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ABSTRACT 

Background: Poly(ADP-ribose) polymerase (PARP) is a DNA-repairing enzyme 

activated by extreme genomic stress, and therefore is potently activated in the remnant 

liver suffering from ischemia after surgical resection. However, the impact of PARP on 

post-ischemic liver injury has not been elucidated yet.  

Materials and methods: We investigated the impact of PARP on murine hepatocyte/liver 

injury induced by hypoxia/ischemia, respectively.  

Results: PJ34, a specific inhibitor of PARP, markedly protected against 

hypoxia/reoxygenation (H/R)-induced cell death, though z-VAD-fmk, a pan-caspase 

inhibitor similarly showed the protective effect. PJ34 did not affect H/R-induced caspase 

activity nor caspase-mediated cell death. z-VAD-fmk also did not affect the production of 

PAR (i.e., PARP activity). Therefore, PARP- and caspase-mediated cell death occurred in 

a mechanism independent of each other in H/R.  

H/R immediately induced activation of PARP and cell death afterwards, both of which 

were suppressed by PJ34 or Trolox, an antioxidant. This suggests that H/R-induced cell 

death occurred redox-dependently through PARP activation. H/R and OS induced nuclear 

translocation of apoptosis inducing factor (AIF, a marker of parthanatos) and RIP1-RIP3 

interaction (a marker of necroptosis), both of which were suppressed by PJ34. H/R 



induced PARP-mediated parthanatos and necroptosis redox-dependently. In mouse 

experiments, PJ34 significantly reduced serum levels of AST, ALT & LDH and areas of 

hepatic necrosis after liver ischemia/reperfusion, similar to z-VAD-fmk or Trolox. 

Conclusions: PARP, activated by ischemic damage and/or oxidative stress, may play a 

critical role in post-ischemic liver injury by inducing programmed necrosis (parthanatos 

and necroptosis). PARP inhibition may be one of the promising strategies against post-

ischemic liver injury.  
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Introduction 

Poly(ADP-ribose) polymerase (PARP), commonly known as a DNA-repairing 

enzyme, is activated by extreme genomic stress and breakage of DNA. It is involved in 

the repairing processes of cells with damaged DNA, thus protecting cells from death. 

PARP generates and adds poly[ADP-ribose] (PAR) to proteins (protein ADP-ribosylation, 

PARylation).1–3 Catalytically generated PAR by PARP act primarily as scaffolds for the 

recruitment of DNA-repairing enzymes. It has been also known to be involved in various 

pathological events including cell death and inflammation. PARP is suggested to promote 

programmed/non-programmed cell deaths such as necrosis, parthanatos and necroptosis 

in various cells. Excessively activated PARP directly induces necrosis by 

consuming/depleting NAD(+) and ATP.4 Additionally, PARP is suggested to be associated 

with the other types of programmed necrosis such as parthanatos and necroptosis. 

Parthanatos, a necrotic type of programmed cell death, is caused by DNA damage, 

excessive activation of PARP, production of PAR, and the following nuclear translocation 

of apoptosis-inducing factor (AIF) from mitochondria.5 The interaction of PARP and 

receptor-interacting protein (RIP) has also been reported, suggesting induction of 

necroptosis, another type of programmed necrosis, by PARP-activation.6–8 However, the 

interrelationships of these cell deaths (necrosis, parthanatos and necroptosis) and the 



impact on various pathological situations including ischemia/reperfusion (I/R) still 

remains unclear. 

I/R of liver is an unavoidable event in liver surgery, transplantation and cancer 

embolization-therapies, which sometimes cause serious liver failure leading to life-

threatening complications. To date, many studies have been performed in order to prevent 

I/R-induced liver injury.9–16 The mechanism of I/R-induced liver injury, however, appears 

complicated such that we have not yet succeeded in the development of a clinically 

effective therapy.17 During liver ischemia, necrosis induced by a lack of ATP, mainly 

accounts for ischemic liver injury. Reactive oxygen species (ROS) generated immediately 

after I/R have been shown to trigger and enhance post-ischemic liver injury.18–22 ROS 

generated in hepatocytes lead to the redox-dependent activation of caspases (i.e. 

apoptosis) that contributes directly to liver injury, and the NFκB-dependent production of 

proinflammatory cytokines that contributes indirectly to sterile inflammation and the 

enhancement of injury.22  

Regarding the ROS-induced programmed cell death that emerges after I/R and 

hypoxia/reoxygenation (H/R), extensive studies have been performed, mainly focusing 

on apoptotic cell death thus far.10,11,18,22–25 Apoptosis is a non-lytic (non-necrotic) type of 

programmed cell death that occurs in caspase- and redox-dependent manners.26–28 



Caspases are a group of cysteine proteases that make up cascade signaling pathways and 

cause cells to undergo cell death (apoptosis).29 Interestingly, certain caspases are involved 

in regulating immune system through the activation of cytokines (e.g. IL-1β).30,31 Because 

caspases cleave enzymes with a cysteine residue, they may also inactivate other molecules 

having a cysteine in their active site, including PARP.32 Therefore, caspases and PARP 

may affect/interact with each other in induction process of programmed cell death. 

Caspases have widely attracted attention as potent therapeutic targets against various 

diseases and pathological situations, including H/R and I/R of cells and organs, 

respectively.18,22,30,31,33 However, inhibition of caspases only partially improves I/R-

induced liver injury.18,24,34–36 These facts suggest that not only caspases but also other 

molecules including PARP may play important roles in I/R-induced injury.  

