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Abstract

AIM: To examine whether antithrombin (AT) could
prevent hepatic ischemia/reperfusion (I/R)-induced
hepatic metastasis by inhibiting tumor necrosis factor
(TNF)-a-induced expression of E-selectin in rats.

METHODS: Hepatic I/R was induced in rats and mice
by clamping the left branches of the portal vein and the
hepatic artery. Cancer cells were injected intrasplenically.
The number of metastatic nodules was counted on day 7
after I/R. TNF-a. and E-selectin mRNA in hepatic tissue,
serum fibrinogen degradation products and hepatic
tissue levels of 6-keto-PGFi., a stable metabolite of PGI2,
were measured.

RESULTS: AT inhibited increases in hepatic metastasis
of tumor cells and hepatic tissue mRNA levels of TNF-o
and E-selectin in animals subjected to hepatic I/R.
Argatroban, a thrombin inhibitor, did not suppress any
of these changes. Both AT and argatroban inhibited
I/R-induced coagulation abnormalities. I/R-induced
increases of hepatic tissue levels of 6-keto-PGFi«
were significantly enhanced by AT. Pretreatment with
indomethacin completely reversed the effects of AT.
Administration of OP-2507, a stable PGI. analog, showed
effects similar to those of AT in this model. Hepatic
metastasis in congenital AT-deficient mice subjected
to hepatic I/R was significantly increased compared to
that observed in wild-type mice. Administration of AT
significantly reduced the number of hepatic metastases
in congenital AT-deficient mice.

CONCLUSION: AT might reduce I/R-induced hepatic
metastasis of colon cancer cells by inhibiting TNF-a-
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induced expression of E-selectin through an increase
in the endothelial production of PGI.. These findings
also raise the possibility that AT might prevent hepatic
metastasis of tumor cells if administered during the
resection of liver tumors.
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INTRODUCTION

Hepatic ischemia/reperfusion (I/R) is sometimes induced
by temporary clamping of the portal triad during resection
of a liver tumor and a portal vein for advanced pancreatic
head cancer'™?, Hepatic I/R may promote hematogenous
liver metastases of cancer cells that detach during the
surgical procedure”. Endothelial leukocyte adhesion
molecules such as E-selectin and intercellular adhesion
molecule-1 have been demonstrated to be critically
involved in the adhesion of tumor cells to endothelial
cells, thereby promoting the metastasis of tumor cells™™,
Expression of these adhesion molecules in endothelial
cells is markedly enhanced by pro-inflammatory cytokines
such as tumor necrosis factor (TNF)-o, which plays a
critical role in the development of I/R-induced liver
injuryp’ .

Antithrombin (AT), a physiological serine protease
inhibitor, plays a critical role in the regulation of the
coagulation cascade!'". In addition to such regulatory
role in the coagulation system, AT exerts an anti-
inflammatory activity by increasing the endothelial
production of prostacyclin (PGIz2), which is capable
of inhibiting TNF-a production by monocytes' >,
According to this anti-inflammatory property, AT reduces
I/R-induced liver injury by inhibiting TNF-a« production
in rats"> '), These observations suggest that AT might
reduce I/R-induced hepatic metastasis of cancer cells
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by decreasing the exptression of leukocyte adhesion
molecules such as E-selectin through an increase in the
endothelial production of PGle. In the present study, we
have examined whether AT could reduce the metastasis of
cancer cells injected intrasplenically in rats and congenital
AT-deficient mice subjected to hepatic I/R.

