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Background: Coagulation disturbances in several liver diseases lead to thrombin generation,

which triggers intracellular injury via activation of protease-activated receptor-1 (PAR-1).

Little is known about the thrombin/PAR-1 pathway in hepatic ischemia-reperfusion injury

(IRI). The present study aimed to clarify whether a newly selective PAR-1 antagonist,

vorapaxar, can attenuate liver damage caused by hepatic IRI, with a focus on apoptosis and

the survival-signaling pathway.

Methods: A 60-min hepatic partial-warm IRI model was used to evaluate PAR-1 expression

in vivo. Subsequently, IRI mice were treated with or without vorapaxar (with vehicle). In

addition, hepatic sinusoidal endothelial cells (SECs) pretreated with or without vorapaxar

(with vehicle) were incubated during hypoxia-reoxygenation in vitro.

Results: In naı̈ve livers, PAR-1 was confirmed by immunohistochemistry and immunoflu-

orescence analysis to be located on hepatic SECs, and IRI strongly enhanced PAR-1

expression. In IRI mice models, vorapaxar treatment significantly decreased serum

transaminase levels, improved liver histological damage, reduced the number of apoptotic

cells as evaluated by terminal deoxynucleotidyl transferase dUTP nick end labeling

staining (median: 135 versus 25, P ¼ 0.004), and induced extracellular signal-regulated ki-

nase 1/2 (ERK 1/2) cell survival signaling (phospho-ERK/total ERK 1/2: 0.96 versus 5.34,

P ¼ 0.004). Pretreatment of SECs with vorapaxar significantly attenuated apoptosis and

induced phosphorylation of ERK 1/2 in vitro (phospho-ERK/total ERK 1/2: 0.66 versus 3.04,

P ¼ 0.009). These changes were abolished by the addition of PD98059, the ERK 1/2 pathway

inhibitor, before treatment with vorapaxar.

Conclusions: The results of the present study revealed that hepatic IRI induces significant

enhancement of PAR-1 expression on SECs, which may be associated with suppression of

survival signaling pathways such as ERK 1/2, resulting in severe apoptosis-induced hepatic

damage. Thus, the selective PAR-1 antagonist attenuates hepatic IRI through an anti-

apoptotic effect by the activation of survival-signaling pathways.
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Introduction Therefore, the aim of the present study was to elucidate
Hepatic ischemia-reperfusion injury (IRI) is a serious cause of

liver damage that occurs during liver resection and trans-

plantation.1 Multiple mediators and signaling pathways

contribute to the pathophysiology of hepatic IRI and cause

direct cellular injury as a result of inflammation and apoptotic

cell death.2,3 Because the liver is responsible for the synthesis

of the majority of coagulation factors,4 liver failure caused by

several diseases, including hepatic IRI, results in significant

changes to the hemostatic system. Indeed, some studies have

shown that the development of hepatocellular injuries in

acute and chronic liver diseases such as obstructive jaundice

and nonalcoholic fatty liver disease is associated with the

activation of the blood coagulation cascade.5-7 Coagulation

cascade activation results in the generation of thrombin, a

pluripotent serine protease, which triggers intracellular

signaling in numerous cells through the activation of

protease-activated receptor-1 (PAR-1),8 causing inflammation,

apoptotic cell death, and cellular injury.9-11

PAR-1, amember of a large family of seven transmembrane

domain G-proteinecoupled receptors, was first identified as a

major high-affinity receptor of thrombin.12 Because PAR-1 is

also activated by activated protein C (APC),13 PAR-1 elicits

paradoxical signaling responses depending on whether it is

activated by thrombin or APC. In the signaling bias of PAR-1,

thrombin induces proinflammatory and proapoptotic

signaling,14-16 whereas APC evokes anti-inflammatory and

cytoprotective responses.17-19 In our institution, we previously

investigated the cytoprotective effects of APC-activated PAR-1

signaling in hepatic IRI models. We found that a liver preser-

vation solution containing APC was a potential novel and safe

product for small-for-size liver transplantation,20 and that

APC in steatotic liver attenuated late-phase damage caused by

hepatic IRI via activation of adenosine

monophosphateeactivated protein kinase.21 Recently, Ito

et al.22 further explored signaling through sphingosine-1-

phosphate receptor 1, which is a receptor located

downstream of the APC-activated PAR-1 pathway, and

demonstrated that a sphingosine-1-phosphate receptor 1

agonist attenuated hepatic IRI by protecting sinusoidal endo-

thelial cells (SECs). However, comparative studies on the cat-

alytic efficiency of PAR-1 activation have revealed that APC is

1 � 104 fold less potent than thrombin; therefore, thrombin

has been regarded as the dominant activator of PAR-1.23,24

This finding suggests that thrombin-activated PAR-1

signaling could be a more effective therapeutic target against

hepatic IRI, that is, a selective PAR-1 as opposed to APC

antagonist. In agreement with this concept, several previous

studies in various IRI models, such as the kidney,25 heart,26

and brain,27 reported exacerbation of IRI mediated by

thrombin and/or PAR-1 activation and the protective effects of

PAR-1 antagonism, including a decrease in the number of

pivotal inflammatory cytokines in renal IRI,28 a reduction of

infarct size in myocardial IRI,29 and the attenuation of p38

mitogen-activated protein kinase (MAPK) apoptotic signaling

and neuronal cell death in cerebral IRI.30 However, to our

knowledge, no studies have investigated the efficacy of a PAR-

1 antagonist in hepatic IRI.
the effect of a highly selective PAR-1 antagonist, vorapaxar, in

hepatic IRI using a partial-warm IRI model of mice and an

hypoxia-reoxygenation (H/R) model of hepatic SECs, paying

special attention to the survival-signaling pathway, especially

extracellular signaleregulated kinase 1/2 (ERK 1/2), which is

involved in protection against various stressors.
Materials and methods

Animals

Eight- to nine-week-oldmale C57BL/6mice (20-26 g; Japan SLC

Inc, Hamamatsu, Japan) were used. The experiments were

reviewed and approved by the Animal Care and Use

Committee atMie University Graduate School ofMedicine (No.