In the present study, we examined the involvement of PARP in post-hypoxic/-

ischemic injury of hepatocytes/liver, respectively. We showed the impact of PARP 

inhibition on suppression of H/R- or I/R-induced injury of hepatocytes/liver, and proved 

that H/R induces redox-dependently PARP-mediated programmed cell death, parthanatos 

and necroptosis, rather than caspase-mediated apoptosis.  

 

Materials and methods 



Cell culture and reagents  

AML12 cells, established from hepatocytes from a mouse transgenic for human 

transforming growth factor-α (TGF-α), express high levels of human TGF-α and lower 

levels of mouse TGF-α (ATCC, Manassas, VA, USA). Cells were maintained at 37°C 

and 5.0% CO2 in Dulbecco’s modified Eagle’s (DMEM) /Nutrient Mixture F-12 (Nacalai 

Tesque, Kyoto, Japan) supplemented with 10% fetal bovine serum (FBS) and 1× ITS-A 

(Thermo Fisher Scientific). PJ34 (a specific PARP inhibitor, Merck, Darmstadt, 

Germany), staurosporine (STS, Merck), Jo2 (a Fas-ligand; BD Biosciences, Franklin 

Lakes, NJ, USA), z-VAD-fmk (a pan-caspase inhibitor; R&D Systems, Minneapolis, MN, 

USA) and Trolox (antioxidant; Merck) were administered to AML12 mouse liver cells. 

All other chemicals were of analytical grade and used without further purification. 

Protein expression in cells and liver tissue 

Whole-cell protein extracts (5 µg) were prepared for western blot analysis according to a 

standard analysis protocol. Briefly, whole-cell protein extracts were separated by 10% 

sodium dodecyl sulfate-polyacrylamide electrophoresis and transferred to polyvinylidene 

fluoride (PVDF) membranes. Western blot analysis of PVDF membranes was performed 

with appropriate antibodies: caspase 8 (1:200; sc-7890; Santa Cruz, Dallas, TX, USA), 

pro-caspase 3 (1:1000; #9665; Cell Signaling Technology [CST], Danvers, MA, USA), 

cleaved caspase 3 (1:1000; #9664; CST), PARP (1:1000; #9542; CST), PAR (2.5 µg/mL; 

ALT-804-220; Enzo Biochem Inc., Farmingdale, NY, USA), AIF (1:1000; #5318; CST), 

and β-actin (1:2000; #4970; CST). Because activated PARP ADP-ribosylated proteins, 

“PARP activity” was evaluated by the signal intensity of the production of PAR. For the 

expression analysis of proteins in some experiments, protein separation and detection 

were performed using an automated capillary electrophoresis system, Wes™ 



(ProteinSimple, San Jose, CA, USA), according to the manufacturer’s protocol. Signals 

were detected with a horseradish peroxidase-conjugated secondary antibody, and 

visualized using Compass for SW software (ProteinSimple). 

Hypoxia/Reoxygenation 

Cellular hypoxic conditions were created and maintained in a modular incubator chamber 

(Billups-Rothenberg, San Diego, CA, USA) by flushing with a 95% N2/5% CO2 gas 

mixture for 10 min and then sealing the chamber. This method has been shown to achieve 

a pO2 of 10 ± 5 Torr. 18,19,21,33 Following 5 h of hypoxia, AML12 cells were reoxygenated 

by opening the chamber and replacing the hypoxic medium (no-glucose DMEM [Thermo 

Fisher Scientific] without FBS) with oxygenated medium (high-glucose DMEM medium 

[glucose; 450 mg/dL; Sigma–Aldrich, St. Louis, MO, USA] supplemented with 10% 

FBS). 

Monitoring and evaluation of cell survival and cell death 

Cells at 40 - 50% confluence were seeded in a plate. Cell survival was determined by 

plating the cells in an xCELLigence System (Roche, Basel, Switzerland), which allows 

for automated non-invasive, real-time, and label free monitoring of live cells in culture. 

For the evaluation of cell death, we examined LDH release from hepatocytes into culture 

media. An LDH cytotoxicity detection kit (Takara Bio, Otsu, Japan) was used to measure 

LDH in culture media, according to the manufacturer’s instructions. Briefly, LDH 

reaction mixture was added to each aliquot of medium taken from cell cultures. The 

absorbance at 490 nm was measured using a multi-well plate reader.  

Translocation of AIF to nucleus in AML12 cells 

The translocation of AIF from the cytosol to nucleus was immunocytochemically 



observed by fluorescence microscopy. Cells were washed, fixed with 4% 

paraformaldehyde, and permeabilized with 0.2% Triton X-100 in PBS. Anti-AIF (CST) 

(1:100, 4oC, overnight) and Alexa 488 (green) donkey anti-rabbit (Thermo Fisher 

Scientific) (1:300, room temperature, 2 h) were used as primary and secondary antibodies, 

respectively, for the immunofluorescent detection of AIF. Hoechst 33342 (blue) was used 

for specifically staining the nuclei of cells. The nuclear translocation of AIF by STS, Fas 

ligand (FasL), H2O2 or H/R with/without reagents (PJ34 or Trolox) was observed 

fluoroscopically. To quantify AIF-nuclear translocation, fluorescence intensity was 

measured 3 times for each of 20 cells and analyzed with ImageJ software (version 1.52a; 

National Institutes of Health, Bethesda, MD, USA). The AIF signals (green) of the 

nucleus (blue) were calculated by subtracting the AIF signals of the cytoplasm from the 

total AIF signals. The AIF signals of the nuclear region were defined as AIF-nuclear 

translocation. 

