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Liver injury is often observed in various pathological conditions including posthepatectomy state and  
cancer chemotherapy. It occurs mainly as a consequence of the combined necrotic and apoptotic types of cell 
death. In order to study liver/hepatocyte injury by the necrotic type of cell death, we studied signal-regulated 
necrosis (necroptosis) by developing a new optic probe for detecting receptor-interacting protein kinase 1 
(RIP)/RIP3 binding, an essential process for necroptosis induction. In the mouse hepatocyte cell line, TIB-73 
cells, TNF-a/cycloheximide (T/C) induced RIP1/3 binding only when caspase activity was suppressed by 
the caspase-specific inhibitor z-VAD-fmk (zVAD). T/C/zVAD-induced RIP1/3 binding was inhibited by 
necrostatin-1 (Nec-1), an allosteric inhibitor of RIP1. The reduced cell survival by T/C/zVAD was improved 
by Nec-1. These facts indicate that T/C induces necroptosis of hepatocytes when the apoptotic pathway is 
inhibited/unavailable. FasL also induced cell death, which was only partially inhibited by zVAD, indicat-
ing the possible involvement of necroptosis rather than apoptosis. FasL activated caspase 3 and, similarly, 
induced RIP1/3 binding when the caspases were inactivated. Interestingly, FasL-induced RIP1/3 binding was 
significantly suppressed by the antioxidants Trolox and N-acetyl cysteine (NAC), suggesting the involve-
ment of reactive oxygen species (ROS) in FasL-induced necroptotic cellular processes. H2O2, by itself, 
induced RIP1/3 binding that was suppressed by Nec-1, but not by zVAD. Hypoxia induced RIP1/3 binding 
after reoxygenation, which was suppressed by Nec-1 or by the antioxidants. Cell death induced by hypoxia/ 
reoxygenation (H/R) was also improved by Nec-1. Similar to H2O2, H/R did not require caspase inhibi-
tion for RIP1/3 binding, suggesting the involvement of a caspase-independent mechanism for non-ligand- 
induced and/or redox-mediated necroptosis. These data indicate that ROS can induce necroptosis and medi-
ate the FasL- and hypoxia-induced necroptosis via a molecular mechanism that differs from a conventional 
caspase-dependent pathway. In conclusion, necroptosis is potentially involved in liver/hepatocyte injury 
induced by oxidative stress and FasL in the absence of apoptosis.
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INTRODUCTION

Liver injury reflects various pathological conditions 
within the liver and is a consequence of hepatocyte 
destruction1–8. Hepatocyte destruction occurs in various 
liver diseases, liver surgery, and following chemotherapy 
against cancer as a consequence of necrotic and apo-
ptotic types of cell death1–8. Chemotherapeutic drugs often 

injure hepatic parenchymal cells as well as cancer cells, 
and surgical resection of the liver is commonly accom-
panied with ischemia/reperfusion (I/R)-induced injury 
during the postoperative period. Although the transcath-
eter chemoembolization therapy is commonly applied 
for liver tumors, this causes injury to both tumorous and 
nontumorous liver cells. Therefore, understanding the 
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pathogenesis of liver injury in terms of hepatic cell death 
may lead to clinical benefits, such as decreased morbidity 
and mortality due to liver injury.

Recently, some different types of cell death have 
been identified to occur as the result of signal-regulated 
and redox-dependent events6–10. To date, apoptotic cell 
death is well known to occur in various hepatic patho-
logical conditions such as acute and chronic hepatitis  
and postischemic liver6,11. For example, Fas ligand (FasL) 
primarily induces apoptosis both in a caspase- and redox-
dependent manner7 and is involved in many pathologi-
cal situations, such as postoperative liver injury, hepatitis 
B/C, and alcoholic hepatitis12–15. Fas antigen (CD95) is 
constitutively expressed on hepatocytes in noncancerous 
and even cancerous states16, so FasL/Fas is relevant to 
various kinds of pathological cell death in both cancerous 
and noncancerous states.

