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Abstract
Cell death has been extensively evaluated for de-
cades and it is well recognized that pharmacological 
interventions directed to inhibit cell death can prevent 
significant cell loss and can thus improve an organ’
s physiological function. For long, only apoptosis was 
considered as a sole form of programmed cell death. 
Recently necroptosis, a RIP1/RIP3-dependent pro-
grammed cell death, has been identified as an apoptot-
ic backup cell death mechanism with necrotic morphol-
ogy. The evidences of necroptosis and protective effects 
achieved by blocking necroptosis have been extensively 
reported in recent past. However, only a few studies 
reported the evidence of necroptosis and protective ef-
fects achieved by inhibiting necroptosis in liver related 
disease conditions. Although the number of necroptosis 
initiators is increasing; however, interestingly, it is still 
unclear that what actually triggers necroptosis in dif-
ferent liver diseases or if there is always a different 
necroptosis initiator in each specific disease condition 
followed by specific downstream signaling molecules. 
Understanding the precise mechanism of necroptosis 
as well as counteracting other cell death pathways in 
liver diseases could provide a useful insight towards 
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achieving extensive therapeutic significance. By target-
ing necroptosis and/or other parallel death pathways, a 
significant cell loss and thus a decrement in an organ’s 
physiological function can be prevented.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Necroptosis has been identified as apoptotic 
“back up” cell death mechanism. The evidence of 
necroptosis and protective effects achieved by block-
ing necroptosis have been extensively reported in re-
cent past such as in renal ischemic/reperfusion injury, 
myocardial infarction, and acute pancreatitis. However, 
only a limited number of studies reported necroptosis 
evidence and significance of key necroptosis molecules, 
RIP1 and RIP3, in liver related disease conditions. The 
current review focuses on evidence of necroptosis in 
liver related disease conditions as well as potential sig-
nificance of other programmed necrosis pathways.
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INTRODUCTION
The study of  cell death and survival has been under ex-
tensive exploration. However, it is still not known how a 
cell critically decides to live or die. A cell can be labeled 
dead if  it meets one of  following criteria: loss of  plasma 
membrane integrity and incorporation of  vital dyes in 
vitro, cell fragmentation, and/or in vivo engulfment of  cell 
fragments by neighboring cells[1]. Historically cell death 
mechanism can be broadly classified into regulated and 
unregulated. Apoptosis and necrosis are examples of  reg-



ulated and unregulated types of  cell deaths respectively, 
however; there are also evidences of  other overlapping 
types of  cell deaths with therapeutic potentials[2]. More-
over, even the exposure to the same death inducing sub-
stance at different concentrations can produce a mixed 
picture of  cell deaths in which a diversity of  different cell 
death types can be observed[3,4]. Regulated cell death is 
genetically controlled and unregulated cell death is due to 
failure of  cell to overcome extreme stresses[2,4]. Among 
the various cell death types to be explored, apoptosis and 
necrosis are well-known morphologically distinct types 
of  cell deaths[2,3]. Apoptosis, necrosis and autophagy are 
major distinct types of  cell death each with a specific mo-
lecular, biochemical and morphological characteristics[1,4]. 

Necroptosis is a non-apoptotic backup, necrosis-like 
cell death mechanism, which is initiated when apoptosis 
is blocked[5]. Apoptotic pathway is a caspase-dependent 
dominant cell death pathway while necroptotic pathway is 
dependent on kinase cascade. A family of  kinase activity 
containing proteins known as receptor interacting pro-
teins (RIPs) are essential cell stress sensors[6]. The current 
review focuses on necroptosis, a caspase-independent 
programmed cell death, and potential protective effects 
achieved by intervening necroptosis in liver diseases.

NECROPTOSIS: EMERGING CONCEPT OF 
PROGRAMED CELL NECROSIS
Chan and colleagues introduced the term “programmed 
necrosis” for an alternative RIP-mediated form of  cell 
death, which is morphologically distinct from apoptosis 
and is dependent on tumor necrosis factor receptor, 
Fas and tumor necrosis factor (TNF)-related apoptosis-
inducing ligand (TRAIL) receptors activation[7]. RIPs 
are essential for necroptosis execution; for pro-necrotic 
complex formation, the kinase activities of  RIP1 and 
RIP3 are essential and are tightly regulated within the 
necrosome[8]. There is an increasing number of  necrop-
tosis initiators; however, TNF-α induced necroptosis is 