 

Measurement of RIP1-RIP3 interaction by the optic probe in AML12 mouse liver 

cells 

The structures of constructed cDNAs encoded fusion proteins used for measuring the 

interaction of mouse RIP1 and RIP3 on the basis of protein-fragment complementation 

(split luciferase reconstitution). 19 Hepatocytes infected with cDNA expressed chimeric 

proteins: mouse RIP3 fused to the N-terminal fragments of click beetle luciferase (CBR; 

CBR [1 - 413]; CBRN); and mouse RIP1 linked with the C-terminal fragment of CBR 

(CBR [395 - 542]; CBRC). When fusion proteins mutually interacted, CBRN and CBRC 

refolded correctly, and their bioluminescence activity was recovered. The RIP1-RIP3 

interaction, namely, the reconstitution of split luciferase (CBRN and CBRC), was 



monitored by measuring the recovered bioluminescence intensity of live cells with a 

luminometer (Kronos Dio, Atto Corp., Tokyo, Japan). 

Animal experiments 

Mice (C57BL6/J, male, 12 weeks of age) were fasted overnight before experiments. 

General anesthesia was induced by inhalation of the anesthetic, methoxyflurane 

(Metofane); heparin sulfate (100 U/kg body weight [BW]) was injected intravenously 

after laparotomy before liver ischemia. All vessels (hepatic artery, portal vein, and bile 

duct) to the left and median liver lobes were clamped, according to a previously described 

method.37,38 After 60 min of liver ischemia, these vessels were unclamped, and circulation 

restored. Sham-operated control mice were subjected to laparotomy and closure without 

liver ischemia with/without administration of PJ34, z-VAD-fmk or Trolox. PJ34 (5 mg/kg 

BW), z-VAD-fmk (5 mg/kg BW) or Trolox (50 mg/kg BW) was administered 

intraperitoneally twice to mice 5 min before and 1 min after liver ischemia. Mice were 

sacrificed for the collection of liver and blood specimens 24 h after sham-operation and 

reperfusion (Fig. 6A). All animals were handled according to the uniform policies set 

forth by the Animal Care and Use Committee of Hokkaido University, which approved 

the present experiment (#16-0135). 

Evaluation of post-ischemic liver injury 

Liver specimens were excised and fixed in 10% buffered formalin, embedded in paraffin, 

and stained with hematoxylin and eosin (H & E). Biochemical analyses of serum aspartate 

aminotransferase (AST), alanine aminotransferase (ALT), and lactate dehydrogenase 

(LDH) were performed as indices of liver injury before and 24 h after hepatic ischemia.  

Statistical analysis 



Shapiro-Wilk’s test was used to confirm normality of the data. Normally distributed data 

were analyzed by a Tukey-Kramer test to perform intergroup comparisons and expressed 

as mean ± standard deviation (S.D.). Non-normally distributed data were analyzed by a 

Kruskal-Wallis test with a Dann-Bonferroni post hoc test for multiple comparisons (a 

non-parametric test) and expressed as median and interquartile range. A value of p < 0.05 

was considered significant. Statistical analysis was performed using SPSS, version 26, 

for all analyses (IBM, Armonk, NY). 

 

Results 

PARP is critical in hypoxia/reoxygenation-induced cell death of mouse liver 

cells  

We first examined whether or not PARP-mediated cell death plays an important 

role in H/R-induced cell death, in addition to caspase-mediated cell death (apoptosis), 

because apoptotic cell death has been shown to be induced after I/R (or H/R), and 

considered to play a central role in post-ischemic injury (or post-hypoxic cell 

death).10,11,18,19,21,23,24,39  

Five hours of hypoxia induced significant cell death after reoxygenation in 

AML12 mouse liver cells (Fig. 1A, left panel). H/R-induced cell death became marked 

within 12 h, and thereafter increased gradually until 36 h after H/R. We used PJ34, a 

specific PARP inhibitor, and z-VAD-fmk, a pan-caspase inhibitor, against H/R-induced 



cell death to understand the role of PARP and caspases in the induction of cell death. 

Though both of these reagents significantly suppressed H/R-induced cell death, PJ34 was 

more effective in the suppression of cell death (more than 50% suppression) compared 

with z-VAD-fmk in the concentrations examined (about 20% suppression) (Fig. 1A, right 

panel). Importantly, PJ34 robustly suppressed an immediate cell death (LDH release), 

which continued more than 24 h after H/R.  

We analyzed the signals associated with caspases (i.e., apoptosis) and PARP after 

H/R (Fig. 1B). H/R strongly activated caspase 3 peaked at 8 h after H/R, which may have 

eventually cleaved (inactivated) PARP. PARP (full length) was gradually decreased in its 

expression after H/R, and, accordingly, increased the cleaved form of PARP. The 

production of PAR observed after H/R was increased until 8 h, and thereafter suddenly 

decreased in accordance with caspase 3 activation. Because activated caspases 

cleave/inactivate PARP,32 PARP was possibly cleaved/inactivated by the H/R-activated 

caspases. H/R induced caspase 3 activation, which was suppressed by z-VAD-fmk (Fig. 