28-9) and conducted in compliance with the Guidelines for

Animal Experiments of Mie University Graduate School of

Medicine.
Partial hepatic IRI model

A hepatic partial-warm IRI model was established in mice as

previously reported.21,22 Mice were anesthetized with iso-

flurane, and livers were exposed through a midline laparot-

omy. The arterial and portal venous blood supplies were

interrupted to the cephalad lobes of the liver for 60 min using

an atraumatic clip. The right hepatic and caudate lobes were

perfused to prevent intestinal congestion. After 60 min of

ischemia, the clip was removed, thereby initiating hepatic

reperfusion. At 4 h after reperfusion, the mice were sacrificed

to collect blood and liver tissues.
Measurement of serum transaminases

Serum aspartate transaminase (AST) and alanine trans-

aminase (ALT) levels were measured using a commercially

available kit (Test Wako for transaminase; Wako Pure Chem-

ical Industries Ltd, Osaka, Japan) following themanufacturer’s

instructions.
Dose determination of the PAR-1 antagonist, SCH530348
(vorapaxar)

The potent and highly selective PAR-1 antagonist, SCH530348

(vorapaxar), was purchased from Selleck Chemicals (Houston,

TX). Vorapaxar was dissolved in 100% dimethyl sulfoxide

(DMSO), and the final DMSO concentration was 1%. The mice

in ourmodels were administrated vorapaxar intraperitoneally

to stabilize absorption. In a previous study using a pulmonary

infection model of mice administrated vorapaxar intraperi-

toneally, a cytoprotective effect was reported.31 In addition,

published pharmacokinetic data on vorapaxar administration

by oral gavage in monkeys showed that a dose greater than

100 mg/kg inhibited platelet aggregation.32 Following these

data, we considered that a cytoprotective effect of vorapaxar

might be expected from intraperitoneal administration and
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that a dose of vorapaxar less than 100 mg/kgwasmore suitable

for perioperative use.

To examine the effect of vorapaxar treatment in our he-

patic IRI model based on serum AST levels at 4 h after reper-

fusion, vorapaxar was administrated intraperitoneally at

60 min before ischemia and immediately after reperfusion at

several different doses (n ¼ 4 in each group). As shown in

Supplemental Figure 1, a dose of 5 mg/kg had a significant ef-

fect: 4236 [3688-4918] IU/L in controls versus 2637 [2369-2809]

IU/L in the vorapaxar treatment group (P ¼ 0.021). Accord-

ingly, we decided to administer 5 mg/kg of vorapaxar.

Experimental groups of mice

All mice were randomly allocated to two IRI groups and two

nonischemic controls groups as follows (n ¼ 6 in each group).

The IRI þ vorapaxar group (IRI-1) received intraperitoneal

administration of 5 mg/kg of vorapaxar, whereas the

IRI þ vehicle group (IRI-2) received intraperitoneal adminis-

tration of vehicle (1%DMSO equivalent to that used to dissolve

vorapaxar) at 60 min before ischemia and immediately after

reperfusion. Themice in the IRI groups underwent the surgery

described previously under the same conditions. The

sham þ vorapaxar group (nonischemic controls-1) received

intraperitoneal administration of 5 mg/kg of vorapaxar,

whereas the sham þ vehicle group (nonischemic controls 2)

received intraperitoneal administration of vehicle (1% DMSO

equivalent to that used to dissolve vorapaxar) with the same

timing as that of the IRI groups. The mice in the nonischemic

control groups underwent laparotomy alone under the same

conditions.

Histology

Liver specimens were fixed in a 10% buffered formalin solu-

tion, embedded in paraffin, and processed for hematoxylin

and eosin staining, as previously described.33 The histological

severity of hepatic IRI was graded using a modified Suzuki’s

score.34 In this classification, sinusoidal congestion, hepato-

cyte necrosis, and ballooning degeneration were graded from

0 to 4. No necrosis, congestion, or centrilobular ballooningwas

given a score of 0, whereas severe congestion, ballooning

degeneration, and 60% lobular necrosis were given a score of

4. The results were evaluated by averaging 10 scores in 40

high-power fields per section in a blinded manner.

Immunohistochemistry

Liver specimens embedded in paraffin were deparaffinized

and rehydrated. The monoclonal antibody against mouse

PAR-1 (ATAP2; Santa Cruz, CA) was used as the primary

antibody at a dilution of 1:60. Staining was carried out using

the Vector Mouse on Mouse kit (Vector Laboratories, Burlin-

game, CA) to reduce endogenous mouse Ig staining, following

the manufacturer’s instructions. In Ly6G staining, liver spec-

imens embedded in Tissue-Tek OCT compound (Miles,

Elkhart, IN) and snap-frozen in liquid nitrogen were used for

immunostaining, as previously described.33 Primary antibody

against Ly6G (BioLegend, San Diego, CA) was used at a dilution

of 1:500. The results were evaluated by averaging 10 counts of
the number of Ly6G-positive cells in 20 high-power fields per

section in a blinded manner.

Immunofluorescence analysis

Liver specimens embedded in paraffin were deparaffinized

and rehydrated. The monoclonal antibody against mouse

PAR-1 (ATAP2; Santa Cruz, CA) at a dilution of 1:50 and the

polyclonal antibody against rabbit CD31 (PECAM-1; Santa

Cruz, CA) at a dilution of 1:50 were used as primary antibody.

Fluorescence signals were detected by Alexa Fluor 488

(green)elabeled and Alexa Fluor 594 (red)elabeled secondary

antibodies. Vectashield mounting media with DAPI (Vector

Laboratories, Burlingame, CA) were used for nuclear staining.

Slides were observed through the appropriate filter using a

fluorescence microscope (BX51; Olympus, Tokyo, Japan).