extensively studied and reported[9,10] (Figure 1). Moreover, 
it is also still not known whether the different necrop-
tosis inducers follow the same downstream signaling 
pathway[10]. The RIP1 and RIP3 interact with each other 
through homotypic interaction motif  at their C termi-
nus[11]. RIP1 is thought be a crucial kinase making the 
decision of  cell survival or death[12]. RIP1 has three do-
mains; a serine/threonine kinase domain essential for 
necroptosis, an intermediate domain, containing homo-
typic interaction motif, for nuclear factor kappa-light-
chain-enhancer of  activated B cells (NF-κB) and a death 
domain for apoptosis activation[13]. RIP1 ubiquitination 
promotes cell survival pathway while de-ubiquitination 
promotes kinase dependent cell death pathway[10]. As 
RIP1 has multiple domains, its activation can result in 
multiple outcomes such as NF-κB, mitogen-activated 
protein kinase (MAPK), apoptosis or necrosis[12]; how-
ever, only the kinase activity of  RIP1 was reported to 
be essential for necroptosis execution but not for other 
pathways[8]. The necrostatin-1 (nec-1), a small potent 
molecule, blocks RIP1 kinase activity and thus blocks 
death receptors induced necroptosis[5]. Cho et al[8] report-
ed that RIP3 controls programmed necrosis and found 
that RIP3 augments RIP1 recruitment to necrosome. 
Furthermore, apart from RIP1 and RIP3, several other 
kinases were also thought to be involved in phosphoryla-
tion of  RIP1 and RIP3.

Upon activation, RIP3 is reported to activate a num-
ber of  different downstream signals such as contribu-
tion to necroptosis by formation of  necrosome and 
later the activation of  mixed-lineage kinase domain-like 
(MLKL), phosphoglycerate mutase 5 (PGAM5) and fi-
nally dynamin-related protein (Drp1) to induce reactive 
oxygen species (ROS) production and membrane perme-
ability[14]. Moreover, through JNK activation, RIP1/RIP3 
kinase cascade is also reported to regulate mitochondrial 
oxidative stress[15-17]. The increased RIP3 expression is 
also thought to be related to increased expression of  pro-
inflammatory cytokines[14,16] and inflammasome activa-
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Figure 1  Diagrammatic representation of necrop-
tosis pathway. Apoptosis and necroptosis can share 
the same death inducers molecules such as tumor 
necrosis factor-α (TNF-α), FasL, and TNF-related 
apoptosis-inducing ligand (TRAIL). The intracellular 
domain of TNF receptor (TNFR)1 further recruits 
many intracellular proteins including TNF receptor-
associated death domain protein (TRADD), TNF 
receptor associated factor (TRAF), and receptor-
interacting serine-threonine kinase 1 (RIP1). RIP1 
phosphorylates and activates RIP3 which later 
forms the complex together with mixed lineage 
kinase domain-like (MLKL). C-Jun N-terminal kinase 
(JNK) and MLKL act downstream of RIP3. There is 
a possibility that some other unknown kinases might 
be acting between RIP1 and RIP3 which could 
explain why certain liver diseases do not show the 
protective effects of necrostatin-1.

RIPK1



tion[14]. Furthermore, RIP3 is also reported to be linked 
with energy metabolism and to determine the switch 
between apoptosis and necrosis[18]. Recently, RIP3 inhibi-
tion has also been reported to increase allograft survival 
in renal ischemic reperfusion injury model[19,20]. 

CROSSTALK BETWEEN NECROPTOSIS 
AND APOPTOSIS
Despite morphologically different and distinct molecular 
machinery involved in execution of  different death path-
ways, there is a complex interaction and crosstalk between 
necroptosis and apoptosis[4]. In general, the blockage 
of  single pathway does not block the cell death entirely; 
however, it prone the cell to choose an alternative death 
pathway[21]. Under apoptosis deficient conditions such as 
caspase inhibition by zVAD, cells can opt a type of  pro-
grammed cell death pathway termed as programmed ne-
crosis or necroptosis[5]. The existence of  complex cross-
talk and overlaps between different cell death pathways 
has indeed made it difficult to determine what actually 
defines cell’s priority to choose one pathway over another. 
Several studies pointed towards the involvement of  dif-
ferent molecular mechanisms to determine this switch. 
For instance, the blockage of  apoptotic pathway by pan-
caspase inhibitors (e.g., zVAD) can lead to cell’s switch 
to necroptotic pathway, alternatively, the blockage of  
apoptosis is not necessary for necroptosis execution[5,22], 
and in neuronal subpopulation necroptosis might be a 
primary death mechanism[5]. RIP1 and RIP3 are thought 
to be critical molecules contributing in cell’s switching 
from apoptotic to necroptotic pathway[13,23,24]. Festjens et 
al[12] described that RIP1 integrates several upstream sig-
nals and is a critical decision maker in cell’s fate to live or 
die. Moreover, it was also suggested that the RIP1 kinase 
domain might have a role in shifts between cell survival 
and death[25]. Depending on the circumstances RIP1 
can contribute to NF-κB, MAPK, apoptosis or necrosis 
activation[12]. Moreover, the cell shifts from apoptosis to 
necrosis when it has depleted energy stores such as dur-
ing DNA repair by poly-ADP-ribose polymerase (PARP) 
activation[26]. Interestingly, the extracellular pH was also 
found to switch the TRAIL-induced apoptosis to necrop-
tosis in human HT29 and HepG2 cells[27]. Despite the 
number of  evidences reporting the switches between dif-
ferent pathways, it is still unclear what exactly determines 
the cell’s preference to choose one death pathway over 
another.