In recent years, it has been confirmed that some  
apoptosis-inducing proteins, such as tumor necrosis  
factor-a (TNF-a), can induce necrosis under specific 
conditions17. This programmed type of necrosis is called 
necroptosis. TNF-a activates two signaling pathways: cell  
death and cell survival. The cell death signal branches 
further into apoptotic or necrotic cell death signaling 
pathways. When TNF-a binds to the TNF-a recep-
tor of the cell, the Complex I composed of TRADD  
(TNF receptor-associated death domain), TRAF2 (TNF 
receptor-associated factor 2), TRAF5, and RIP1 (receptor- 
interacting protein kinase 1) is formed. These proteins 
are usually polyubiquitinated, but when deubiquitinated 
by the actions of proteins such as A20/TNF-a-induced 
protein 3 (TNFAIP3), cezanne/OUT deubiquitinase 7B 
(OTUD7B), or ubiquitin-specific peptidase 21 (USP21), 
RIP1 shifts to the Complex II formation. Complex II 
consists of RIP1, RIP3, Fas-associated protein with a 
death domain (FADD), TRADD, and caspase 8. When 
caspase 8 in Complex II is activated by self-digestion, 
RIP1 and RIP3 lose activity, and caspase-dependent cell 
death “apoptosis” occurs as a result of activated caspase 
8 switching on the downstream effector caspases (cas-
pases 3, 6, and 7)17. If cells are treated with z-VAD-fmk 
(zVAD), a reagent that inhibits caspases, the cells cause 
necrosis-like cell death “necroptosis.” Activation of RIP1 
has been shown to be important for this process18. It  
has previously been reported that when RIP1 is activated 
and autophosphorylated, RIP1 then phosphorylates and 
activates RIP319,20. Many of the mechanisms from the 
activation of RIP1/RIP3 to the occurrence of necroptosis 
are still unknown.

Evidence for the pathological involvement of necro-
ptosis in renal I/R injury, myocardial infarction, and acute 
pancreatitis has recently been reported21–25. However, 
liver necroptosis has not been well studied, and its  
phys io pathological relevance has not been completely 

elucidated. Recent reports and reviews describe how 
necroptosis is induced by TNF-associated mechanisms, 
which has high relevance for many types of inflammatory 
and cancerous liver diseases, including I/R injury26–28. 
Necroptosis is often suppressed during tumorigenesis 
states and therefore is considered as one of the targets 
for pharmacological anticancer approaches29. One of 
the most extensively investigated systems for induction 
of necroptosis is the one induced by the ligand/receptor 
stimulus such as TNF-a/TNF receptor (TNFR). TNF-a/
TNFR induces the physical interaction of RIP1 and RIP3, 
which is an essential process for necroptosis induction. 
Another death receptor includes the FasL and Fas (CD95) 
system, which has also been reported to trigger a form 
of nonapoptotic cell death consistent with necroptosis29. 
Necroptosis has also been postulated to act as an apo-
ptotic “backup” cell death mechanism since it functions 
to enable cell death under conditions where apoptosis 
cannot occur21,27.

In the present study, we developed a new optic probe 
for detecting cellular necroptosis by sensing physical 
interaction of RIP1 and RIP3. By using the optic probes 
for necroptosis and apoptosis, we first demonstrated that 
FasL induces necroptosis as well as apoptosis in a redox-
dependent manner in hepatocytes. Necroptosis was also 
induced directly by reactive oxygen species (ROS) and 
by hypoxia/reoxygenation (H/R) in a redox-dependent 
manner. ROS and H/R induced necroptosis by a mecha-
nism independent of caspase activity, differently from 
FasL. These findings will provide important perspectives 
on the potential pathological and therapeutic roles of 
necroptosis in liver cancer and other diseases.