1C). PJ34, however, did not affect caspase activation at all, suggesting that PARP does 

not affect caspase-mediated signals activated by H/R.  

The inhibition of PARP protected hepatocytes independently of caspases  

In order to study more clearly and directly the effect of PARP on caspase-



mediated apoptotic cell death, we used STS and FasL to directly activate caspases and 

induce apoptosis in AML12 mouse liver cells (Fig. 2). Robust cell death by treatment 

with STS was observed even 4 h after treatment. The inhibition of PARP by PJ34 did not 

affect STS-induced liver cell death (Fig. 2A, left panel). Western blot analysis revealed 

that treatment with STS began to cleave/activate caspase 3 4 h after treatment, which 

peaked at 16 h after treatment and continued for at least 24 h (Fig. 2A, right panel). Full 

length of PARP and the production of PAR were not increased after the treatment, but 

rather reduced gradually in accordance with the activation of caspase 3. PJ34 did not 

affect caspase-mediated cell death in STS-treated cells.  

Treatment with Jo2 (4 µg/ml), a FasL, slowly induced cell death (16 - 24 h after 

the treatment). Also, in this case, PARP inhibition by PJ34 did not affect Jo2-induced liver 

cell death (Fig. 2B, left panel). Treatment with Jo2 cleaved caspase 3 and eventually 

PARP, especially 16 - 24 h after the treatment, and reduced the production of PAR (Fig. 

2B, right panel). PJ34 was not associated with FasL-induced, caspase-mediated cell 

death. These data indicate that STS- or Jo2-induced, caspase-mediated cell death (i.e., 

apoptosis) occurred under a mechanism independent of PARP in AML12 mouse liver 

cells.  

H/R-induced PARP activation (the production of PAR) depends on oxidative 



stress, independent of caspases 

Next, we examined whether or not the production of PAR by H/R-activated 

PARP is dependent on oxidative stress (OS) in AML12 mouse liver cells (Fig. 3). Though 

a small production of PAR was observed even before hypoxia, it started to increase 

immediately after reoxygenation and continued to increase for at least 8 h (Fig. 3A, left 

blot). The production of PAR was significantly reduced by pre-treatment with PJ34, but 

not with z-VAD-fmk (Fig. 3A, middle & right blots). The expression of PARP was kept 

at high levels despite 5 h-hypoxia (Reoxygenation 0 h), though β-actin was obviously 

decreased (Fig. 3A, left). PARP was partially cleaved 8 h after H/R, possibly by H/R-

activated caspases. Pre-treatment with PJ34 suppressed the H/R-induced production of 

PAR very effectively without affecting PARP cleavage (Fig. 3A, middle). In contrast, z-

VAD-fmk did not affect the production of PAR very much, even though it clearly inhibited 

the caspase-dependent PARP cleavage (Fig. 3A, right). 

Because OS plays a critical role in the induction of post-ischemic/-hypoxic liver 

injury/cell death, we examined whether or not Trolox, an analog of vitamin E possessing 

antioxidant property, suppresses H/R-induced production of PAR in comparison with 

caspase activation (Fig. 3B, C). Pre-treatment with Trolox slightly but significantly 

suppressed the production of PAR and PARP, and its cleavage (Fig. 3B). Though H/R 



induced activation of caspase 3 after H/R (Fig. 3C), Trolox did not suppress H/R-induced 

caspase activation. These data indicate that H/R-induced OS contributes to the production 

of PAR (i.e., PARP activation), rather than caspases. 

Taken together, H/R activated PARP and produced PAR in a redox-dependent 

manner, independently of caspases. 

Oxidative stress directly and immediately induced PARP activation (the 

production of PAR) and cell death 

We investigated whether or not OS itself induces cell death through activation of 

the PARP-PAR pathway in AML12 mouse liver cells.  

After treatment with H2O2 (1 mM), the cleavage of caspase 3/8 occurred 8 h or 

at later timepoints after treatment (Fig. 4A). In accordance with caspase activation, PARP 

was cleaved (inactivated) 8 to 16 h after treatment, which resulted in a transient reduction 

of the production of PAR. These data suggest that H2O2 directly and immediately induced 

PARP activation, which continued for at least 24 h. In contrast, caspases activated by 

H2O2 may have cleaved/inactivated PARP and transiently reduced the production of PAR.  

Next, we examined the protective effect of PJ34 against H2O2-induced cell death 

using AML12 mouse liver cells. After treatment with H2O2, hepatocytes began to die 

immediately (1 - 2 h) and continued to die for 16 h (Fig. 4B). PJ34 apparently had a 



protective effect against H2O2-induced cell death at all timepoints. It is noticeable that the 

induction of cell death by H2O2 was obvious even 2 h after the treatment, when caspases 

were not activated at all (Fig. 4A). This indicates that H2O2-induced immediate cell death 

was not mediated by caspases. The production of PAR was detected markedly after 

treatment with H2O2, though it was slightly recognized even before the treatment (Fig. 

4C). The production of PAR was clearly inhibited by pre-treatment with PJ34. 

These data indicate that OS may immediately induce and promote cell death in 

a PARP-dependent pathway.  

H/R-initiated, OS-mediated activation of PARP leads to parthanatos and 

necroptosis 

Because PARP did not affect caspase activation nor induce apoptotic cell death, 

we next studied whether or not OS or H/R induces other types of cell death through PARP 

activation. Parthanatos and necroptosis induce lytic (necrotic) type of cell death, and are 

considered to be related to PARP.6,8,40 Furthermore, these cell deaths can potently cause 

sterile inflammation and propagate post-ischemic liver injury, than apoptosis. 