EVIDENCE OF NECROPTOSIS IN LIVER 
DISEASES
The evidence and evaluation of  protective effects medi-
ated by necroptosis inhibition have been reported in a 
number of  disease conditions such as renal ischemic 
reperfusion injury[28], myocardial infarction[5], acute pan-

creatitis[24], retinal detachment[29], and traumatic brain 
injury[30]. However, recently, only a few studies reported 
the necroptosis evidences and protective effects achieved 
through inhibition of  necroptosis in liver related disease 
conditions.

Roychowdhury et al[31] reported that ethanol feeding 
activates both apoptotic as well as non-apoptotic cell 
death pathways. Ethanol induced RIP3 expression which 
was independent of  presence or absence of  caspase in-
hibitor. Moreover, blocking apoptosis alone by using Bid 
deficient mice or VX166, a pan-caspase inhibitor, was not 
sufficient to prevent ethanol induced liver injury. Roy-
chowdhury et al[16] also found that RIP3 deficiency did not 
have any effect on ethanol-induced apoptosis. Chronic 
ethanol fed mice showed an increased RIP3 expression; 
however, RIP1 expression remained the same. Moreover, 
the liver biopsies of  alcoholic liver disease patients also 
showed an increased RIP3 expression, which signifies the 
execution of  necroptosis in human hepatic pathologies 
as well. Furthermore, cytochrome P450 2E1 (CYP2E1)-
deficient mice failed to induce RIP3, suggesting that 
CYP2E1 acts upstream of  RIP3 in ethanol mediated liver 
injury. RIP3-deficient mice also showed reduced pJNK 
positive hepatocytes and were protected against ethanol 
medicated hepatocyte injury and pro-inflammatory cyto-
kines expression[16]. 

In another study, acetaminophen (APAP) toxicity 
induced RIP3 expression, increased alanine aminotrans-
ferase (ALT) levels, and led to extensive necrosis. RIP3 
morpholinos treatment targeting RIP3 and use of  RIP3 
deficient mice not only decreased ALT levels and oxida-
tive stress but also altered mitochondrial function. The 
reduced RIP3 expression reduced JNK and Drp1 acti-
vation, which later reduced the mitochondrial oxidative 
stress, fission and finally prevented the necrosis. More-
over, RIP3 deficient mice and RIP3 anti-sense morpho-
linos also attenuated necrotic cell death in vivo as well as 
in vitro by decreasing the activation and translocation of  
JNK and Drp1[17]. Similar results were also reported in 
two other studies that nec-1 is protective against APAP-
induced hepatocytes toxicity and RIP1/RIP3 act up-
stream of  JNK activation[15,32]. 

In concanavalin A (ConA) induced murine hepatitis 
model nec-1 was found to protect against ConA-induced 
hepatitis and decreased serum aspartate aminotransfer-
ase and ALT and PARP-1 expression[33]. Another study 
also reported similar results that nec-1 not only reduced 
ConA induced acute liver injury and but also improved 
liver histology, reduced liver enzymes, inflammatory cyto-
kines, and improved animal survival[34]. Moreover, nec-1 
decreased RIP1, TNF-α, interferon-γ, interleukin (IL)-2 
and IL-6 expressions; however, interestingly, nec-1 also 
inhibited autophagy in vitro[34]. In another study, treatment 
of  septic mice with nec-1 was found to be damaging 
for hepatocytes. Nec-1 treatment altered liver glycogen 
contents and increased serum liver injury markers, pro-
inflammatory cytokines, and caspase-3 activity[25].
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the upstream kinase activating RIP3 could not be RIP1 
but some other unknown kinase. Therefore, depending 
on disease condition necroptosis signal might be bypass-
ing the kinase activity of  RIP1. Cho et al[8] also pointed 
towards the possible existence of  several other kinases 
to be involved in necroptosis kinase cascade and the pos-
sibility that RIP3 might be acting upstream of  RIP1 and 
that some other unknown kinase might also be activat-
ing RIP3 downstream of  RIP1. With recent evidences 
indicating the existence of  distinct pathways of  regulated 
necrosis[37,38], it is fascinating to speculate that both RIP1 
and RIP3 mediated and RIP3 alone mediated necroptosis 
might also be representing the splitting of  necroptosis 
pathway. It is yet to be answered which necroptosis ex-
ecuters promote the involvement of  both RIP1 and RIP3 
and which executers only promote the involvement of  
RIP3 alone. Furthermore, it should also be noticed that 
nec-1 is reported to depict a number of  diverse effects 
which are sometimes independent of  RIP1[22,30,39-41].