MATERIALS AND METHODS

Constructing cDNA Vectors Encoding the Fusion 
Proteins for Monitoring mRIP1–mRIP3 Interaction

DNA-modifying enzymes were purchased from Tak-
ara Bio (Otsu, Japan). Mammalian expression vectors 
pcDNA3.1(+) and pcDNA3.1/Hygro(+) encoding a neo-
mycin-resistant gene (neor ) and a hygromycin-resistant 
gene (hygr ), respectively, were purchased from Invitrogen 
(Carlsbad, CA, USA). The cDNA of a red-emitting click 
beetle luciferase (CBR), murine RIP1 (mRIP1), and murine 
RIP3 (mRIP3) were obtained from Promega (Madison, WI, 
USA). A transfection reagent TransIT-LT1 was purchased 
from Takara Bio. An Escherichia coli strain, DH5a, was 
used as the bacterial host for construction of all vectors. 
The cDNAs encoding mRIP1, mRIP3, epitope-tagged 
CBR fragments, neor, and hygr were generated by poly-
merase chain reaction (PCR). All PCR fragments were 
sequenced using a genetic analyzer ABI310 (Applied 
Biosystems, Carlsbad, CA, USA). The cDNA fragments 
were subcloned into a retroviral vector pMX30.
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Cell Culture and Establishment of Stable Clones

Murine liver-derived TIB-73 cells established from 
normal mouse hepatocytes, mouse embryonic fibroblasts 
(MEFs; American Type Culture Collection, Manassas, 
VA, USA), and retrovirus packaging cells Platinum-E 
(Plat-E)31 were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM; Sigma-Aldrich, St. Louis, MO, USA) 
supplemented with 10% (v/v) heat-inactivated fetal  
bovine serum (FBS), 100 U/ml penicillin, and 100 µg/ml  

streptomycin at 37°C in an atmosphere of 5% CO2 
(v/v). Plat-E cells were transfected with the con-
structed retroviral vectors using TransIT-LT1 reagent 
and left at 37°C in an atmosphere of 5% (v/v) CO2. 
After 48 h, retroviruses were collected and used to 
infect the cells, TIB-73 cells, and MEFs. The cells sta-
bly expressing the fusion proteins were obtained after 
selection with G418 (Life Technologies, Carlsbad, CA, 
USA) and hygromycin B (Wako, Osaka, Japan) for  
2 weeks.

Figure 1. The newly developed optic probe for murine receptor-interacting protein kinase 1/3 (RIP1/3) binding and the detection 
of cell death by tumor necrosis factor-a (TNF-a)/cycloheximide and sodium azide (NaN3). (A) Schematic structures of cDNA con-
structs of the optic probe. The click beetle luciferase N- and C-terminal fragments (CBRN and CBRC) indicate the cDNAs encoding 
the N- and C-terminal ends of CBR, CBR (1–413), and CBR (395–542), respectively. mRIP1, murine RIP1; mRIP3, murine RIP3; 
GGGGS, five-amino-acid flexible linker of -Gly-Gly-Gly-Gly-Ser-; myc, c-myc epitope; V5, V5 epitope; IRES, internal ribosome 
entry site; neor, neomycin-resistant gene; hygr, hygromycin-resistant gene; LTR, long terminal repeat; y, retroviral package signal. 
(B) The principle of protein complementation assay (split luciferase reconstitution) for monitoring the interaction of mRIP1–mRIP3. 
mRIP1–mRIP3 interaction brings CBRN and CBRC, resulting in bioluminescence recovery. (C) TNF-a/cycloheximide (T/C) induced 
dose-dependent RIP1/3 binding and marked cell death (detachment of cells) in mouse embryonic fibroblasts (MEFs) (TNF-a: 25 
or 50 ng/ml, cycloheximide: 1 µg/ml). (D) Sodium azide (NaN3) induced RIP1/3 binding transiently that became rapidly reduced. 
Photomicrographs show massive cell death (cell aggregation and detachment) in MEFs treated with NaN3 (2.5 or 5.0 mM). Data from 
the optic probe are representative of at least three independent experiments (C, D).
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Cell Culture and Reagents

TIB-73 cells and MEFs were maintained at 37°C in 
5% CO2 in DMEM supplemented with 10% FBS. The 
reagents, sodium azide (NaN3), and cycloheximide, and 
the antioxidants Trolox and N-acetyl-L-cysteine (NAC)  
were from Sigma-Aldrich, while TNF-a and zVAD 
were obtained from R&D Systems (Minneapolis, MN, 
USA). Necrostatin-1 was purchased from Merck Milli-
pore (Darmstadt, Germany), and Jo2 (FasL) from BD 
Biosciences (Franklin Lakes, NJ, USA). These reagents 
were added at the concentrations described in the Results 
section to the culture media to determine their effects on 
the cells with regard to caspases and RIP1/3 (apoptosis 
and necroptosis).

