Analyses. The statistical significance of
data among different experimental groups was deter-
mined by one-way ANOVA and Fischer’s multiple com-
parison test. P << .05 was considered significant.

Results

Storage Time—Dependent Reduction of Bile Output
in Liver Grafts. To test the viability of liver grafts, the
release of LDH in the venous perfusate was measured as
an index of cell lysis. As seen in Table 1, the grafts exposed
to cold ischemia for less than 24 hours did not display any
notable elevation of LDH. At 48 hours, the LDH relcase
became evident at the beginning and end of the 60-
minute reperfusion, showing that necratic cell death was
undetectable in cold ischemic grafts exposed less than 24
hours under the current experimental conditions. Figure
1 illustrates time courses of bile output as a function of
reperfusion time in grafts undergoing varied lengths of
cold ischemia. As seen in panel A, where sodium tauro-
cholate was added, the grafts exposed to 8-hour ischemia
increased their output to a level comparable to that in the
controls at 30 minutes, but decreased it 50 to 60 minutes
after the initial reperfusion. In the grafts exposed to pro-



1102 KUDO ET AL

Table 1. Effect of the Duration of Cold Preservation on the
Release of LDH in the Venous Perfusate of the Grafts

Length of Cold Storage

{Hrs) 5 Min-R 60 Min-R
Contol 20*6 /11

8 7 25*9

16 21+ 8 34x6
24 45 + 8 43 = 22
48 878 *+ 377+ 1206 = 719*

Data represent means = SE of measurements {mlU/min/g liver) from the grafts
at the onset (0 min) and 60 min after the start of repedusion (0-24 hrs; n = 5,
48 hrs; n = 3).

*P < 0.05 as compared with the value in other groups.

longed cold ischemia for 16 to 48 hours, such a reduction
of output became further evident. Panel B shows the time
course of bile recovery monitored in the absence of so-
dium taurocholate in the perfusate. The groups treated
with cold ischemia for longer than 16 hours displayed
significant decreases in output.
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Fig. 1, Time courses of the bite output of liver grafts that have
undergone cold preservation followed by reperfusion. Open circles de-
note the data from nonischemic contrel livers. Qpen, shaded, and closed
squares indicate the data from grafts exposed to 8-, 16-, and 24-hour
cold storage, respectively. Closed triangles indicate the data from 48-
hour storage grafts, Values are mean + SE of five separate expariments.
TC (+) and TC {~): data collected in the presence and absence of
sodium tauracholate at 30 pmel/L. R: the onset of reperfusion. Note that
both bile salt-independent and - dependent cutputs were decreased in
the 16-hour preserved grafts. *P < .05 compared with the data from
control. 1P << .05 compared with the data from 16-hour grafts. *P < .05
compared with the data from 24-hour grafts.
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Fig. 2. Effects of duration of cold ischemia on biliary concentrations
of bile constituents. Data of hile constituents were collected 20 minutes
after the onset of reperfusion, (A) Bile salts, (B) Phospholipids. {C)
Concentrations of reduced GSH in bile. (D) Hepatic content of GSH in the
control and 16-hour stored grafts measured before and 20 minutes after
reperfusion. (E) Concentrations of BR-IXex in bile. (F) Hepatic content of
BR-1X¢x in the control and 16-hour stored grafts measured before and 20
minutes after reperfusion. Values are mean * SE of five to seven
separate experiments. *P < .05 compared with the data from contre!
livers. *P < .05 compared with the data from the 16-hour group. tP <
.05 compared with the data from the control grafts exposed to 20-minute
reperfusion.

Alterations in Biliary Excretion of Glutathione and
Bilirubin in Post—Cold Ischemic Livers. Observation
ofa significant decrease in bile flow in the grafts undergo-
ing 16- and 24-hour cold ischemia led us to determine
which bile constituents were responsible for cholestatic
changes. Figure 2 presents data of bile constituents mea-
sured 20 minutes after the onset of reperfusion that were
plotted as a function of storage time for cold ischemia.
Concentrations of bile salts did not exhibit any significant
reduction in any length of storage time, while those of
phospholipids displayed notable reduction in both con-
centrations and fluxes in the group exposed 10 8- to 24-
hour cold ischemia (Fig. 2A, B). Considering that
phospholipids are primarily excreted from hepatocytes
into biliary compartments, these data suggest the presence
of hepatocellular dysfunction in the grafts stored for more
than 8 hours.