The nuclear translocation of cytosolic AIF was immunocytochemically studied 

to detect parthanatotic cell death. Without stimulus, AIF was not observed in nuclei in 

AML12 mouse liver cells (Fig. 5A). Neither STS nor Jo2 induced the apparent nuclear 



translocation of AIF, and, therefore, caspase-mediated machinery may not induce 

parthanatos. Treatment with H2O2 (1 mM) induced the nuclear translocation of AIF, which 

was suppressed by pre-treatment with PJ34. H/R induced the translocation of AIF into the 

nucleus in AML12 mouse liver cells (Fig. 5B), which was effectively inhibited by PJ34. 

The nuclear translocation of AIF by H/R was also inhibited by Trolox, an antioxidant. 

These data indicate that parthanatos is induced as an H/R-OS-PARP-mediated mechanism, 

suggesting the involvement of parthanatos in I/R-induced liver injury.  

Next, we studied whether or not necroptosis is induced by OS or H/R through 

PARP activation. We previously reported that necroptosis is induced by OS or H/R in 

AML12 mouse liver cells.19 Because the interaction of RIP1 and RIP3 molecules is 

required for the induction of necroptosis, we applied the optic probe to measure the 

interaction of these molecules in AML12 mouse liver cells.19 H2O2 gradually induced 

RIP1-RIP3 interaction for more than 48 h in AML12 mouse liver cells, which was 

suppressed significantly by pre-treatment with PJ34 (Fig. 5C). This clearly indicates that 

OS-induced necroptosis is mediated by activated PARP. H/R induced RIP1-RIP3 

interaction, which was also suppressed by PARP inhibition (PJ34; Fig. 5D) or antioxidant 

(Trolox; Fig. 5E). RIP1 and RIP3 began to interact gradually after H/R and achieved peak 

levels within 24 h after reoxygenation, which continued for at least 36 h. Trolox inhibited 



RIP1-RIP3 interaction immediately and was effective enough until 36 h after H/R. These 

observations suggest that OS and PARP mediate H/R-induced RIP1-RIP3 interaction (i.e., 

necroptosis). Because the inhibition of PARP promoted to dissociate RIP1-RIP3 

interaction at later timepoints after H/R (Fig. 5D), PARP may be involved in injury which 

emerges at later phase after I/R. 

PJ34 inhibited AIF translocation and RIP1-RIP3 interaction induced by H/R or 

H2O2. This indicates that parthanatos and necroptosis were both downstream events of 

OS- or H/R-activated PARP. Hence, H/R may induce parthanatos and necroptosis through 

redox-dependently activated PARP, independently of caspases. 

Inhibition of PARP markedly reduced post-ischemic liver injury in mice 

Lastly, we examined how effectively PARP inhibition reduces I/R-induced liver 

injury in comparison with z-VAD-fmk or Trolox, using mouse model (Fig. 6A). 

Administration of PJ34, z-VAD-fmk or Trolox alone showed no significant 

effects on blood biochemistry (ALT, AST and LDH) in sham-operated mice with no liver 

ischemia (Fig. 6B). Sixty minutes of liver ischemia induced severe liver injury 24 h after 

reperfusion in mice. Serum levels of ALT, AST and LDH were markedly increased 24 h 

after liver I/R. The increase of these enzyme levels was significantly and sufficiently 

suppressed by treatment with PJ34, as well as z-VAD-fmk or Trolox (Fig. 6B). In support 



of this, histological examination of the post-ischemic liver tissue demonstrated existence 

of massive necrosis of the post-ischemic liver tissue. Liver injury was markedly improved 

by pre-treatment especially with PJ34 (Fig. 6C), though z-VAD-fmk or Trolox similarly 

reduced the necrotic areas of the post-ischemic liver tissue. 

In liver tissue, full length and cleaved forms of PARP were detected in trace 

amounts even without ischemia (Fig. 6D, left panel). The expression of PARP was 

obviously increased immediately after I/R, which was suppressed effectively by treatment 

with PJ34. The production of PAR was markedly increased along with increase of PARP 

by hepatic I/R, which was also reduced significantly by treatment with PJ34 (Fig. 6D, 

right panel). This indicates that PARP was certainly activated by hepatic I/R, which was 

effectively suppressed by PJ34. 

In the in vivo experiment using mouse, PJ34 dramatically prevented liver from 

I/R-induced injury by suppressing PARP activation. 

 

Discussion 

To date, various types of cell death have been identified to occur as the result of 

signal-regulated and redox-dependent events in liver/hepatocytes.18–20,34,41–43 Apoptotic 

cell death is best known in various hepatic pathological conditions, including acute and 



chronic hepatitis, and post-ischemic liver. 20,22,25,34,35,44–47 Apoptosis commonly occurs in 

a caspase-dependent manner,45 and has been considered to play a central role redox-

dependently in I/R-induced liver injury (or H/R-induced cell death).18,20,21 The present 

study, however, indicated that PARP may be similarly crucial and redox-dependent in 

H/R-induced cell death, and induced unique types of programmed cell deaths (parthanatos 

and necroptosis), but not apoptosis (Fig. 1A, 3B, C). 