Terminal deoxynucleotidyl transferase dUTP nick end
labeling staining

Terminal deoxynucleotidyl transferase-mediated dUTP nick

end labeling (TUNEL) staining was performed to evaluate

apoptotic cells in both an in vivo study of mice (n ¼ 6 in each

group) and an in vitro study of SECs (n ¼ 4 in each group) using

the In Situ Cell Death Detection Kit (Cat No. 11684795910;

Roche Diagnostics, Temecula, CA), following the manu-

facturer’s instructions.

Paraffin-embedded liver tissue sections were deparaffi-

nized and rehydrated, followed by 350 W microwave irradia-

tion before the TUNEL reaction. On the other hand, SECs

(1 � 105/well) were seeded and cultured overnight in a

collagen-coated chamber slide (Iwaki, Tokyo, Japan). After

confluence, they were exposed to H/R with or without pre-

treatment with vorapaxar, and fixed after the TUNEL reaction.

All samples were analyzed using a fluorescence microscope

(BX51; Olympus, Tokyo, Japan). The results were evaluated by

averaging 10 counts of the number of TUNEL-positive cells in

20 high-power fields per section in a blinded manner.

Western blot analysis

Extraction of total protein from the whole liver or SECs and

Western blot analysis were performed as previously

described.35 In brief, protein-transferred polyvinylidene fluo-

ride membranes (EMDMillipore, Bedford, MA) were incubated

overnight with specific primary antibodies against phospho-

AKT (Ser473; #4060; Cell Signaling Technology, Beverly, MA),

AKT (#4691; Cell Signaling Technology), phospho-ERK 1/2

(Thr202/Try204; #9101; Cell Signaling Technology), ERK 1/2

(#9102; Cell Signaling Technology), cleaved-caspase 9 (Asp330;

#7237; Cell Signaling Technology), caspase 9 (#9508; Cell

Signaling Technology), b-actin (#4967; Cell Signaling Tech-

nology), and PAR-1 (bs-0828R; Biosynthesis Biotechnology Co,

Ltd, Beijing, China) at 4�C, followed by a horseradish

peroxidaseelinked secondary antibody for 2 h at room tem-

perature. After development, membranes were stripped and

reblotted with b-actin antibody. The immunoreactive bands

were detected using the ImageQuant LAS 4000 mini system

(GE Healthcare UK Ltd, Buckinghamshire, UK), and the in-

tensities were then quantified using a densitometry tool (NIH

https://doi.org/10.1016/j.jss.2019.09.044
https://doi.org/10.1016/j.jss.2019.09.044
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ImageJ software; https://imagej.nih.gov/ij/) and normalized to

the internal control (b-actin protein).

Hepatic SECs and H/R models

Human hepatic SECswere purchased from ScienCell Research

Laboratories (San Diego, CA). The H/R models were estab-

lished using an AnaeroPack jar system (Mitsubishi Gas

Chemical Co, Tokyo, Japan), as previously described.36,37 In

brief, SECs (1 � 106/well) were seeded and cultured in an

endothelial cell medium (ScienCell Research Laboratories) on

a 6-well collagen-coated plate at 37�C with 5% CO2 for 24 h.

After confluence, the cells cultured in serum-starved medium

were exposed to hypoxic conditions (<0.1% O2) for 12 h, fol-

lowed by reoxygenation for 4 h.

Experimental groups of SECs

SECs were allocated to two H/R groups and two nonischemic

control groups as follows and then cultured (n ¼ 5 in each

group). The H/R þ vorapaxar group (H/R-1) was pretreated

with 0.3 mM of vorapaxar in the endothelial cell medium for

2 h, whereas the H/R þ vehicle group (H/R-2) was pretreated

with vehicle (DMSO equivalent to that used to dissolve vor-

apaxar) for 2 h, followed by exposure to 12 h hypoxia and 4 h

reoxygenation using an AnaeroPack jar system, respectively.

The sham þ vorapaxar group (nonischemic controls 1) was

pretreated with 0.3 mM of vorapaxar in the endothelial cell

medium for 2 h, whereas the sham þ vehicle group (non-

ischemic controls 2) was pretreated with vehicle (DMSO

equivalent to that used to dissolve vorapaxar) for 2 h, before

incubation without hypoxia with the same timing as that of

the H/R groups, respectively.

For the in vitro study under the inhibition of the ERK 1/2

signaling pathway using a specific MAPK inhibitor (PD98059;

Sigma Aldrich, St. Louis, MO), SECs were preincubated with or

without 10 mM of PD98059 for 2 h followed by treatment with

or without 0.3 mM of vorapaxar. Subsequently, the cells were

exposed to 12 h of hypoxia and 4 h of reoxygenation using the

anaerobic jar system. Thereafter, the following four experi-

mental groups were constructed in vitro (n ¼ 5 in each group):

(1) vehicle alone, (2) vorapaxar alone, (3) PD98059þ vorapaxar,

and (4) PD98059 þ vehicle.

Lactate dehydrogenase assay

Cell cytotoxicity was assessed by measuring lactate dehy-

drogenase (LDH) levels in the supernatant using a Cytotoxicity

LDH Assay Kit-WST (Dojindo, Japan), following the manu-

facturer’s instructions.

Data analysis

Data were expressed as medians and interquartile ranges.

Differences between groups were analyzed using the

ManneWhitney U-test in SPSS (version 24; IBM Corp, Armonk,

NY, USA). Multiple comparisons were performed using the

KruskaleWallis test followed by the ManneWhitney U-test

with the BenjaminieHochberg correction to control the false

discovery rate at the 0.05 level using R (version 3.6.1; R
Foundation for Statistical Computing, Vienna, Austria).