Hypoxia/Reoxygenation

Cellular hypoxic conditions were created and main-
tained 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 Torr32,33. Following 6 h of hypoxia, TIB-73 
cells were reoxygenated by opening the chamber and  
replacing the hypoxic medium with oxygenated medium.

Monitoring Caspase 3 Activity in Live Cells

An optical probe, termed pcFirefly luciferase (pcFluc)-
DEVD, was used to detect caspase 3 activity in live 
cells5,34. Replication-deficient recombinant adenovirus-
encoding pcFluc-DEVD (AdpcFluc) was transfected into  
TIB-73 cells at five multiplicities of infection, 48 h prior to 
the experiment. After adding D-luciferin substrate (1 mM),  
bioluminescence for caspase 3 activity stimulated by 
FasL was measured chronologically with a luminometer 
(Kronos Dio; Atto Corp., Tokyo, Japan).

Monitoring Live Cells and Biochemical Evaluation  
of Necrotic Cells

Growth curves were determined by plating the cells 
(20%–30% confluence) in an xCELLigence System 

(Roche, Basel, Switzerland), which allows for auto-
mated, noninvasive, and real-time monitoring of live 
cells in culture. Biochemical analysis for necrotic cell 
death was performed by measuring lactate dehydroge-
nase (LDH) activity in culture media (LDH Detection 
Kit; Takara Bio).

In Situ Proximity Ligation Assay for RIP1/3  
Binding in Hepatocytes

In order to visualize and quantify intracellular RIP1/3 
binding by immunocytochemistry, a Duolink In Situ 
Proximity Ligation Assay (Sigma-Aldrich) was used35,36. 
The proximity of RIP1 and RIP3 was detected using two 
primary antibodies: mouse anti-RIP1 (BD Biosci ences) 
and rabbit anti-RIP3 (Abcam, Cambridge, UK). A pair of 
oligonucleotide-labeled secondary antibodies generated  
a fluorescent spot signal only when these two probes 
bound in close proximity, showing physical binding of 
RIP1 and RIP3 in cells. These signals were assigned to a 
specific subcellular location based on microscopy images 
and were quantified using ImageJ software for image 
analysis (NIH, Bethesda, MD, USA).

Western Blot Analysis

Whole-cell protein extracts (25 µg) were separated 
by 10% sodium dodecyl sulfate-polyacrylamide electro-
phoresis (SDS-PAGE) and transferred to polyvinylidene  
fluoride (PVDF) membranes. Western blot analysis of  
PVDF membranes was performed with appropriate anti-
bodies specific for RIP1, RIP3, mixed lineage kinase 
domain-like protein (MLKL; Abcam), and glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH; Cell Signal-
ing Technology Inc., Danvers, MA, USA).

Statistical Analysis

All results were expressed as mean ± standard error 
of the mean (SEM). Statistical analyses were performed 
with Fisher’s test, and a value of p < 0.05 was considered 
significant.