We next examined biliary excretion of GSH (Fig. 2C).
Biliary concentrations in GSH were significantly reduced
at 8 hours and declined as 2 result of the cold storage time.
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Fig. 3. Alterations in dynamics of hepatoceltular

CF excretion into BC in cold ischemia-reperfused
grafts. {A} Representative pictures of the canalic-
ular CF excretion captured before (Basal loading),
and 10 minutes and 25 minutes after removal of
probenecid. Note disruption of honeycomb pat-
tems of BC networks in the 24-hour cold ischemic-

4re

KUDO ET AL.

1103

reperfused graft (arrow). Color bar indicates the

fluorescence intensities calibrated with known con- B o c

centrations of CF (bar = 30 pem}. (B) Differences E 990 v a 10

in reperfusion-induced disruption of BC networks E é ’

as judged by the density of CF-filled pofygons in = 5530 3

the grafts stored for varied duration of cold isch- 2 - Zas

emia. *P < .05 compared with the data from S 330 5

control livers. (C) Initial hepatocellular CF concen- .g _‘_‘ _E

trations showing comparable CF loading among Y o s ra— W o o s TERET)

groups. Values are mean * SE of five separate
experiments.

We then examined the hepatic content of GSH; as seen in
Fig. 2D, hepatic GSH content did not change before or
after 20-minute reperfusion. In the grafts stored for 16
hours, the content apparently increased as a result of the
use of UW solution containing GSH; upon 20-minute
reperfusion, however, the content was rapidly repressed ta
the control level as GSH was removed from circulation,
showing that the 20-minute reperfusion following 16-
hour cold ischemia does not change the basal GSH con-
tentin the grafts. These results suggest that the decrease in
biliary GSH excretion in the post—cold ischemic livers
results from impairment of its transport to bile rather than
from its reduction in the grafts, as long as the storage time
was less than 16 hours. Because GSH is excreted through
Mrp2, we next examined alterations in biliary concentra-
tions of BR-IX«, a bile pigment excreted through the
same transporter. As seen in Fig. 2E, the biliary concen-
tration of BR-IX« in the initial 20-minute reperfusion
was significantly elevated in the 8-hour ischemic group
and reached its maximum in the 16-hour storage group.
Finally, in the grafts undergoing 24-hour cold ischemia,
initial concentrations of BR-IXex were abruptly decreased.
Figure 2F illustrates the ability of the grafts to eliminate
endogenous BR-IXa into bile. As seen in the control
grafts, hepatic content of this bile pigment significantly

Time for cald slorage (hrs)

Tune for cold starago (hrs)

decreased within the initial 20-minute perfusion. On the
other hand, the same duration of reperfusion did not
cause such a decrease in the 16-hour treated grafts. These
results suggest that the ability of the 16-hour grafts to
generate BR-IXa& d¢ novo surpasses their capacity to ex-
crete the pigment into bile.

Global and Local Assessment of Mrp2 Function by
CF Exclusion. Alteration in biliary excretion of GSH
and BR-IX« raised the possibility that the ability of Mrp2
to climinate these organic anions from hepatocytes could
be impaired in grafts exposed to prolonged cold ischemia.
However, because initial amounts of glutathione and BR-
IXa were different among groups, measuring biliary ex-
cretion of these endogenous anions did not allow us to
make a fair comparison of the organic anion-excreting
ability of the grafts. To overcome this difficulty, the grafts
were loaded with CF, an exogenous organic anton, and its
elimination from hepatocytes into bile was examined. As
seen in the left panels of Fig. 3A, hepatocellular CF load-
ing appeared comparable among the grafts exposed to
different lengths (0-24 hours) of cold ischemia. This was
confirmed by the fluorescence intensitometry in Fig. 3C,
indicating that the hepatocytes were viable. This was also
consistent with results showing no notable release of
LDH (Table 1). Immediately after the removal of probe-
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necid, an inhibitor of Mrp2, CF loaded in hepatocytes
was rapidly excreted into BC, forming honeycomb net-
works over the lobule within 10 minutes (Fig. 3A, middle
column). At 25 minutes (Fig. 3A, right column), little
fluorescence inside the cytoplasm became detectable, if
any. In grafts that underwent cold ischemia reperfusion,
two major changes in biliary CF excretion occurred: re-
tardation of hepatocellular dye exclusion as judged by an
elevation of the basal fluorescence at 25 minutes, and
disappearance and deformation of bile canalicular net-
works as indicated in micrographs collected at 10 min-
utes. These changes became evident in grafts exposed to
extended cold ischemia for 24 hrs (the bottom row in
Fig. 3A).