MATERIALS AND METHODS

Reagents

AT and argatroban ((2R,4R)4-methyl-{N*-[(3-
methyl-1,2,3,4, tetrahydro-8-quinolyl) sulfonyl]-L-arginyl}-
2-piperidinecarboxylic acid monohydrate) were obtained
from the Mitsubishi-Welpharma Co., Ltd. (Osaka, Japan).
OP-2507 (15 cis-(4-n-propylcyclohexyl)-16,17,18,19,20-
pentanor-9-deoxy-6,9-a-nitrilo-prostaglandin F1 methyl
ester), a prostacyclin analog, was obtained from the Ono
Pharmaceutical Co., Ltd. (Osaka, Japan). Indomethacin
(IM), xylazine and RPMI 1640 were purchased from Sigma
(St. Louis, MO, USA). Penicillin G, streptomycin, and
fetal bovine serum (FBS) wete obtained from Invitrogen
(Gaithersburg, MD, USA). Ketamine hydrochloride was
purchased from Parke-Davis (Morris Plains, NJ, USA). All

other reagents wete of analytical grade.

Animals

Pathogen-free male Fisher 344 (FF344) rats, weighing
180-210 g, and C57BL/6 mice, weighing 18-22 g, were
obtained from Clea Japan (Tsukuba, Japan). Congenital
AT-deficient mice (AT") were kindly provided by Dr.
Kojima, Nagoya University. Plasma levels of AT in AT
mice were about 50% of that in wild type!'”. Care and
handling of the animals were in accordance with the
National Institute of Health guidelines and the animals
were fed standard animal chow and water. All the animal
experiments were carried out in a humane manner after
receiving permission from the Animal Experiment
Committee of the university and in accordance with
the Regulation of Animal Experiment and Japanese
Governmental Law.

Cell lines

RCN-H4 cells, derived from hepatic metastasis of a 344
rat colon adenocarcinoma cell line, were provided by
RIKEN Cell Bank (Tsukuba, Japan)'™ ', RCN-H4 cells
were maintained in RPMI 1640 supplemented with 100
mL/L heat inactivated FBS, 100 kU/L penicillin G and
100 mg/L streptomycin in a humidified 950mL/L ait-50
mL/L COz2 at 37 ‘C. B16-F10 melanoma cells, which
are syngeneic to C57BL/6 mice, were gifted from Cell
Resource Center of Tohoku University (Sendai, Japan).
B16-F10 cells were maintained in the same medium that
was used for RCN-H4 cell culture.

Rat hepatic metastasis model

Under anesthesia with diethyl ether, F344 rats underwent
laparotomy. Warm ischemia of the median and left
hepatic lobes was induced by clamping the left branches
of the portal vein and the hepatic artery. The right lobe
was perfused to prevent intestinal congestion. During
the period of hepatic ischemia, the rat’s abdomen was

covered with a plastic wrap to prevent dehydration. AT
(500 U/kg) and OP-2507 (3 ng/kg) were dissolved in double
distilled water, and administered intravenously 20 min after
ischemia. Argatroban (1 mg/kg) and IM (5 mg/kg) were
administered subcutaneously 30 min prior to ischemia.
After 30 min of ischemia, the clamp was removed and
the right lobe and caudate lobe were resected to prevent
shunting to them after reperfusion with 4-0 silk. After
resection of the right and caudate lobes, RCN-H4 cells
(2x10° cells/rat) were intrasplenically administrated using
a 30-gauge needle and the wound was closed with 3-0 silk.
Sham-operated animals underwent the same operation but
without clamping. During the surgical operation, the rat’
s body temperature was kept between 35.5 ‘C and 36.5 C
by using a heating pad. The rates of breathing and heart
beating were stable during the operation. None of the
animals died until the 7" day after the operation.

Mouse hepatic metastasis model

The same surgical procedure as for F344 rats was
performed for every mouse except for the anesthesia
method (ketamine, 75 mg/kg body weight plus xylazine,
25 mg/kg body weight) and ischemia time (60 min). After
resection of the right and the caudate lobes, B16-F10 cells
(2x10° cells/mouse) were intrasplenically administrated.
AT (500 U/kg) was administered 10 min before
reperfusion. None of the animals died until the 7" day
after the operation.