FACING PAGE
Figure 2. TNF-a/cycloheximide induced RIP1/3 binding and cell death in TIB-73 mouse liver cells. (A) T/C induced RIP1/3 binding 
only when caspase activity was inhibited by z-VAD-fmk (zVAD) in TIB-73 cells, which was suppressed by necrostatin-1 (Nec-1),  
an allosteric inhibitor of RIP1. Photomicrographs show that cell death in TIB-73 cells induced by T/C/zVAD was improved by Nec-1 
treatment. (B) RIP1/3 binding induced by T/C/zVAD was inhibited dose-dependently by Nec-1 in TIB-73 cells. (C) RIP1/3 bind-
ing and inhibition by Nec-1 were confirmed immunocytochemically (in situ proximity ligation assay). Red color [4,6-diamidino- 
2-phenylindole (DAPI), pseudocolor] and green color indicate nucleus and interacted RIP1/3, respectively. (D) The cell survival rate 
dropped rapidly after T/C treatment, which was partially improved by zVAD (12 h after the treatment). T/C/zVAD- (top) and T/C-
induced (bottom) cell death were both significantly improved by the addition of Nec-1 (24–30 h after the treatment), suggesting that 
T/C treatment induced necroptosis at later time points, especially when caspases were inactivated/unavailable. The concentrations of 
T/C (TNF-a, cycloheximide), zVAD, and Nec-1 used were 25 ng/ml, 1 µg/ml, 20 µM, and 20 µM, respectively (A, C, and D). Results 
are expressed as mean ± standard error of the mean (SEM) of five independent experiments, with p < 0.05 considered significant (A, C, 
and D). Data from the optic probe and photomicrographs are representative of at least three independent experiments.
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RESULTS AND DISCUSSION

Newly Developed Optic Probe to Monitor Murine (m)
RIP1–mRIP3 Interaction in Live Cells

The structures of the constructed cDNAs encoding the 
fusion proteins for monitoring the interaction of mRIP1 
and mRIP3 on the basis of protein–fragment comple-
mentation (split luciferase reconstitution) are shown in  
Figure 1A37. The cells infected with the cDNAs express 
chimeric proteins, mRIP3 fused to the N-terminal frag-
ments of CBR [CBR (1–413); CBRN], and mRIP1 linked 
with the C-terminal fragment of CBR [CBR (395–542); 
CBRC]. When the fusion proteins interact mutually, 
CBRN and CBRC refold correctly, and their biolumines-
cence activity is recovered38. The principle of mRIP1–
mRIP3 interaction, namely, the reconstitution of split 
luciferase (CBRN and CBRC), is schematically shown in 
Figure 1B and can be evaluated by measuring the recov-
ered bioluminescence intensity.

RIP1/3 Binding Was Increased by TNF-α/Cycloheximide 
or Sodium Azide (NaN3) Treatment

We first tried TNF-a/cycloheximide (T/C) or NaN3 in 
MEFs stably transfected with the probe. T/C and NaN3 

are known to induce regulated cell death, at least partly 
through caspase-dependent apoptosis, in the ligand- and 
non-ligand-mediated manners, respectively39,40. In MEFs, 
T/C induced a rapid increase in RIP1/3 binding within 4 h 
after the treatment and subsequent cell death (detachment 
of cells) within 24 h (Fig. 1C). NaN3 also immediately 
induced a robust increase in RIP1/3 binding and massive 
MEF cell death 24 h after the treatment (Fig. 1D). The 
newly developed optic probe succeeded in demonstrating 
RIP1/3 binding (i.e., necroptosis) causing cell death in 
T/C- and NaN3-treated MEF.

TNF-α/Cycloheximide Induced RIP1/3 Binding 
in TIB-73 Mouse Liver Cells

Next, we challenged this probe to TIB-73 cells treated 
with T/C. T/C on its own did not induce RIP1/3 bind-
ing (Fig. 2A), but induced a prompt and marked increase 
in RIP1/3 binding after the addition of zVAD (Fig. 2A). 
This increase was significantly suppressed and delayed in 
a dose-dependent manner by Nec-1, an allosteric inhibi-
tor of RIP1 (Fig. 2A and B). Photomicrographs of TIB-73 
cells revealed that Nec-1 also suppressed T/C/zVAD-
induced cell death (Fig. 2A). The in situ proximity liga-
tion assay confirmed T/C/zVAD-induced RIP1/3 binding 
immunocytochemically in TIB-73 cells (Fig. 2C). Such 
T/C/zVAD-induced signals were also clearly and signifi-
cantly suppressed by Nec-1 treatment.