Caspases potently activate PARP by inducing DNA fragmentation (apoptosis), 

but also inactivate PARP by directly cleaving it. So, there is some possibility that caspases 

are affecting PARP-mediated cell death. In the present study, H/R caused the immediate 

production of PAR (i.e., PARP activation), which gradually and robustly increased until 

the activated caspases cleaved PARP (Fig. 1B). The cleavage of PARP by H/R-activated 

caspases may have resulted in transient reduction of the production of PAR.  

Inhibition of caspases by z-VAD-fmk did not affect H/R-induced production of 

PAR (Fig. 3A). On the contrary, inhibition of PARP did not affect STS-/FasL-induced cell 

death (Fig. 2A, B), nor H/R-induced caspase activation (Fig. 1C). Taken together, PARP- 

and caspase-mediated cell death machineries seem to function independently of each 

other, with the former appearing more redox-dependent (Fig. 3B, C). 

Several lines of evidence suggest that this pathway potently plays an important 



role in I/R-induced injury of brain, heart, intestines, lung, liver and limbs.8,23,48–52 They 

showed the protective effect of some chemical PARP inhibitors against I/R-induced injury 

and inflammation of various organs/tissues in rodent models. However, the molecular 

mechanisms how excessively activated PARP induces cell death and what kind of 

programmed cell deaths are induced, have not been fully elucidated. Here in this study, 

we tried to clarify the molecular mechanism how PARP is involved in H/R-induced cell 

death or I/R-induced liver injury, in comparison with caspase activation (apoptosis) and 

OS. We showed that parthanatos and necroptosis, but not apoptosis, are certainly involved 

PARP-mediated cell death, and may be more redox-dependent than caspase-mediated cell 

death (apoptosis) (Fig. 3B, C). 

Parthanatos is a kind of lytic type of programmed cell death that contributes to 

tissue/organ injury and potently enhances injury by inducing sterile inflammation in 

various pathological conditions.4,8,23,53 The intrinsic cell death pathway mediated by 

PARP-PAR-AIF and its pathological roles have recently been described.53,54 In the present 

study, OS induced the translocation of AIF into the nucleus, which was suppressed by 

PARP inhibition in AML12 mouse hepatocytes (Fig. 5A, B), suggesting the involvement 

of parthanatos in OS-triggered, PARP-mediated hepatocyte cell death. In contrast, 

STS/FasL did not induce AIF translocation, indicating that caspases do not contribute to 



AIF-mediated parthanatotic cell death of hepatocytes. Necroptosis is another lytic type of 

programmed cell death. The interaction of RIP1 and RIP3 molecules is essential for the 

induction of necroptosis.5,6,19,55,56 In the present study, OS and H/R persistently induced 

RIP1-RIP3 interaction, which were suppressed significantly by a PARP inhibitor (PJ34) 

or an antioxidant (Trolox) (Fig. 5C, D, E). This indicates that the induction of necroptosis 

by H/R is both redox- and PARP-dependent. Because an antioxidant suppressed H/R-

induced PARP activation (the production of PAR) (Fig. 3B), H/R-triggered OS may send 

signals to induce RIP1-RIP3 interaction through PARP activation. It is notable that PARP 

inhibition reduced H/R-induced RIP1-RIP3 interaction markedly late after H/R (i.e., after 

the completion of the interaction). PARP inhibition may contribute to dissociation of RIP1 

and RIP3 interaction in H/R (Fig. 5D). Though some reports suggest that the OS-

RIP1/RIP3-PARP pathway mediates cell death,6,7 our data, rather, suggest OS-activated 

PARP may play a role in sustaining the RIP1-RIP3 interaction and necroptosis in H/R-

induced cell death (OS-PARP-RIP1/RIP3 pathway). PARP activated by OS may initiate 

and sustain liver injury by inducing parthanatos and necroptosis, respectively.  

In mouse experiments, PARP inhibition (PJ34) undoubtedly suppressed I/R-

induced liver injury of mouse (Fig. 6B, C). The inhibitors of caspases (z-VAD-fmk) or 

OS (Trolox) were also challenged against the post-ischemic liver injury, showing the 



similarly significant effect against liver I/R injury (Fig. 6B). PARP- and caspase-mediated 

cell death occurred in a mechanism independent of each other in the present study. 

Therefore, PARP inhibition seems to be a highly potent therapeutic strategy against liver 

I/R injury, especially in combination with a caspase inhibitor.  

In the present study, anti-inflammatory effect by PARP inhibition was not clear, 

though several reports have suggested that PARP is associated with inflammation in 

various organs, including the liver.4,57–59 Activated PARP is known to promote 

inflammatory responses by activating the pro-inflammatory NF-κB.4 Bacterial products 

(LPS) and inflammatory cytokines (interleukin [IL]-1, tumor necrosis factor [TNF]-α) 

also activate PARP and NF-κB. Interestingly, PARP, activated by reactive oxygen species 

(ROS), may be deeply involved in OS-induced inflammation. Inflammation enhances 

ROS generation in the tissue which will provoke and enhance tissue damage and 

inflammation. Because inflammation eventually induces an accumulation of damaged 

DNA, it will further activate PARP, DNA-repairing mechanisms, and inflammation.4,60 

PARP may be a key player for interconnecting ROS, DNA damage and inflammation in 

various pathological conditions. In fact, PARP has been shown to be associated with 

several pathological processes, including intestinal I/R-induced injury, stroke, myocardial 

infarction, and neurodegenerative disorders.61–63 PARP, therefore, may play a major role 



in liver injury and inflammation after I/R. Further study is required to understand the 

proinflammatory roles of PARP in parenchymal and non-parenchymal cells including 

hepatocytes and Kupffer cells, in regard to I/R-induced liver injury. 