Careful scanning at the site of BC in these microflu-
orographs captured ar 10 minutes showed minimal but
notable changes in the structure of the canalicular net-
works. As seen in Fig. 3B, the number of hepatocytes that
were completely surrounded by CF-filled BC decreased as
the duration of cold ischemia increased. Such a reduction
of polygons became readily apparent in the grafts stored
for 16 hours. Because the initial CF loading in hepato-
cytes was comparable in a range between 0 and 24 hours
of ischemic duration, morphologic changes in BC ap-
peared to occur initially at 16-hour cold ischemia. In
other words, grafts exposed to 8-hour cold ischemia did
not exhibit any significant changes in the morphology of
BC nerworks.

The delay of CF exclusion was further examined in a
quantitative manner by monitoring temporal alterations
in the fluorescence of the graft hepatocytes (Fig. 4A).
When probenecid was perfused continuously, the dye
stayed in the cells, exhibiting a slight decline without
showing canalicular excretion. As plotted in Fig. 4B, gray
levels measured in hepatocytes allowed us to determine
the T2 of the CF exclusion from hepatocytes. Figure 4C
illustrates T’ ; values among the groups. In the absence of
probenecid, Ty, was approximately 6 minutes, while in
the presence of probenecid the decay was substantially
slowed, suggesting near complete inhibition of Mrp2
transport. Ty of the 8-hour cold ischemic graft to excrete
CF was significantly greater, ranging midway between the
contro! value and that measured in livers of EHBRs. It
could be speculated that the smaller Ty, values in this
mutant species compared with the probenecid-treated
group is due to compensatory excretion of the dye
through Mrp3 into the sinusoidal space.3¢

Effects of KC Depletion on Biliary CF Excretion in
8-hour Cold Ischemic Grafts. We atternpted to evaluare
the ability of the 8-hour cold ischemic grafis as a whole to
excrete CF. To this end, the Tyy; values for the dye exclusion
were determined (Fig, 5). After removal of probenecid (Ty in
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Fig. 4. invivo quantitative analyses of Mrp2 function by visualizing BC
excretion of CF. (A) Representative series of pictures showing the dye
excretion from individual hepatocytes. Upper section: Images from a graft
perfused in the presence of 1.5 mM probenecid [PB(+)]. Lower section:
images captured after the removal of probenectd [PB{—)]. Note the
time-dependent reduction of fluorescence in the cells foltowed by con-
densation and disappearance of the dye in surrounding BC. The dye
retention in the cells should also be noted. (B) The decay of hepatocel-
lular CF fluerescence. Hepatocellular CF concentrations in the grafts
treated with (closed clrcles) or without {open clrcles) probenecid were
plotted semilogarithmically against the time so that a straight line
represents an exponential curve. Inset: the calibration curve indicating
the relationship between concentrations of CF and 8-bit gray levels.
[CFapp]: apparent concentrations of CF. CF concentrations were linearly
related to gray levels at concentrations less than 3 wmol/L (2 = 0.996,
P <.05). (C) Differences in half-life time (T} of CF exclusion from
hepatocytes. Values are mean * SE of five separate experiments in each
group. *P < .05 compared with the data from contral livers. EHBR: grafts
isolated from Eisai hyperbilirubinemia rats. PB: grafts perfused with 1.5
mM probenecid.