Calculation of hepatic metastatic nodules

Animals were killed on the 7" day after the operation.
The liver was removed, fixed with 10% buffered formalin
for a few days, and cut into slices, each about 4 mm thick
serially. These slices were stained with hematoxylin-eosin.
The number of metastatic nodules was counted under
a dissecting microscope (Olympus, Tokyo, Japan) at a
magnification of X100. The liver slice area was calculated
with IP Lab software (Solution Systems Co., Ltd.) on a
Macintosh computer. The number of metastatic nodules
was normalized by the slice area (nodule number/cm?).

Measurement of serum concentration of fibrin and
fibrinogen degradation products

Ninety minutes after reperfusion, blood samples were
collected in tubes containing 0.1 volume of 38g/L sodium
citrate. Blood was centrifuged at 2 000 r/min for 10 min.
Serum levels of fibrinogen degradation products (FDP (E))
were measured by a latex agglutination assay, as previously
described™”.

Assay for 6-keto-PGF1.. in liver

Levels of 6-keto-PGFis, a stable metabolite of PGIz, in
liver tissue were measured as described previously“s’ 2
In brief, tissue samples were weighed and homogenized
in 0.1 mol/L phosphate buffer (pH 7.4) containing
0.5 g/L sodium azide. The homogenate was centrifuged
(2 000 t/min, at 4 ‘C for 10 min) and the supernatant was
stored at -80 C until measurement. The concentration
of 6-keto-PGFi« was determined with a specific enzyme
immunoassay kit (Amersham, Buckinghamshire, UK). The
results were expressed as nanograms of 6-keto-PGFi« per
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RNA extraction and cDNA synthesis ; -
Total RNA was isolated after homogenization of the tissue
samples in TRIzol reagent according to the manufacturer's
instructions. RNA was reverse transcribed into cDNA in 0 -
a 20-uL reaction volume containing 2 ul. RNA (1 pg) in am R R R IR 1R
Saline AT Argatroban AT  OP-2507
RNase-free water, 2 ul. of 10X RT buffer, 4.4 ul. of 25 o

mmol/L MgClz, 4 ul. deoxy N'TPs mixture, 1 pl. random
hexamers, 0.4 ul. RNase inhibitor, and 0.5 pl. multiscribe
reverse transcriptase (50 MU/L). Reverse transcription was
petformed at 25 C for 10 min, at 37 ‘C for 60 min, and
at 95 “C for 5 min, followed by quick chilling on ice and
storage at 4 ‘C until subsequent amplification.

Real-time quantitative reverse transcription-polymerase
chain reaction (RT-PCR)

Real-time quantitative RT-PCR analysis was performed in
triplicate using the ABI PRISM 7700 Sequence Detection
System instrument and software (Applied Biosystems,
Foster City, CA, USA). The primers and probes for the
TaqMan system were designed using Primer Express
software (Applied Biosystems) and synthesized using PE
ABI (Weiterstadt, Germany). The 5-end nucleotide of
the probe was labeled with a reporter dye (FAM). The
sequences of the PCR primer sets and probes used for
each gene were purchased from TaqgMan Gene Expression
Assays (Applied Biosystems). The reaction conditions
and PCR cycles were set according to the manufacturer’s
directions.

Statistical analysis

All data were expressed as meanSD. The results were
compared using an analysis of variance (ANOVA)
followed by Scheffe’s test. An associated probability of
P<0.05 was considered to be statistically significant.

RESULTS

Effects of AT and argatroban on I/R-induced increase of
hepatic metastasis in rats
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Figure 2 Changes in hepatic tumor necrosis factor (TNF)-o. mRNA levels (A) and
effects of antithrombin (AT) and various agents on TNF-o. mRNA levels (B) in rats
subjected to hepatic ischemia/reperfusion (I/R). °P<0.01 vs pre-ischemia. °P<0.01
vs sham and I/R+saline.

When intrasplenically injected, colon cancer cells formed
a significant number of metastatic nodules in the liver of
rats subjected to hepatic I/R on d 7 after the injection of
cancer cells. The number of metastatic nodules in animals
subjected to hepatic I/R was 13.6-fold than that observed
in sham-operated animals (Figure 1). AT significantly
inhibited the increase in the number of metastatic nodules
in animals subjected to hepatic I/R (Figure 1). In contrast,
argatroban, a synthetic selective inhibitor for thrombin,
had no effect on this increase (Figure 1).