I/R (H/R)-activated caspases can cause apoptotic cell death with DNA 

fragmentation. However, the activated caspases seemed to cleave/inactivate PARP to 

achieve caspase-mediated cell death (apoptosis), though DNA fragmentation by activated 

caspases may initially activate PARP (Fig. 7). DNA damage caused by H/R- or I/R-

induced OS will directly induce necrosis or activate PARP. The activated PARP may cause 

signal-regulated programmed cell death, such as parthanatos and necroptosis, via nuclear 

translocation of AIF and RIP1-RIP3 interaction, respectively. Parthanatos and necroptosis 

are crucially involved in I/R-induced liver injury, similar to apoptosis. These lytic types 

of cell death may provoke sterile inflammation and enhance injury in the post-ischemic 

liver.  

There are some limitations to note in the present study. We only used male mice 

for the study of liver I/R experiment, eventually arising the potential question regarding 

the effectiveness of PARP inhibition in protection against liver I/R injury in female mice. 

There exist some reports stating the sex-differences of the intensity and mechanism of 

liver I/R injury in mice, showing that female mice are possibly more resistant against liver 



I/R injury than male mice by some sex-dependent mechanisms64–67. These reports indicate 

that the degree and mechanism of liver I/R injury differ between males and females. PARP 

inhibition may not be effective enough in protecting against liver I/R injury in female 

mice, unlike male mice. Further investigation is required using female as well as male 

mice to understand more accurately the effectiveness of PARP inhibition and the 

underlying protective mechanism against liver I/R injury. 

 

Conclusions 

In the present study, we firstly demonstrated that PARP may play a critical role 

in I/R-induced liver injury and probably inflammation in mouse. H/R-initiated, PARP-

mediated cell death (parthanatos and necroptosis) occurred independently of caspases, 

and is similarly critical to caspase-mediated cell death (apoptosis) redox-dependently. 

H/R-activated PARP induced parthanatos and necroptosis from an early to late phase after 

H/R. Further study is needed to elucidate the role of PARP in I/R-induced liver injury and 

inflammation. However, our findings will undoubtedly advance the understanding of the 

pathology of post-ischemic liver injury in liver surgery. 
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Figure Legends 

Fig. 1 - PARP was more crucial in hypoxia/reoxygenation-induced cell death than 

caspases in AML12 mouse liver cells. (A) Left panel: PJ34 (10 µM) and z-VAD-fmk 

(20 µM), a pan-caspase inhibitor significantly suppressed H/R-induced cell death (LDH 

release). Right panel: The % inhibition of cell death was calculated against the cell death 

of normoxic cells without inhibitor at each group/time point. PJ34 suppressed H/R-

induced cell death more than z-VAD-fmk in the concentrations examined. (B) Western 

blot analyses showed apoptosis- and PARP-associated protein expression. Quantitative 

analysis of western blot is shown in Supplementary data for Fig. 1. (C) PJ34 did not 

suppress H/R-induced caspase 3 activation, though z-VAD-fmk did. Each experiment was 

performed in triplicate and densitometric data were statistically analyzed. Quantitative 

analysis of western blot data was by ImageJ software. Data, normally distributed, were 

analyzed by a Tukey-Kramer test and expressed as mean ± S.D. A value of p < 0.05 was 

considered statistically significant [*p < 0.05; †p < 0.01; n.s., not significant]. 

 

Fig. 2 - PARP inhibition did not affect caspase-mediated cell death. (A) Staurosporine 

(STS, 1 µM) immediately activated caspase3, induced cell death, and cleaved PARP. (B) 

Jo2 (4 µg/mg) slowly activated caspase3, induced cell death, and cleaved PARP. STS-



/Jo2-activated caspase 3 potently cleaved PARP and reduced the production of PAR (right 

panels). However, PJ34 did not affect STS-/Jo2-induced cell death at all [(A)(B) left 

panels]. For the viable cell assay (xCELLigence assay), each experiment was performed 

in triplicate and expressed as arbitrary values. Data, normally distributed, were analyzed 

by a Tukey-Kramer test and expressed as mean ± S.D. n.s., not significant. 

 

Fig. 3 - Hypoxia/reoxygenation-induced PARP activation (the production of PAR) 

depended on oxidative stress. (A) H/R induced the immediate production of PAR and 

cleavage of PARP (left). PJ34 dramatically reduced the production of PAR without 

affecting the cleavage of PARP (middle). z-VAD-fmk did not affect the production of 

PAR though it clearly inhibited PARP cleavage (right). Quantitative analysis of the 

protein expressions is shown in Supplementary data for Fig. 3. (B) Trolox (500 µM), 

an antioxidant, significantly suppressed H/R-induced production of PAR, but did not 

affect the cleavage of PARP (arrowheads). (C). Trolox did not suppress H/R-induced 

caspase 3 cleavage/activation (arrowheads). Each experiment was performed in triplicate 

by capillary electrophoresis (Wes™). Quantitative analysis of protein expression was 

performed Compass for Simple Western software. A value of p < 0.05 was considered 

statistically significant (*p < 0.05, †p < 0.01, n.s., not significant [B and C]). Data, 

normally distributed, were analyzed by a Tukey-Kramer test and expressed as mean ± 



S.D. 