T/C/zVAD-induced cell death was accompanied by 
RIP1/3 binding, so we studied the TIB-73 cell survival 
chronologically after T/C, zVAD, and Nec-1 treatments 

(Fig. 2D, top). The cell survival rate rapidly dropped after 
T/C treatment, which was partially improved by zVAD. 
This protective effect by zVAD was evident at early time 
points after the treatment but became less evident with 
time. This indicates that T/C induced mainly apoptosis at 
early time points. At later time points when cell survival 
was not sufficiently improved by zVAD, Nec-1 improved 
cell survival in a marked and more effective manner than 
zVAD. Comparing the independent effects of zVAD and 
Nec-1 on T/C-induced damage, Nec-1 improved cell 
survival more than zVAD, especially at later time points 
(Fig. 2D, bottom). These facts indicate the possibility that 
T/C primarily induces apoptosis and then necroptosis at 
later time points when caspases are inactivated/unavailable 
in hepatocytes.

FasL Induced Both Apoptosis and Necroptosis  
in TIB-73 Mouse Liver Cells

Next, we studied the induction of regulated cell death 
by FasL in mouse liver cells (TIB-73 cells). FasL mark-
edly induced cell death, as assessed by the elevation of 
LDH in culture media and by microscopic observation, 
which was only partially inhibited by zVAD (Fig. 3A). 
This indicates that another type of cell death is involved 
other than apoptosis in FasL-mediated hepatocyte cell 
death. Therefore, we studied two types of cell death 
(apoptosis and necroptosis) in FasL-mediated cell death 
using the optic probes for caspase 3 activity34 and RIP1/3 
binding representing apoptosis and necroptosis, respec-
tively (Fig. 3B). FasL rapidly induced caspase 3 activity 
4–6 h after the treatment but did not induce RIP1/3 bind-
ing (Fig. 3B, left and right, respectively). However, by 
the further addition of zVAD, RIP1/3 binding promptly 
increased (Fig. 3B, right). These observations provide 
evidence for the conventional hypothesis that necropto-
sis functions as an apoptotic “backup”21,27 to enable cell 
death in case the caspase-dependent pathway is not avail-
able (or inactivated).

TNF-a and FasL are both known to induce ROS-
mediated cell death in liver cells5,7,41,42. In order to confirm 
the involvement of ROS in the ligand-induced necropto-
sis in hepatocytes, we examined the effect of the anti-
oxidants upon FasL-induced necroptosis. Pretreatment of 
cells with the antioxidants Trolox and NAC significantly 
suppressed FasL-induced RIP1/3 binding (Fig. 3C), sug-
gesting ROS are involved in necroptosis-inducing pro-
cesses in hepatocytes.

H/R Induced Necroptotic Cell Death  
in a Redox-Dependent Manner in TIB-73 Cells

We next studied whether H/R induces necroptosis in 
mouse hepatocytes. H/R increased RIP1/3 binding, with a 
maximal peak 16–18 h after reoxygenation, and induced 
necrotic cell death (Fig. 4A), which were both suppressed 
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Figure 3. Fas ligand (FasL; Jo2) induced necrotic cell death and RIP1/3 binding in a redox-dependent manner in TIB-73 cells. (A) A 
caspase inhibitor (zVAD) only partially suppressed FasL (Jo2)-induced necrotic cell death in TIB-73 cells. (B) Optic probes for caspase 
3 activity (left) and RIP1/3 binding (right) were used to evaluate apoptosis and necroptosis, respectively. FasL (Jo2) induced activation 
of caspase 3, and RIP1/3 binding occurred only when the caspases were inactivated. (C) Antioxidants [Trolox and N-acetyl cysteine 
(NAC)] significantly suppressed FasL (Jo2; 2 µg/ml)-induced RIP1/3 binding. The concentration of zVAD used was 20 µM (A, B, and 
C). Results are expressed as mean ± SEM of five independent experiments, with p < 0.05 considered significant (A, C). Data from the 
optic probes and photomicrographs are representative of at least three independent experiments.
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significantly by Nec-1. RIP1/3 binding was also inhib-
ited dose dependently and significantly by the antioxi-
dants Trolox and NAC (Fig. 4B). These data indicate  
that H/R induces RIP1/3 binding (i.e., necroptosis) in a 
redox-dependent manner, similar to FasL. ROS (H2O2) 

by itself induced RIP1/3 binding, which was inhibited  
by Nec-1 but not affected by zVAD (Fig. 4C).