Effects of AT and argatroban on hepatic I/R-induced
increase of TNF-o. mRNA in hepatic tissue

Hepatic tissue levels of TNF-a mRNA did not
significantly increase in sham-operated animals, while
these significantly increased 30 min after hepatic I/R and
decreased thereafter to pre-ischemia levels (Figure 2A).
AT significantly inhibited the I/R-induced increases in the
hepatic tissue TNF-a mRNA levels, whereas argatroban
did not inhibit these increases (Figure 2B).

Effects of AT and argatroban on hepatic I/R-induced
increase of E-selectin mRNA in hepatic tissue

Although hepatic tissue levels of E-selectin mRNA did
not increase in sham-operated animals, these levels began
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Figure 3 Changes in hepatic E-selectin mRNA levels (A) and effects of
antithrombin (AT) and various agents on E-selectin mRNA levels (B) in rats
subjected to hepatic ischemia/reperfusion (I/R). °P<0.01 vs pre-ischemia. °P<0.01
vs sham and I/R+saline.

to increase 60 min after reperfusion, peaking at 120
min after reperfusion in animals subjected to hepatic I/R
(Figure 3A). AT significantly inhibited the I/R-induced
increases of E-selectin mRNA levels observed in hepatic
tissue 120 min after reperfusion, whereas argatroban did
not inhibit these increases (Figure 3B).

Effects of AT and argatroban on I/R-induced increase of
serum FDP(E)

Serum levels of FDP(E) significantly increased after
reperfusion, peaking 90 min after reperfusion in animals
subjected to hepatic I/R, while these levels did not
increase in sham-operated animals (Figure 4A). Both AT
and argatroban inhibited the hepatic I/R-induced increases
of serum FDP(E) observed 90 min after reperfusion
(Figure 4B).

Effect of AT on hepatic tissue levels of 6-keto-PGFi«

To examine whether AT reduced the hepatic I/R-induced
increase in the number of metastatic nodules by promoting
the endothelial release of PGIz, we have analyzed the
effect of AT on the hepatic tissue levels of 6-keto-
PGFi. after reperfusion. Hepatic tissue levels of 6-keto-
PGFi. increased after reperfusion, peaking 90 min after
reperfusion (Figure 5A). These levels were significantly
higher in the I/R group than in sham-operated animals
(Figure 5B). Administration of AT significantly enhanced

Figure 4 Changes in serum concentrations of fragment E of fibrin and fibrinogen
degradation products (FDP(E)) (A) and effects of antithrombin (AT), argatroban
and AT+indomethacin (IM) on serum concentrations of FDP(E) (B) in rats after
hepatic ischemia/reperfusion (I/R). °P<0.01 vs pre-ischemia. °P<0.01 vs sham and
I/R+saline.

the I/R-induced increases in hepatic levels of 6-keto-
PGFi« 90 min after reperfusion, whereas argatroban did
not (Figure 5B).

Effect of IM on anti-metastatic effect of AT observed in our
experimental model

The anti-metastatic effect of AT was not observed in
animals pretreated with IM which is known to inhibit
cyclooxygenases (Figure 1). AT did not inhibit hepatic
I/R-induced increases of TNF-a and E-selectin mRNA
in hepatic tissue from animals pretreated with IM (Figures
2B and 3B). Hepatic I/R-induced increases in serum levels
of FDP(E) were inhibited by AT in animals pretreated
with IM (Figure 4B). Pretreatment of animals with IM
significantly inhibited increases in hepatic tissue levels of
6-keto-PGFi« in animals given AT 90 min after reperfusion
(Figure 5B).