P < 0.05 was considered statistically significant.
Results

PAR-1 was located on SECs and its expression was enhanced
after hepatic IRI

Immunohistochemical analysis revealed that PAR-1 was

located on SECs in both naı̈ve livers (Fig. 1A-a) and livers after

IRI (Fig. 1A-b). Immunofluorescent analysis showed coex-

pression of PAR-1 in green and cluster of differentiation 31

(CD31) in red, a major endothelial marker, in SECs in naı̈ve

livers (Fig. 1B) and livers after IRI (Fig. 1C). In addition, PAR-1

expression was significantly increased after IRI compared

with the naı̈ve group based onWestern blot analysis (PAR-1/b-

actin: 0.94 [0.88-1.08] in naı̈ve, 4.20 [2.03-6.68] after IRI, P¼ 0.01;

Figure 1D).

In Western blot analysis of SECs in vitro, PAR-1 expression

was significantly increased after H/R compared with the naı̈ve

group (PAR-1/b-actin: 1.07 [0.57-1.18] in naı̈ve, 3.41 [3.16-3.41]

after H/R, P ¼ 0.009; Figure 1E). LDH cytotoxicity levels in the

supernatant of SEC cultures after H/R were significantly

higher than those in the naı̈ve group (0.89 [0.86-1.32] in naı̈ve,

29.80 [26.18-29.80] after H/R, P ¼ 0.009; Figure 1F).

The PAR-1 antagonist, vorapaxar, ameliorated
hepatocellular injury

IRI livers treated with vehicle were characterized by sinusoi-

dal vascular congestion (Fig. 2A-a), which was observed

diffusely from the periportal area to the pericentral area, and

congestion was, if anything, severe in the pericentral area. By

contrast, IRI livers treated with vorapaxar showed suppressed

congestion (Fig. 2A-b). Immunohistochemistry of Ly6G-

positive cells, which are known as neutrophil-specific

markers, demonstrated diffuse inflammatory infiltration in

the IRI liver with vehicle (Fig. 2A-c) and vorapaxar (Fig. 2A-d).

The modified Suzuki’s score was significantly lower in the

IRI þ vorapaxar than in the IRI þ vehicle group (6.5 [5.4-7.1] in

IRI þ vehicle, 2.8 [2.0-3.9] in IRI þ vorapaxar, P ¼ 0.004;

Figure 2B). The number of Ly6G-positive cells was not signifi-

cantly different between the IRI þ vehicle and IRI þ vorapaxar

groups (12 [10-15] in IRI þ vehicle, 10 [9-19] in IRI þ vorapaxar,

P ¼ 0.337; Fig. 2C).

As shown in Figure 2D and E, vorapaxar significantly

decreased serum AST and ALT levels compared with vehicle

(AST: 3109 [2766-3665] IU/L in IRI þ vehicle, 1808 [1593-2131]

IU/L in IRI þ vorapaxar, P ¼ 0.006; ALT: 3629 [2180-4331] IU/L

in IRI þ vehicle, 1559 [1408-1837] IU/L in IRI þ vorapaxar,

P ¼ 0.025).

Vorapaxar reduced apoptosis caused by hepatic IRI

Apoptosis of liver specimens after IRI was evaluated by TUNEL

staining in the IRI þ vehicle (Fig. 3A-a) and IRI þ vorapaxar

groups (Fig. 3A-b). Vorapaxar treatmentmarkedly reduced the

number of TUNEL-positive cells that appeared almost

hepatocyte-like, compared with vehicle (135 [120-155] in

https://imagej.nih.gov/ij/
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Fig. 1 e (continued).
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AKT (phospho-AKT/total AKT: 1.06 [0.94-1.15] in IRI þ vehicle,

2.92 [1.83-3.03] in IRIþ vorapaxar, P¼ 0.016; Figure 3F) and ERK

1/2 (phospho-ERK/total ERK 1/2: 0.96 [0.89-1.02] in

IRI þ vehicle, 5.34 [2.71-7.66] in IRI þ vorapaxar, P ¼ 0.004;

Figure 3H). In nonischemic controls, although no significant

difference was seen in AKT phosphorylation between treat-

ment with vorapaxar and vehicle (phospho-AKT/total AKT:

0.57 [0.54-0.65] in sham þ vehicle, 0.57 [0.47-0.63] in

sham þ vorapaxar, P ¼ 0.749; Figure 3E), vorapaxar treatment

significantly mediated phosphorylation of ERK 1/2 compared

with vehicle (phospho-ERK/total ERK 1/2: 0.37 [0.34-0.46] in

sham þ vehicle, 0.61 [0.54-0.78] in sham þ vorapaxar,

P ¼ 0.006; Figure 3G).

Vorapaxar reduced apoptosis of SECs and induced
phosphorylation of AKT and ERK 1/2 in vitro

Apoptotic cells were detected by TUNEL staining in the H/

R þ vehicle (Fig. 4A-a) and H/R þ vorapaxar groups (Fig. 4A-b).

Preincubation of SECs with vorapaxar markedly reduced the

number of TUNEL-positive cells compared with vehicle (39.2

[27.4-49.3] in H/R þ vehicle, 4.0 [3.5-4.9] in H/R þ vorapaxar,

P ¼ 0.021; Figure 4B). According to the results of Western blot
analysis, activation of caspase 9 was significantly attenuated

in SECs pretreated with vorapaxar followed by exposure to H/

R compared with vehicle (cleaved-caspase 9/pro-caspase 9:

1.14 [0.66-1.283] in H/R þ vehicle, 0.41 [0.30-0.54] in H/

R þ vorapaxar, P ¼ 0.047; Figure 4D). In nonischemic controls,

no significant difference was seen in caspase 9 activation be-

tween pretreatment with vorapaxar and with vehicle

(cleaved-caspase 9/pro-caspase 9: 0.105 [0.103-0.109] in

sham þ vehicle, 0.068 [0.065-0.082] in sham þ vorapaxar,

P ¼ 0.076; Figure 4C). In the H/R groups, vorapaxar treatment

markedly induced phosphorylation of both AKT (phospho-

AKT/total AKT: 1.10 [0.81-1.15] in H/Rþ vehicle, 1.93 [1.49-2.10]

in H/Rþ vorapaxar, P¼ 0.047; Figure 4F) and ERK 1/2 (phospho-

ERK/total ERK 1/2: 0.66 [0.61-1.27] in H/R þ vehicle, 3.04

[2.93-4.01] in H/R þ vorapaxar, P ¼ 0.009; Figure 4H). In non-

ischemic controls, no significant difference in AKT phos-

phorylation was found between vorapaxar and vehicle

treatment (phospho-AKT/total AKT: 0.52 [0.49-0.53] in

sham þ vehicle, 0.54 [0.52-0.58] in sham þ vorapaxar,

P ¼ 0.347; Figure 4E). Meanwhile, preincubation with vor-

apaxar significantly induced phosphorylation of ERK 1/2

compared with vehicle (phospho-ERK/total ERK 1/2: 0.13 [0.11-

0.14] in sham þ vehicle, 0.34 [0.29-0.35] in sham þ vorapaxar,
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Fig. 2 e Liver histology and transaminases after hepatic IRI with or without vorapaxar. (A) IRI livers treated with (A) vehicle

were characterized by sinusoidal vascular congestion, which was observed diffusely from the periportal area to the

pericentral area, and congestion was, if anything, severe in the pericentral area. By contrast, IRI livers treated with (B)

vorapaxar showed suppressed congestion (original magnification 3 100). Immunohistochemistry of Ly6G-positive cells

showed inflammatory infiltration in the IRI liver with (C) vehicle or (D) vorapaxar (original magnification 3 100). (B) The

modified Suzuki’s score in the IRI D vorapaxar group was significantly lower than that in the IRI D vehicle group (n [ 6 in

each group). (D) The number of Ly6G-positive cells was not significantly different between the IRI D vehicle and

IRI D vorapaxar groups (n [ 6 in each group; P [ 0.337). In the IRI groups, vorapaxar treatment significantly decreased

serum levels of (D) AST and (E) ALT compared with vehicle (n [ 6 in each group). (Color version of figure is available online.)
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Fig. 3 e Antiapoptotic effect of vorapaxar and phosphorylation of AKT and ERK 1/2 induced by vorapaxar. (A) Apoptosis of

liver specimens after IRI was evaluated by TUNEL staining in the (A) IRI D vehicle group and (B) IRI D vorapaxar group

(original magnification 3 200). (B) The average number of TUNEL-positive cells per field was significantly decreased by

vorapaxar treatment compared with vehicle (n [ 6 in each group). (C) In nonischemic controls, no significant difference was

seen in caspase 9 activation between vorapaxar treatment and vehicle (n[ 6 in each group; P [ 0.297). (D) In the IRI groups,

according to Western blot analysis, vorapaxar treatment reduced activation of caspase 9 compared with vehicle (n [ 6 in

each group). Quantification of cleaved-caspase 9 band intensities normalized to pro-caspase 9. (E) In nonischemic controls,

no significant difference in AKT phosphorylation was seen between vorapaxar treatment and vehicle (n [ 6 in each group;

P [ 0.749). (F) In the IRI groups, vorapaxar treatment markedly induced phosphorylation of AKT compared with vehicle

(n [ 6 in each group). In both the (G) nonischemic controls and (H) IRI groups, vorapaxar treatment markedly induced

phosphorylation of ERK 1/2 compared with vehicle (n [ 6 in each group). Quantification of phospho-AKT or ERK 1/2 band

intensities normalized to total-AKT or ERK 1/2. (Color version of figure is available online.)
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Fig. 3 e (continued).
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P¼ 0.009; Figure 4G). In the H/R groups, LDH cytotoxicity levels

in the supernatant of SEC cultures pretreated with vorapaxar

were significantly lower compared with vehicle (0.98 [0.88-

1.03] in H/R þ vehicle, 0.74 [0.73-0.75] in H/R þ vorapaxar,

P ¼ 0.009; Figure 4J), whereas pretreatment with vorapaxar in

nonischemic controls did not reduce LDH cytotoxicity levels

compared with vehicle (0.198 [0.194-0.237] in sham þ vehicle,

0.208 [0.198-0.205] in sham þ vorapaxar, P ¼ 1.0; Figure 4I).

The inhibition of ERK 1/2 signaling pathway abolished the
antiapoptotic effects of vorapaxar against H/R in vitro

The addition of pretreatmentwith PD98059, an inhibitor of the

ERK 1/2 surviving signaling pathway, did not significantly in-

crease LDH cytotoxicity levels in the SEC cultures improved by
vorapaxar treatment compared with the vorapaxar alone and

PD98059 þ vorapaxar groups (0.56 [0.41-0.60] in vorapaxar

alone, 0.68 [0.67-0.74] in PD98059 þ vorapaxar, P ¼ 0.067;

Figure 5A).

As shown in Figure 5B, the addition of preincubation with

PD98059 significantly activated caspase 9 compared with the

vorapaxar alone and PD98059 þ vorapaxar groups (cleaved-

caspase 9/pro-caspase 9: 0.45 [0.34-0.51] in vorapaxar alone,

0.68 [0.60-0.74] in PD98059 þ vorapaxar, P ¼ 0.016). On the

other hand, no significant difference was seen between the

vehicle alone and PD98059 þ vehicle groups (0.95 [0.74-1.07] in

vehicle alone, 1.08 [0.85-1.10] in PD98059 þ vehicle, P ¼ 0.548).

Furthermore, preincubation of SECs with PD98059 followed by

vorapaxar treatment markedly reduced phosphorylation of

ERK 1/2 mediated by vorapaxar treatment compared with the

https://doi.org/10.1016/j.jss.2019.09.044
https://doi.org/10.1016/j.jss.2019.09.044


Fig. 4 e Direct effect of vorapaxar onhepatic SECs in invitroH/Rmodels. (A)Apoptotic cellsweredetectedbyTUNEL staining in the

(A)H/RDvehicleand (B)H/RDvorapaxargroups (originalmagnification3200). (B)TheaveragenumberofTUNEL-positive cellsper

fieldwassignificantlydecreasedwithvorapaxar treatmentcomparedwithvehicle (n[4ineachgroup). (C) Innonischemiccontrols,

nosignificantdifference incaspase9activationwasseenbetweenvorapaxar treatmentandvehicle (n[5 ineachgroup;P[0.076).