Although several other forms of  regulated necrosis 
such as PARP-1 mediated regulated necrosis, mitochon-
drial permeability transition-induced necrosis, pyroptosis, 
ferroptosis have also been identified (Figure 2), the cur-
rent knowledge about how these different regulated ne-
crosis pathways interact with each other and what clinical 
significance can be achieved by combined inhibition of  
these pathways is still limited[38]. The pyroptosis denotes a 
caspase-1-dependent cell death exhibiting necrotic and/
or apoptotic morphologies and is associated with the 

RIP1 DEPENDENT AND RIP1 
INDEPENDENT NECROPTOSIS
Although, RIP1 kinase is thought to be the key molecule 
regulating necroptosis; however, the current reports 
regarding protective effects achieved through RIP1 in-
hibition by nec-1 in liver related disease conditions are 
inconsistent. For instance, in Con-A induced hepatitis[33,34] 
and in APAP toxicity[17,32] models, RIP1 inhibition by 
nec-1 is reported to be protective while in alcoholic liver 
disease model[16], only RIP3 inhibition was protective and 
RIP1 inhibition by nec-1 had no protective effects at all 
(Table 1). Furthermore, interestingly, in septic mouse 
model nec-1 not only increased caspase-3 activity but was 
also hepatotoxic[25]. As there are a numbers of  potential 
necroptosis executers, the disparity can be resolved by 
noticing first, that in each disease model, the initiator of  
necroptosis might be different. For example, in Con-A 
induced hepatitis model[33] TRAIL was reported to in-
duce necroptosis while in alcoholic liver disease model[16] 
TNF-α was thought to induce necroptosis. However, 
in APAP toxicity model, the initiator of  necroptosis is 
still not known[17]. Moreover, there are also evidences 
supporting that in certain conditions necroptosis is only 
RIP3 dependent and RIP1-independent[10,16,35,36]. Second, 
the RIP1/RIP3-dependent necroptosis and RIP3 alone 
dependent necroptosis could be representing the split-
ting of  necroptosis pathway at the level of  RIP3. There 
is a possibility that in RIP3 alone dependent necroptosis, 
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Table 1  Brief summary of necroptosis and necrostatin-1 effects in different liver disease models

Disease model Probable necroptosis inducer Downstream signaling Nec-1 effects Ref.

Ethanol induced liver injury TNF-α JNK acts downstream of RIP3 No effect [16]
Ethanol induced liver injury TNF-α No information No information [31]
APAP-induced liver toxicity Unknown JNK acts downstream of RIP3 Protective [17]
APAP-induced liver toxicity Unknown No information Protective [32]
APAP-induced liver toxicity Unknown JNK acts downstream of RIP1 Protective [15]
Con-A induced hepatitis model TRAIL PARP-1 acts downstream of RIP3 Protective [33]
Con-A-induced hepatitis Unknown No information Protective [34]
Liver sepsis model FasL No information Hepatotoxic [25]

APAP: Acetaminophen; Con-A: Concanavalin; TNF-α: Tumor necrosis factor-α; JNK: C-Jun N-terminal kinase; RIP3: Receptor-interacting serine-threonine 
kinase 3; TRAIL: TNF-related apoptosis-inducing ligand; Nec: Necrostatin.

Cell death

Regulated necrosis (RN) Autophagy

Pyroptosis Ferroptosis PARP-1-mediated 
RN

MPT-mediated 
RN

Necroptosis Chaperone-
mediated 

Autophagy

Macroaut-
ophagy

Microaut-
ophagy

Apoptosis

Extrinsic 
Pathway

Intrinsic 
Pathway

RIP1-dependent RIP1-independent

Figure 2  Types of cell deaths. The classification shown in not generalized and is presented only for descriptional purpose. RIP: Receptor interacting proteins.
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release of  IL-1β and IL-18[36], while the ferroptosis is an 
intracellular iron-dependent cell death with distinct mor-
phology[42].