Effect of OP-2507 on hepatic I/R-induced increase in the
number of metastatic nodules and hepatic tissue levels of
TNF-o. and E-selectin mRNA

To determine whether PGI2 inhibited I/R-induced increase
in the number of hepatic metastases, we have examined
the effect of OP-2507 on the I/R-induced increase in the
number of hepatic metastatic nodules. As shown in Figure 1
, the increase in the number of metastatic nodules in
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animals subjected to hepatic I/R was significantly inhibited
by OP-2507. OP-2507 inhibited the I/R-induced increases
in hepatic tissue levels of TNF-a and E-selectin mRNA
observed 30 and 120 min after reperfusion, respectively
(Figure 2B and 3B).

Hepatic I/R-induced metastasis of B16-F10 cells in
congenital AT-deficient mice

To know whether endogenous AT also inhibited hepatic
metastasis of B16-F10 cells injected intrasplenically, we
have compared the number of hepatic metastatic nodules
observed after I/R in congenital AT-deficient mice (ATH’)
with that observed in wild-type C57BL/6] mice. The
hepatic I/R-induced increase in the number of hepatic
metastatic nodules observed 7 d after reperfusion was
significantly higher in congenital AT"" mice than in wild
type mice (Figure 6). AT decreased the number of hepatic
metastatic nodules in AT mice subjected to hepatic I/R
(Figure 0).

DISCUSSION

In the present study, AT reduced the hepatic I/R-induced
increase of hepatic metastasis in rats to which colon
cancer cells were intrasplenically injected. TNF-a is a
pro-inflammatory cytokine that increases the expression
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Since thrombin increases the expression of E-selectin by
activating protease-activated receptor-1 on endothelial
cells™ AT might inhibit the hepatic metastasis of colon
cancer cells by inhibiting thrombin activity. However, this
possibility seemed less likely, since argatroban, a selective
inhibitor of thrombin that inhibited hepatic I/R-induced
increases of serum FDP (E) to the same extent as AT,
did not inhibit the development of hepatic metastases in
the present study. We have previously reported that AT
inhibits hepatic I/R-induced increases in hepatic tissue
levels of TNF-a by promoting the I/R-induced increase
in endothelial production of PGL"". Consistent with this
report is the present observation demonstrating that AT
enhanced the hepatic I/R-induced increases in hepatic
tissue levels of 6-keto-PGFi.. Pretreatment with IM
reversed the effects of AT, including the inhibition of
metastasis and increases in hepatic tissue levels of both
TNF-o and E-selectin mRNA, suggesting that AT might
inhibit hepatic I/R-induced increase in the metastasis of
colon cancer cells by increasing endothelial production of
PGle. Furthermore, OP-2507, a stable derivative of PGz,
showed effects similar to those of AT, supporting the
hypothesis described above.

Hepatic metastasis of intrasplenically injected cancer
cells was significantly increased in heterozygous congenital
AT-deficient mice whose plasma AT level is about half
that of wild type mice"” and replacement of AT in
congenital AT-deficient mice reversed this increase in
hepatic metastasis in the present study. These observations
suggest that endogenous AT as well as AT given
intravenously might be critically involved in the inhibition
of hepatic I/R-induced increase of hepatic metastases in
our experimental model.

Although the findings of the present study strongly
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suggest that AT might inhibit the metastasis of colon
cancer cells via the promotion of endothelial production
of PGly, it is possible that a direct inhibition of tumor cell
growth by AT also contribute to the inhibition of hepatic
I/R-induced increase of colon cancer cell metastases.
Our preliminary experiments using the monotetrazolium
assay demonstrated that AT (5 kU/L) significantly inhibits
the growth of RCN-H4 cells after incubation for 48 K
Therefore, although IM pretreatment abrogated the anti-
metastatic effect of AT in the present study, a direct effect
of AT on cancer cell growth might contribute, at least in
part, to the anti-metastatic effect of AT. This possibility
should be further examined in future experiments.

AT concentrates are currently available for the
treatment of disseminated intravascular coagulation and
thrombosis in the clinical setting™ . The findings of the
present study raise the possibility that AT concentrates
can effectively prevent hepatic metastasis of cancer cells
during hepatectomy. These possibilities should be further
examined in the clinical setting in the near future.
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