(D) In theH/R groups, based onWestern blot analysis, vorapaxar treatment reduced activation of caspase 9 comparedwith vehicle

(n[5 in eachgroup). Quantificationof cleaved-caspase 9 band intensitiesnormalized to procaspase 9. (E) Innonischemic controls,

no significantdifference inAKTphosphorylationwasseenbetweenpretreatmentwithvorapaxar andvehicle (n[5 ineachgroup;

P[ 0.347). (F) In the H/R groups, vorapaxar treatmentmarkedly induced phosphorylation of AKT comparedwith vehicle (n[ 5 in

eachgroup). Inboth the (G)nonischemiccontrolsand (H)H/Rgroup,vorapaxar treatmentmarkedly inducedphosphorylationofERK

1/2comparedwithvehicle (n[5 ineachgroup).Quantificationofphospho-AKTorERK1/2bandintensitiesnormalizedto total-AKT

or ERK1/2. (I) In nonischemic controls, vorapaxar treatment did not reduce LDH cytotoxicity levels comparedwith vehicle (n[ 5 in

eachgroup; P[1.0),whereas (J) in theH/Rgroups (n[5 ineachgroup), vorapaxar treatment significantly reducedLDHcytotoxicity

levels comparedwith vehicle. H/R was established using an AnaeroPack jar system. (Color version of figure is available online.)
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Fig. 4 e (continued).
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Fig. 5 e Mechanisms underlying the antiapoptotic effect of vorapaxar on hepatic SECs in vitro. (A) In a comparison between

the vorapaxar alone and PD98059 D vorapaxar groups, the addition of pretreatment with PD98059, which is an inhibitor of

the ERK 1/2 surviving signaling pathway, did not significantly increase LDH cytotoxicity levels in the supernatant of SEC

cultures improved by vorapaxar treatment (n [ 5 in each group; P [ 0.067). Based on Western blot analysis, (B) the addition

of pretreatment with PD98059 significantly increased activation of caspase 9 compared with the vorapaxar alone and

PD98059 D vorapaxar groups (n [ 5 in each group). In a comparison between the vorapaxar alone and

PD98059 D vorapaxar groups, (C) the addition of pretreatment with PD98059 did not reduce phosphorylation of AKT (n [ 5

in each group; P [ 0.095); however, (D) phosphorylation of ERK 1/2 was markedly reduced by the addition of pretreatment

with PD98059 (n [ 5 in each group). Quantification of cleaved-caspase 9 band intensities normalized to procaspase 9.

Quantification of phospho-AKT or ERK 1/2 band intensities normalized to total AKT or ERK 1/2. H/R was established using an

AnaeroPack jar system.
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vorapaxar alone and PD98059þ vorapaxar groups, whereas no

significant difference was found between the vehicle alone

and PD98059 þ vehicle groups (phospho-ERK/total ERK 1/2:

2.38 [1.97-4.39] in vorapaxar alone, 1.39 [1.27-1.63] in

PD98059 þ vorapaxar, P ¼ 0.048; and 1.00 [0.85-1.14] in vehicle

alone, 1.03 [0.99-1.09] in PD98059 þ vehicle, P ¼ 0.841;

Figure 5D). In contrast to the results of ERK 1/2, the addition of

preincubation with PD98059 did not reduce AKT phosphory-

lation significantly compared with the vorapaxar alone and

PD98059 þ vorapaxar groups (phospho-AKT/total AKT: 2.61

[1.27-3.25] in vorapaxar alone, 0.86 [0.66-0.97] in

PD98059 þ vorapaxar, P ¼ 0.095; Figure 5C).
Discussion

In the present study, PAR-1 was confirmed to be located on

hepatic SECs by immunohistochemistry and immunofluo-

rescence analysis. Our in vivo and in vitro studies revealed for

the first time that IRI strongly enhanced PAR-1 expression on

hepatic SECs. Highly selective PAR-1 antagonist (vorapaxar)

treatment for hepatic IRI models of mice significantly

decreased serum transaminase levels, improved liver histo-

logical damage, reduced the number of apoptotic cells,

attenuated the activation of caspase 9, and activated cell

https://doi.org/10.1016/j.jss.2019.09.044
https://doi.org/10.1016/j.jss.2019.09.044
https://doi.org/10.1016/j.jss.2019.09.044
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survival signaling based on the phosphorylation of AKT and

ERK 1/2. Moreover, in an in vitro study using H/R models of

pure cultured hepatic SECs, preincubation with vorapaxar

also attenuated apoptosis and caspase 9 activation caused by

H/R and induced phosphorylation of AKT and ERK 1/2,

whereas the reduction in caspase 9 activation and phos-

phorylation of ERK 1/2 provided by vorapaxar were abolished

by adding the inhibitor of the ERK 1/2 signaling pathway.

PAR-1 can be detected in various kinds of organs and blood

cells,38-40 and PAR-1 activation by thrombin contributes to

tissue injury.41 Regarding the human liver, in 1998, Marra

et al.42 investigated the expression of the thrombin receptor,

which is now consistent with PAR-1, using immunohisto-

chemistry and in situ hybridization. They found that the

thrombin receptor was present in SECs in the normal liver and

that its expression was markedly upregulated during fulmi-

nant hepatitis, with the highest expression in mesenchymal

cells in areas of regeneration. Since the first report by Marra

et al., there have only been a few studies on PAR-1 expression

in the liver.42-44 To the best of our knowledge, the present

study reveals for the first time that IRI strongly enhances PAR-

1 expression in hepatic SECs. Because SECs are the initial

target of hepatic IRI,45,46 we hypothesized that SEC injury

directly induces upregulation of PAR-1 expression. In agree-

ment with this hypothesis, our in vitro study revealed that

PAR-1 expression was upregulated by only H/R stress in pure

cultured hepatic SECs. On the other hand, the mechanism of

regulation of PAR-1 expression is not fully understood. Using a

mousemodel of bacterial pulmonary infection by Streptococcus

pneumoniae, Jose et al.31 demonstrated that alveolar endothe-

lial cell injury caused by neutrophilic inflammation enhanced

PAR-1 expression, and speculated that Rac-1, which is part of

the Rho A family,47 maintained PAR-1 surface expression.