Fig. 5A), the CF concentrations in bile transiently increased
and gradually returned to the basal level, Such a transient
increase was not observed either in the presence of probene-
cid (shaded circles), or in the grafts isolated from EHBRs
{closed circles), suggesting that Mrp2 is responsible for bili-
ary CF excretion. When the CF exclusion was analyzed in
the whole liver grafts stored for 8 and 16 hours, the decay
appeared to be slower than that of the controls. Using the
data collected from the 8-hour ischemic grafts, logarythmic
values of the CF concentrations versus those at the peak (10
minutes) in bile samples were replotted as a function of
reperfusion time (Fig. 5B). The T'; values of the dye exclu-
sion were then compared between the grafts treated with and
without the KC depletion. In the livers untreated with LDD
[KC(+)}, the 8-hour cold ischemia exhibited prolonged Ty
values compared with the controls. Such a difference in Ty,
between the two groups completely disappeared in the KC-
depleting grafts. It is noteworthy that in the non—cold isch-
emic control livers, the KC-depleting procedure by itself did
not alter the T, values; this indicates that the ameliorating
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fig. 5. Alterations in the abllity of liver grafts to excrete CF into bile upon
cold ischemia reperfusion. (A) Differences in time course of the biliary CF
excretion in grafts exposed to varied lengths of cold ischemia. Open circles:
control grafts perfused right after removing 1.5 mM probenecid, an Mrp2
inhibitor. Open and shaded squares: grafts undergoing 8- and 24-hour cold
storage followed by reperfusion in the absence of probenecid, respectively,
Shaded circles: grafts normoperfused in the presence of probenecid. Closed
circles: nomoperfused grafts isolated from EMBRs, Values are mean = SE
of five separate experiments. Ty: time when probenecid was removed from
the perfusate. Inset: a linear refationship between the CF concentration and
fluorescence intensities. (B} Alterations in relative CF concentrations in bile
collected at vared duration of reperfusion and effects of the deplefion of KCs.
Left: differences in the decay of biliary CF excretion between cortrol (broken
lines) and 8-hour stored liver grafts (soltd lnes). Right: effects of KC
depietion by intravenous LDD. Open circles: control (broken Unes). Open
squares: 8-hour stored grafts (solld Hnes). Data represent mean * SE of
measurement from four separate experiments, *P < .05 compared with the
decays of CF exclusion in control fivers, (C) Effects of KC depletion [KC{—)]
by LDD and/or treatment with OKY-045 (QKY), an inhibitor of TXA, synthase,
on lengthening Ty,; values in the 8-hour cold storage bivers, IM: indometh-
acin. Cancentrations of OKY-046 and indomethacin In the storage and rinse
solitions were 240 and 28 pmol/L, respectively. Note that an infibitory
action of 0KY-(46 disappears in the KC-depleting grafts. Values are mean +
SE of five to six separate experiments, *P << .05 compared with the data
from control livers. fP <05 compared with the data In the 8-hour stored
grafts,

effect of the KC depletion became evident only when the
grafts experienced cold ischemia reperfusion.

To reveal mechanisms through which KCs in the 8-hour
cold ischemic grafts caused prolonged CF excretion through
Mrp2, we examined the involvement of TX, a major prosta-
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noid released from activated KCs under post—cold ischemic
conditions.37-38 To this end, the effects of OKY-046, an in-
hibitor of TXA; synthase, were examined, As seen in Fig.5C,
application of this reagent at 240 pimol/L to the storage and
rinse solutions abolished an increase in T, values of the CF
exclusion almost completely. Because the TXA, synthase in-
hibitor might increase availability of arachidonic acid to syn-
thesize other prostanoids (e.g, PGE; and PGF,,), we
examined if indomethacin, an inhibitor that suppresses all
the prostanoids produced via the cyclooxygenase pathway
(including TX} could attenuate or aggravate the Ty, values.
As shown, this inhibitor also attenuated the prolonged T,
values almost completely. Furthermore, effects of OKY-046
on the 8-hour cold ischemic grafts disappeared when KC was
depleted, suggesting that the involvement of TX is KC-de-
pendent.

Intracellular Relocalization of Mrp2 by 8-hour
Cold Ischemia and Its Attenuation by KC Depletion.
Because KCs are known to down-regulate Mrp2 in endo-
toxin-treated livers,? we examined if such a change could
be involved in the mechanisms for the dysfunction of the
transporter. As shown by Western blot analysis, amounts
of Mrp2 protein were unchanged in the 8-hour cold isch-
emic grafts (Fig. GA) as well as in the 24-hour ischemic
grafts (data not shown). We also examined if the protein
by itself was oxidatively modified as a consequence of
postischemic oxidative insults. However, no apparent
changes were found as judged by immunoprecipitation
using the anti-acrolein antibody. An examination was
then performed to determine whether or not hepatocel-
lular localization of the protein is modified in the 8-hour
cold ischemic grafts. As seen in Fig. 6B, its localization in
BC was markedly reduced, while the background fluores-
cence in cytoplasm of hepatocytes was elevated in the
8-hour ischemia-reperfused grafts. As seen in the lower
panels of Fig. 6, double-immunostaining with ZO-1
(green) revealed that colocalization of Mrp2 (red) in BC
was markedly distupted, while its intensities in the cyto-
plasm were elevated, suggesting the internalization of the
protein. Such changes were attenuated in the grafis
treated with KC depletion or OXY-046. The %lI-
Mrp2(cyt/bc) values—an index for internalization—in-
dicated that the 8-hour cold ischemia-reperfusion
significantly enhanced the Mrp2 internalization and that
treatment with KC depletion or with blockade of TXA,
synthase improved BC relocalization of the transporter.