OTHER TYPES OF PROGRAMMED 
NECROSIS; PARALLEL OR ALTERNATIVE 
PATHWAYS OF NECROSIS
Whenever the term programmed necrosis is used usu-
ally it refers to necroptosis. However, interestingly, in 
addition to necroptosis other pathways of  programmed 
necrosis can also concurrently co-exist. Moreover, similar 
to apoptosis, necroptosis is also thought to be executed 
from both extrinsic as well as intrinsic mechanisms[43]. 
It is reported that TNF-α mediated necroptosis and 
PARP-1 mediated necrosis represent two distinct path-
ways of  programmed necrosis that are separate from 
each other[37]. Linkermann et al[38] also pointed that in 
mouse model of  kidney ischemic reperfusion injury, 
cypD-mediated and RIP3-mediated necrosis represent 
two distinct pathways of  regulated necrosis and blockage 
of  both pathways had additional protective effect than 
the blockage of  an individual pathway. Interestingly, it is 
also reported that mitochondrial PGAM5 could be the 
converging point of  multiple necrosis pathways[44]. Alter-
natively, the presence of  mitochondria is not necessary 
for necroptosis execution[45]. Similarly, in hepatic APAP 
toxicity model despite RIP3 elimination the protection 
against necrosis was transient and effect was short lived 
and later thought to be dominated by some other alter-
nate pathway[17] probably due to parallel existing alterna-
tive pathway of  necrosis. Moreover, Sharma et al[32] also 
reported that as RIP1 induces oxidative stress through 
JNK activation and MLK3 controls the initial stage of  
JNK activation. The blockage of  RIP1 or MLK3 activity 
did not had any effect on each other; however, the com-
bined blockage was more protective against APAP toxic-
ity probably due to independent mechanism or pathway.

The interaction between MAPK and necroptosis 
pathways as well as nature and signaling pathway of  
MLKL, a RIP3 downstream signaling molecule, are yet 
to be clarified. For instance, it is reported that MLKL is 
required for ROS generation and for late phase of  JNK 
activation[46]. Alternatively, it is also reported that MLKL 
is a kinase dead protein[47]. Moreover, TNF-α and LPS 
induced JNK and p38 activation were unaffected with 
MLKL deletion suggesting that MLKL has no role in 
MAPK signaling activation[48]. However, to further clarify 
the pathway, there is still a need to find other molecular 
targets upstream and downstream of  MLKL[46-48].

It is thus fascinating that in addition to RIP1/RIP3 
mediated programmed necrosis several other parallel 
pathways of  programmed necrosis could also co-exist. 
Moreover, in addition to blocking necroptosis by necro-
statin-1 or by blocking RIP3, an additional blockage of  
other programmed necrosis pathway could significantly 
enhance the protection against organ damages[37,38]. How-

ever, the current knowledge about parallel existence of  
other programmed necrosis pathways in various liver 
diseases is limited and demands future evaluation. There 
is a need to understand and explore the potential role of  
other regulated necrosis pathways in various liver disease 
models.

CONCLUSION
There is an increasing need to comprehend the exact 
mechanism of  necroptosis as well as functional tasks of  
RIP1, RIP3, and MLKL in liver related disease condi-
tions. The protective effects of  nec-1 have been reported 
in a number of  liver disease conditions, and nec-1 might 
be helpful in understanding necroptosis as well as contri-
bution of  other potential death pathways in liver related 
diseases. However, it is still not clear whether the necrop-
tosis in liver related disease conditions is RIP3-dependent 
alone or both RIP1 and RIP3 together are involved in 
these conditions. As several other kinases might be in-
volved in necroptosis signaling[8], and some studies only 
report RIP3-dependent necroptosis[16,49,50], and nec-1 has 
RIP1-independent effects as well[22], it is thus not clear 
whether to modulate the function of  RIP1 and/or RIP3 
would be beneficial in liver related disease conditions. 
Although as suggested by findings mentioned by Cho 
et al[22] and Takahashi et al[51] results obtained with nec-1 
should be carefully interpreted and should be confirmed 
with other approaches, nec-1 still provides an excellent 
opportunity not only for understanding the mechanism 
of  necroptosis in liver related clinical conditions but also 
for exploring new potential cell death pathways with 
therapeutic significance.
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