Because Rac-1 in the liver is involved in the capillary-like tube

formation accompanying sinusoidal endothelial fenestrae

contraction,48 it might regulate PAR-1 expression in hepatic

SECs. Further studies are needed to clarify the mechanism of

PAR-1 regulation in SEC injury.

PAR-1 activation induced by thrombin elicits inflammation

signaling through the upregulation of various inflammatory

mediators, including tumor necrosis factor-a (TNF-a) and

interleukin-6, and cell adhesion molecules, including inter-

cellular adhesion molecule-1 and vascular cell adhesion

molecule-1.41 Moreover, PAR-1 activation induces apoptosis

through the activation of caspase,30,49 which plays a central

role in the execution of apoptosis.50 Considering these facts

and our findings regarding the enhancement of PAR-1

expression during hepatic IRI, we hypothesized that the

upregulation of PAR-1 induced by IRI further exacerbates liver

injury, and accordingly, PAR-1 antagonism against hepatic IRI

provides cytoprotective effects, which appear as the attenu-

ation of inflammation or apoptosis. Indeed, the anti-

inflammatory or antiapoptotic effects provided by PAR-1

antagonism have been reported in previous IRI studies. El

Eter et al.28 reported that blocking PAR-1 using SCH79797, a

PAR1 antagonist for research use only, limited renal IRI via an

anti-inflammatory effect, thereby inhibiting pivotal proin-

flammatory cytokines such as TNF-a and cytokine-induced

neutrophil chemoattractant-1, which reflects leukocyte acti-

vation and inflammation. Rajput et al.27 observed a
significantly reduced number of TUNEL positive cells in PAR-1

knockdown rats in cerebral IRI models. However, to our

knowledge, no reports have described a study of hepatic IRI

investigating PAR-1 antagonism. In the present hepatic IRI

models of mice, we demonstrated that vorapaxar, a potent

and selective PAR-1 antagonist, greatly improved liver histo-

logical damage and markedly attenuated apoptosis through

the reduction of caspase 9 activation, which is promoted by

the release of cytochrome c from the intermembrane space of

mitochondria into the cytosol and leads to cell death via

activating effector caspase 3 and 7.51 By contrast, vorapaxar

treatment did not prevent neutrophilic recruitment to the

liver (Fig. 2A-c and -d) or reduce the generation of

inflammatory cytokines such as TNF-a and interleukin-6

(data not shown). To the best of our knowledge, these find-

ings represent the first in vivo evidence revealing the

cytoprotective effects of a PAR-1 antagonist against hepatic

IRI. Furthermore, regarding vorapaxar, there have been only

two studies reporting cytoprotective effects, both of which

showed only suppression of the inflammatory response; our

study is thus also the first to describe an antiapoptotic

effect.31,52

In addition, in the present in vitro study, we confirmed the

direct effects of vorapaxar treatment on pure cultured hepatic

SECs using H/R models because PAR-1 is also expressed in

monocytes and lymphocytes recruited to the liver.43 A few

in vitro studies have examined the direct effects provided by

PAR-1 antagonists on endothelial cells. Kim et al.52 found that

PAR-1 antagonists prevented inflammation via upregulation

of zonula occludens-1, a tight-junction protein, in vascular

endothelial cells. In the present study, we demonstrated that

pretreatment with vorapaxar significantly decreased LDH

cytotoxicity levels and prevented hepatic SECs from apoptosis

caused by H/R injury through a reduction of caspase 9 acti-

vation and the number of TUNEL-positive cells. These findings

are similar to those in our in vivo study using hepatic IRI

models. Regarding hepatocytes, the present study revealed

that PAR-1 was not located on hepatocytes, which was the

same result as that in a previous report by Rullier et al.43;

hence, we considered that vorapaxar treatment does not work

on hepatocytes directly, and ascertained that preincubation of

primary cultured hepatocytes with vorapaxar does not reduce

apoptosis caused by H/R (Supplemental Fig. 2). However, the

TUNEL-positive cells in our in vivo study appeared almost

hepatocyte-like, and vorapaxar treatment also protected he-

patocytes from apoptosis. These findings suggest that the

protection of SECs by vorapaxar itself contributed to the sur-

vival of hepatocytes against apoptosis. In agreement with this

hypothesis, Nowatari et al.53 demonstrated that, using in vitro

apoptotic models with staurosporine, a reagent that promotes

intracellular stress, the survival of SECs promoted the prolif-

eration of hepatocytes through the signal transducer and

activator of the transcription 3 pathway in a paracrine

manner. Consequently, we suggested that hepatic SECs are

potentially dominant targets for PAR-1 antagonism with vor-

apaxar, and that vorapaxar provides direct cytoprotective ef-

fects on hepatic SECs, but not on hepatocytes. However, the

precise mechanism of interaction between SECs and hepato-

cytes under vorapaxar treatment remains unclear, and thus,

the further studies are required.

https://doi.org/10.1016/j.jss.2019.09.044
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In addition, in the present in vivo and vitro studies, we

revealed that vorapaxar treatment markedly activated cell

survival signaling, such as AKT and ERK 1/2. AKT, one of the

key signaling enzymes implicated in cell survival, can sup-

press cell death via inhibiting caspases and cellular inflam-

mation via inhibition of NF-kB activation.54,55 ERK 1/2

possesses direct antiapoptotic effects by downregulating

proapoptotic molecules (BAD, Bim, Bax) and upregulating

antiapoptotic molecules (Mcl-1, Bcl-2, Bcl-XL).56-58 Although a

lot of evidence indicates that both of these types of signaling

play an important protective role in attenuating apoptosis, the

relationship between the antiapoptotic effect conferred by

PAR-1 antagonism and AKT or ERK 1/2 signaling remains un-

clear. However, regarding IRI studies, two previous reports

proposed some findings demonstrating this relationship.