We identified differences in the hepatic contents of
ATP and cAMP in the KC(+) and KC(—) grafts after the
8-hour cold ischemia-reperfusion, but there was no nota-
ble significance between the two groups (3.4 = 0.9 vs.
2.9 * 1.1 wmol/g liver in ATP contentand 8.9 = 1.0 vs.
9.2 = 0.5 pmol/g liver in cAMP content). These results



1106 KUDO ET AL. HEPATOLOGY, April 2004
A MRPZ Y r i e+ 4 190kd
Anti-acrolein < 190 kd
M Control 8h/R

B
Control

8 hr/ R,
KC{+)

8 he/ R,
KC{-)

8 h/R.
OKY

5i29°.

Frequency (%)
a8

B2

-1

Frequency (%6)
=
]

o
5
g

1
&

8

nla‘c' o=y

Frequency (25)

« &« 5 100

Frequency {%5)

M 0 & 190
% FMmp2 (cyiix)

Fig. 6. Disruption of intracellular distribution of M2 in liver grafis exposed to 8-hour cold ischemia and 60-minute reperfusion (8-hour/R), and
effects of KC-depleting procedure [KC{—)] or treatment with OKY-046 (OKY). (A) Western blot analysis and immunoprecipitation of M2 by the
anti-acrolein monoelonal antibody (5F6). M: molecular marker. (B) Immunofiuorescence analysis of Mip2 distribution. Left: single staining with the
anti-Mrp2 monoclonal antibody (MjlIl-6) labeled with phycoerythrin {(bar = 30 @m). Right double immunostaining with the FITC-labeled Z0-1
antibody and the phycoenthrin-labeled M;lll-6 antibody (bar = 10 um). (C) Semiquantitative analyses of hepatocellular Mrp2 localization.
%I-Mrp2{cyt/be); cytoplasmic intensities of Mrp2-associated immunoreactivities versus those measured at BC. Values are mean * SE of
measurements in 40 to 60 hepatocytes/graft from four separate livers, *F < .05 compared with the data from control livers. TP < .05 compared

with the data collected from the 8-hour/R-KC{+) group.

suggest that amelioration of intracellular retrieval of this
ATP-binding protein by the KC depletion did not result
from alterations in tissue contents of ATP and cAMP.

Discussion

This study provided evidence that the impaired ability
of hepatocytes to carry out the Mrp2-dependent excretion

of organic anions is an early event during graft dysfunc-
tion caused by cold ischemia, followed by a short duration
of reperfusion. This change in hepatocytes was subtle and
not associated with necrosis; nevertheless, it was critical
enough to cause an imbalance between the cellular gener-
ation and excretion of glutathione and bilirubin at the
level of the whole graft. Extending the duration of cold
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ischemia up to 16 hours induced dysfunction of BC as
characterized by their disappearance and dilation, while
their polygonal networks were kept intact unless the du-
ration of cold storage exceeded 8 hours. To our knowl-
edge, it remains unknown whether or not such a
nonnecrotic dysfunction of hepatocytes exposed to a rel-
atively short period of cold ischemia could be mediated by
postischemic responses of sinusoidal cells involving KCs.
As this study shows, the reduced ability of hepatocytes to
excrete organic antons via Mrp2 was completely restored
by depleting KCs, suggesting involvement of these sinu-
sotdal cells in the mechanisms of the dysfunction.