The expression levels of the endogenous necroptosis- 
associated proteins (RIP1, RIP3, and MLKL) were 
reduced after hypoxia (Fig. 4D). The expressions of RIP1  

FACING PAGE
Figure 4. Hypoxia/reoxygenation (H/R) induced RIP1/3 binding and necrotic cell death in a redox-dependent manner in TIB-73 
mouse liver cells. (A) H/R induced RIP1/3 binding and, accordingly, necrotic cell death, which were both inhibited by Nec-1 (20 µM). 
(B) H/R-induced RIP1/3 binding was inhibited by the antioxidants Trolox and NAC in a dose-dependent manner. (C) H2O2 (500 µM)-
induced RIP1/3 binding was significantly inhibited by Nec-1 and was not augmented by caspase inhibition in TIB-73 cells, in contrast 
to FasL. (D) The expressions of necroptosis-associated proteins [RIP1, RIP3, and mixed lineage kinase domain-like protein (MLKL)] 
were transiently reduced and gradually recovered over time after reoxygenation. (E) H/R-induced RIP1/3 binding was not augmented 
by caspase inhibition in TIB-73 cells, similar to H2O2 treatment. The concentration of zVAD used was 20 µM. Data from the optic 
probe (A, E) and photomicrographs (A) are expressed as representative of at least three independent experiments. The experiments 
of Western blot were performed independently in duplicate (D). The results are expressed as mean ± SEM of five independent experi-
ments, with p < 0.05 considered significant (B).

Figure 5. Redox-mediated regulated cell death (apoptosis and necroptosis) in hepatocytes. TNF-a/FasL induces primarily redox-
dependent apoptosis via a caspase 8/3 pathway. When caspase 8 is not available/inactivated, the alternative pathway is activated to 
form a necrosome (MLKL/RIP1/RIP3) to induce necroptosis, also in a redox-dependent manner. Necroptosis occurs as “a backup for 
apoptosis” at a later phase. Reactive oxygen species (ROS; e.g., H2O2) primarily induce apoptosis and, thereafter, necroptosis in the 
presence of MLKL. The induction of necroptosis by H/R is affected by the reexpression of RIP1, RIP3, and MLKL after reoxygenation 
but is independent of caspase activity. The precise molecular mechanisms are still unknown, but oxidative stress definitely plays a 
pivotal role in liver injury via regulated cell death.
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and MLKL began to markedly recover 16 h post-H/R  
and onward. However, RIP3 recovered transiently 16 h 
post-H/R but decreased thereafter. H/R-induced RIP1/3 
binding seems to require the reexpressions of RIP1,  
RIP3, and MLKL, though MLKL is known to be essen-
tial for necroptosis43. The induction of RIP1/3 binding 
by H/R occurred later than that by FasL but was not 
affected/augmented by caspase inhibition differently 
from FasL (Figs. 3B and 4E), suggesting that there are 
different molecular mechanisms in H/R- and FasL/Fas-
induced necroptosis. FasL- and H/R-induced necroptosis 
in hepatocytes occurred in a redox-dependent molecu-
lar mechanism, which were dependent and independent  
from caspase activity, respectively.

In conclusion, T/C and FasL induced necroptosis if  
caspases were inactivated. FasL- and H/R-induced necro-
ptosis occurred in a redox-dependent manner. H/R induced 
necroptosis in the mechanism dependent of ROS and  
independent of caspase activity (Fig. 5). The precise mech-
anisms involved in necroptotic cell death in hepatocytes 
are still unknown and require further study. However, 
our findings advance the understanding of the physiopa-
thology of regulated cell death causing hepatocyte/liver 
injury.
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