Strande et al.29 showed that AKT activationmediated by PAR-1

antagonism resulted in a decrease in apoptosis caused by

myocardial IRI. Yang et al.59 demonstrated that in cerebral IRI

models of rabbits, treatment involving PAR-1 antagonism

increased phosphorylated ERK 1/2 levels and attenuated

effector caspase 3 activation. Accordingly, we focused on AKT

and ERK 1/2 as downstream signaling mediated by the anti-

apoptotic effects of vorapaxar, which attenuated the activa-

tion of caspase 9. Thomas et al.60 revealed that the activation

of ERK 1/2, but not AKT, signaling was required for car-

dioprotective effects conferred by the reperfusion injury

salvage kinase pathway in myocardial IRI, which consists of

prosurvival and antiapoptotic mediators; this had previously

been identified by Hausenloy.61 Thomas et al.60 used the

phosphatidylinositol-3-OH kinase inhibitor, LY294002, which

inhibited the upstream activators of AKT signaling, and the

MAPK inhibitor, PD98059, which inhibited the upstream acti-

vators of ERK 1/2 signaling, in demonstrating that the inhibi-

tion of ERK 1/2 signaling by PD98059 blocked the reperfusion

injury salvage kinase pathway, whereas the inhibition of AKT

signaling by LY294002 had no effect. In addition to their re-

sults, our in vivo and vitro results of nonischemic controls

demonstrated that vorapaxar treatment also activated ERK 1/2

in sham mice and SECs. Therefore, we first paid attention to

ERK 1/2 rather than AKT and hypothesized that ERK 1/2

signaling was imperative for vorapaxar to exert its anti-

apoptotic effects sufficiently. In the present in vitro study

using H/R models of SECs, we demonstrated that pre-

incubation with PD98059, which led to the inhibition of ERK 1/

2 signaling, abolished not only the phosphorylation of ERK 1/2

but also the attenuation of caspase 9 activation, both of which

are beneficial effects induced by vorapaxar. According to Allan

et al.,62 caspase 9 activation mediated by the addition of cy-

tochrome c was enhanced under the inhibition of ERK 1/2 by

PD98059. By contrast, the inhibition of AKT by LY294002 had

no effect on this activation. This finding also highlights the

importance of ERK 1/2 signaling in terms of the mechanism of

caspase 9 that regulates apoptotic cascades. Consequently, we

concluded that the activation of ERK 1/2 signaling induced by

vorapaxar treatment brought about a reduction in caspase 9

activation, resulting in the attenuation of apoptosis during

hepatic IRI.

The present study also showed that AKT was activated by

vorapaxar treatment; however, the interaction between the

AKT and ERK 1/2 pathways remains to be clarified. In general,
AKT and ERK 1/2 have been considered to be two parallel

signaling pathways.63,64 Recently, using brain IRI models,

Zhou et al.64 demonstrated crosstalk betweenAKT and ERK 1/2

depending on Ras-Raf signaling. Furthermore, Wang et al.65

indicated that PAR-1einduced signal transduction was

involved in the linkage between AKT and ERK 1/2 via Ras-Raf

signaling. In the present study, the inhibition of ERK 1/2

signaling did not significantly reduce the AKT phosphoryla-

tion provided by vorapaxar. Further studies investigating

whether the inhibition of AKT or Ras-Raf signaling can affect

ERK 1/2 phosphorylation may help our understanding of the

interaction between these signaling pathways.

In our treatment regimen for the IRI mice models, vor-

apaxarwas administered twice, at 60min before ischemia and

immediately after reperfusion. We considered that adminis-

tration twice, before, and after IRI was required to obtain a

sufficient protective effect on hepatic IRI. According to the

pharmacokinetic data of this drug, after oral administration,

the maximum drug concentration time (Tmax) is about 3 h in

rats and 1 h in monkeys, and the elimination half-life (T1/2) is

5 h in rats and 13 h in monkeys; however, there were no data

for mice.32 Our treatment regimen was determined based on

these data. Mice were administered vorapaxar intraperitone-

ally to obtain a certain bioabsorption; therefore, it was ex-

pected that Tmax and T1/2 were much shorter compared with

oral administration, so we considered that additional

administration was required after IRI to maintain sufficient

blood concentration. In the clinical setting, because the

datasheet for this drug in humans shows that the blood con-

centration of vorapaxarmay be sufficientlymaintained during

hepatic IRI with single oral administration (Tmax: 1 h, T1/2: 3 d),

we consider that a single oral administration of vorapaxar

several hours before general anesthesia may attenuate the

liver damage caused by IRI in cases of major hepatectomy and

liver transplantation. On the other hand, because vorapaxar is

an antiplatelet agent, and its long-term administration in-

creases the risk of bleeding,66 it should be used carefully

during the perioperative period. In the TRA 2�P-TIMI 50 trial,67

however, the patients who continued therapy with vorapaxar

while undergoing coronary artery bypass grafting did not

show an increased risk of major bleeding compared with

placebo.

In conclusion, hepatic IRI induces significant enhancement

of PAR-1 expression on SECs, which may be associated with

the suppression of survival signaling pathways such as ERK 1/

2, resulting in severe apoptosis-induced hepatic damage. In

this situation, vorapaxar, a selective PAR-1 antagonist, atten-

uates hepatic IRI via antiapoptotic effects by the activation of

survival signaling pathways.
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