The impairment of Mrp2-mediated transport in the
8-hour post~cold ischemic grafts results from cytoplas-
mic relocalization of this transporter from canalicular
membrane, not from distuption of BC networks or oxi-
dative self-modification of the transporter. This is consis-
tent with our previous observation that 8-hour cold
ischemia and reperfusion does not exhibit evidence of
oxidative stress in liver grafts.¥ Alterations in cAMP, a
determinant for BC sorting of Mrp2,3%4041 are unlikely
to play a role in the KC-mediated dysfunction, because its
content did not differ irrespective of the presence of KCs.
Heparocellular content of ATP is another determinant of
transporter function; however, it most likely plays a small
role (if any) in the mechanisms, because any differences
were not notable between the KC-depleting and control
grafts having undergone 8-hour cold ischemia. Because
KC depletion did not alter the ability of Mrp2 to excrete
organic anions in normal livers, such an alteration of the
transporter function in the grafts appears to result from
responses of KCs that cannot be triggered unless the graft
undergoes cold ischemia reperfusion. Although detailed
mechanisms remain unknown, the present results suggest
involvement of TXA; synthase, the enzyme responsible
for TXs, a major class of prostanoids released from
KCs.37:38 The observation that the preventive effect of the
enzyme inhibitor was completely cancelled in the KC-
depleted grafts led us to suggest that KCs constitute a
major source of TXs that trigger internalization of Mrp2
into the cytoplasm of hepatocytes. Although TXA; has
been thought to exert potent biologic actions on various
types of cells, previous studies provided evidence that
TXB,, a relatively stable metabolite of TXA;, is able to
activate nonlysosomal proteinases and thereby triggers
bleb formation of primary cultured heparocyres.4? Thus,
further mechanisms by which KC-derived TXs cause hep-
atocellular dysfunction should be necessary.

The newly developed method of dye exclusion analyses
from grafts preloaded with controlled amounts of CF re-
vealed that relocalization of Mrp2 occurs at hepatocellular
levels and results in significant deterioration of the whole-

KUDO ET AL. 1107

graft function. As seen in Fig. 3, the 8-hour storage sig-
nificantly reduced biliary glutathione excretion without
showing any change in tissue content. Because this or-
ganic anion serves as the major substance yielding the
osmotic driving force for bile acid~independent bile for-
mation, its reduction in bile could result in a decrease in
outpuc. This notion is also consistent with our observa-
tion that 8-hour stored grafts displayed a significant re-
duction of output.

In this context, the imbalance between endogenous
generation and biliary excretion of BR-IXa in the grafts is
of great interest. As seen in Fig. 2, the control liver can
excrete approximately 75% of endogenous BR-IXe into
bile within 20 minutes of perfusion, which is consistent
with our previous studies.2* On the other hand, such a
rapid elimination of bile pigment did not occur in the
16-hour cold ischemic grafts. As judged by biliary con-
centrations of BR-IXa (Fig, 2E), the absolute amounts of
the pigment were elevated but never decreased compared
with the non-cold ischemic control grafts. Because
amounts of BR-IXe released into circulation were negli-
gible (data not shown), these results suggest that the cold
ischemic grafts synthesize greater amounts of the pigment
during the initial 20-minute reperfusion than those ex-
pected from their capacity to excrete it into bile. This
notion is in good agreement with our observation that the
graft induces heme oxygenase-1, the stress-inducible en-
zyme for heme degradation.*3 This event is of pathophys-
iologic importance with regard to antioxidative stress
responses of post—cold ischemic grafis. We have recently
reported that low-dose bilirubin can ameliorate oxidarive
stress and thereby protect post-cold ischemic liver grafts,
although it is obviously harmful in excessive doses.3!43 [n
the prafts exposed to cold ischemia, reperfusion could
cause two important events that critically dictate hepatic
bilirubin metabolism: increased heme degradation and
decreased excretion of BR-IXe through Mrp2. Thus,
combined actions of these two events could result in ac-
cumulation of this antioxidant sufficient enough to pro-
tect hepatocytes, while their prolonged effects lead to
hepatocellular damages and hyperbilirubinemia in the
later period of reperfuision.

KCs are potent generators of eicosanoids, while hepa-
tocytes and ATP-binding cassette transporters expressed
on their membrane help their degradation and excretion,
respectively.3®3? On the other hand, antioxidant organic
anions such as glutathione and bilirubin share Mrp for
their excretion into bile in the post—cold ischemic grafts.
Thus, the balance between KC-mediated synthesis of ei-
cosanoids and their removal from hepatocytes could de-
termine redistribution of the antioxidant anions in and
around hepatocytes, thereby dictating funcrional out-
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come of liver transplantation. KC-mediated remodeling
of Mrp-mediated organicanion transport deserves further
studies, provided that quantitative information on intra-
and intercellular kinetics of glutathione and BR-IXa be-
comes available. Such studies could answer if KC-yielded
TX could serve as an early alert mechanism against subse-
quent oxidative stress on liver grafts.
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