 

Fig. 4 - Oxidative stress directly and immediately induced PARP activation (the 

production of PAR) and cell death. (A) H2O2 (1 mM) immediately induced the 

production of PAR, then cleaved caspases (Casp) and PARP. Each blot represents three 

independent experiments. Quantitative analysis of western blot is shown in 

Supplementary data for Fig. 4. (B) H2O2 immediately induced cell death in AML12 

mouse liver cells (xCELLigence assay). PJ34 (10 µM) suppressed H2O2-induced cell 

death at almost all timepoints after H2O2-treatment. For each treatment group, the 

experiment was performed in triplicate. (C) PJ34 suppressed both H2O2-induced 

production of PAR and cleavage of PARP. Each experiment was performed in triplicate 

using a capillary electrophoresis system (Wes™) and representative data are shown. Data, 

normally distributed, were analyzed by a Tukey-Kramer test and expressed as mean ± 

S.D. (B). Data, non-normally distributed, were analyzed by a Kruskal-Wallis test with a 

Dann-Bonferroni post hoc test and expressed as median and interquartile range (C). A 

value of p < 0.05 was considered statistically significant [*p < 0.01, †p < 0.05, n.s., not 

significant]. 

 



Fig. 5 - Hypoxia/reoxygenation and oxidative stress induces parthanatos and 

necroptosis through PARP activation. (A) H2O2 (1 mM), but not Jo2 (4 µg/mL) and 

staurosporine (STS; 1 µM), caused the translocation of AIF (green) to nuclei (blue) in 

AML12 mouse liver cells. PJ34 (10 µM) clearly suppressed H2O2-induced nuclear 

translocation of AIF. Arrowheads indicate translocated AIF in nuclei. (B) H/R induced 

the nuclear translocation of AIF in AML12 cells, which was suppressed by pre-treatment 

with PJ34 or Trolox. Arrowheads indicate translocated AIF in nuclei. (C) H2O2 induced 

RIP1-RIP3 interaction, which was markedly inhibited by PJ34. (D) RIP1-RIP3 

interaction induced by H/R was effectively inhibited by PJ34 especially at later timepoints. 

(E) RIP1-RIP3 interaction induced by H/R was significantly inhibited by Trolox in a 

dose-dependent manner. For each treatment group (C, D, E), the experiment was 

performed in triplicate and the data are expressed relative to values prior to treatment. 

Data, normally distributed, were analyzed by a Tukey-Kramer test and expressed as mean 

± S.D. (A, C, D). Data, non-normally distributed, were analyzed by a Kruskal-Wallis test 

with a Dann-Bonferroni post hoc test and expressed as median and interquartile range (B, 

E). A value of p < 0.05 was considered statistically significant [*p < 0.01, †p < 0.05, n.s., 

not significant]. 

 

Fig. 6 - Inhibition of PARP dramatically reduced ischemia/reperfusion-induced 



injury of liver and inflammatory reaction. (A) The experimental procedure and drug 

administration of liver I/R experiment are illustrated as a diagram. (B) PJ34 (5 mg/kg 

BW), z-VAD-fmk (5 mg/kg BW), or Trolox (50 mg/kg BW) were intraperitoneally 

administered twice to mice 5 min before and within 1 min after liver ischemia. PJ34 

significantly suppressed the increase of serum levels of ALT, AST & LDH 24 h after liver 

I/R, similar to z-VAD-fmk and Trolox (n=7 at each group). Different letters (a, b, c) in 

the graph indicate statistically significant differences among groups (p < 0.05). (C) 

Photomicrographs of post-ischemic liver tissue are shown (H & E stain) with/without 

PJ34. The areas surrounded by dashed lines in the upper panels are magnified and shown 

in the lower panels. The arrowheads indicate necrotic areas. (D) PJ34 suppressed hepatic 

PARP expression and the production of PAR after I/R. Each blot is representative of five 

independent experiments. Quantitative analysis of protein expression was performed by 

capillary electrophoresis (Wes™) and Compass for ProteinSimple software. *p < 0.05; 

n.s., not significant. Data, non-normally distributed, were analyzed by a Kruskal-Wallis 

test with a Dann-Bonferroni post hoc test and expressed as median and interquartile range 

(B). Data, normally distributed, were analyzed by a Tukey-Kramer test and expressed as 

mean ± S.D. (D). A value of p < 0.05 was considered statistically significant. 

 

Fig. 7 - Schematic illustration of redox-dependent, PARP-mediated 



ischemia/reperfusion-induced injury and inflammation. Hepatic I/R activates 

caspases within a few hours after reperfusion, which will eventually cause apoptotic cell 

death with DNA fragmentation. The DNA damage by ischemia or I/R-induced cellular 

ROS initially activates PARP to repair the damaged DNA, which is cleaved/inactivated 

partially by the activated caspases. The caspase-mediated inactivation of PARP may 

contribute to the achievement of apoptotic cell death. In comparison, the DNA damage 

caused by ischemia or I/R-induced ROS will overactivate PARP and consume NAD(+) 

and ATP, which directly leads to necrosis. In parallel, the activated PARP may cause 

signal-regulated cell death such as parthanatos and necroptosis through AIF translocation 

and RIP1-RIP3 interaction, respectively. Parthanatos and necroptosis may be involved in 

early and late phases of I/R-induced injury, respectively. These lytic types of cell death 

may provoke sterile inflammation and enhance injury in the post-ischemic liver. 
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