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Abstract. Cell death is indispensable in the physiology, 
pathology, growth, development, senility and death of an 
organism. In recent years, the identification of a highly regu-
lated form of necrosis, known as necroptosis, has challenged 
the traditional concept of necrosis and apoptosis, which are 
two major modes of cell death. This novel manner of cell 
death is similar in form to necrosis in terms of morphological 
features, and it can also be regulated in a caspase‑independent 
manner. Therefore, necroptosis can be understood initially 
as a combination of necrosis and apoptosis. The mechanism 
of its regulation, induction and inhibition is complicated, 
and involves a range of molecular expression and regulation. 
According to the recent literature, necroptosis takes place in 
the physiological regulatory processes of an organism and is 
involved in the occurrence, development and prognosis of a 
variety of diseases that have a necrosis phenotype, including 
neurodegenerative diseases, ischemic disease, hemorrhagic 
disease, inflammation and viral infectious diseases. In the 

present review, the features, molecular mechanism and iden-
tification of necroptosis under pathological conditions are 
discussed, with particular emphasis on its association with 
stroke.
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1. Introduction

Cell death is an essential process in the physiology, pathology, 
growth, development, senility and death of an organism. 
There are two major modes of cell death: Apoptosis and 
necrosis, whose molecular mechanisms have been extensively 
studied (1). In the last few years, other forms of cell death have 
been identified and reported, including autophagy and necrop-
tosis (2). Necroptosis is another form of cell death which was 
recently discovered; it not only has some similar phenotypes 
with necrosis, but can also be regulated by a series of exact 
mechanisms. It can be activated by stimulation with ligands 
of death receptors (DRs), such as TNF-α (3). However, the few 
studies on necroptosis in cerebrovascular diseases, such as 
stroke, are insufficient to form a comprehensive understanding 
of the topic. The present review mainly expounds the features, 
molecular mechanism [focusing on the tumor necrosis 
factor α‑tumor necrosis factor receptor 1  (TNFα‑TNFR1) 
signaling pathway] and identification of necroptosis, and the 
latest study of this type of cell death in stroke.

2. Cell death

Cell death is an irreversible biological phenomenon and a 
termination of life. The death of nerve cells has different forms 
and features. Cell death was previously divided into necrosis 
and apoptosis. Necrosis can be recognized early and defined 
through pathomorphic characteristics, which occur when cells 
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or the body is faced with enormous external pressure, and is a 
passive process. Meanwhile, apoptosis is regulated cell death, 
also known as programmed cell death (PCD) (4). A recent 
study showed, however, that necrosis can also be regulated in 
a programmed manner (3).

Cells undergo a type of passive death when organisms face 
up to enormous external pressure, and this is defined as necrosis. 
Necrosis was previously defined by its pathomorphic charac-
teristics. Several causes, including physiological trauma, can 
lead to a change of internal environmental osmotic pressure, 
destroying the balance of an organism's internal environ-
mental homeostasis and leading to necrosis (1). Furthermore, 
following necrosis, a series of reactions occur, including loss 
of cell membrane integrity, cell membrane swelling (due to 
absorption of moisture) and mitochondrial dysfunction (5). 
Due to the rupture of the cell membrane, a large number of 
intracellular elements leak out, which can cause and aggravate 
inflammation of the surrounding tissues (6).

Apoptosis is a natural phenomenon of cell death regulated 
by genes that occurs when organisms are affected by envi-
ronmental stimulation (7). Damaged cells or cells without 
functions can be induced by protease (caspase) and then 
start the self-elimination procedure. As apoptosis occurs, a 
cell undergoes shrinkage, an increase in density, chromatin 
condensation, cracking of the nucleus and the formation of an 
apoptotic body (via cell membrane invagination). Due to the 
formation of the apoptotic body, the inflammatory response 
is avoided after apoptosis (8). In the majority of cases, apop-
tosis may be triggered in two ways: i) Intrinsic stimulation 
through the mitochondrial signaling pathway; or ii) extrinsic 
stimulation through cell surface DRs, including TNFα, 
TNF-related apoptosis-inducing ligand (TRAIL) receptors 
and Fas (CD95/APO1). In either case, activation of cysteine 
aspartyl proteases (caspases) is necessary, and is known as 
the caspase‑dependent manner  (9). However, one previous 
study showed that apoptosis can occur even after caspases are 
inhibited. This result suggests that PCD can also occur in a 
caspase‑independent manner (10).

Macroautophagy (referred to herein as autophagy) involves 
the engulfment of cytoplasmic material and intracellular 
organelles via a self‑cannibalization mechanism, leading to the 
formation of autophagosomes. This is followed by fusion with 
lysosomes to form an autolysosome, where the encapsulated 
material is degraded by specific acidic hydrolases (11). In this 
way, cell would survive in a nutrient- or growth factor-deficient 
environment for a longer period; and there are some autophagy 
vacuolations formed in the cytoplasm, but not chromatin 
condenses (12). Autophagy is observed in physiological and 
pathological processes, however, the pros and cons of its role 
have not been fully elucidated.

Necroptosis is a form of cell death similar to necrosis in 
terms of morphological features (such as early destruction 
of membrane integrity, and cell and intracellular organelle 
swelling), but it can be regulated in a caspase‑independent 
manner, that is to say that necroptosis can be triggered by a 
combination of death ligands and DRs under the inhibition of 
caspase (13). Additionally, necroptosis can be blocked by a small 
specific molecular compound known as necroptosis‑specific 
inhibitor‑1 (Nec‑1), but not by any of the specific inhibitors 
of apoptosis or autophagy. At the same time, Nec‑1 is unable 

to inhibit apoptosis and autophagy, and does not have any 
other significant effects on cells (14). As necroptosis occurs, 
the occurrence of autophagy can often be observed, however, 
necroptosis is not blocked after the application of inhibitors 
of autophagy, suggesting that autophagy is downstream of the 
necroptosis pathways (3). The most evident difference between 
necroptosis and apoptosis is the local inflammation caused by 
the release of the cell contents. The inflammation in necrop-
tosis mainly presents as a large amount of inflammatory cell 
invasion and activation  (15). Different forms and features 
of cell death, including certain connections and distinctions 
between these different forms are revealed in Fig. 1.

Distinguishing features of necroptosis. Although it has similar 
morphological characteristics, necroptosis is different from 
traditional necrosis, which is regulated by a series of signal 
transduction pathways and is a process of positive consumption 
of energy. Necroptosis ensures that cells are not completely 
passive when faced with external harm, in order to reduce 
damage to the cells via regulating a series of signals (1,2). 
Necroptosis has typical morphological features of necrosis 
(organelles swelling, collapse, loss of cell membrane integrity 
and deficiency of nuclear chromatin), and the process can be 
identified through a light/electron microscope with propidium 
iodide (PI) staining (3). Due to the release of cell inclusions, 
necroptosis causes local inflammation, and infiltration and 
activation of inflammatory cells (15). Necroptosis also has the 
following characteristics: Cell death with necrotic character-
ization is more beneficial to maintain embryonic development 
and homeostasis during the adult period; necrotic cell death 
can be induced by a combination of ligands with their specific 
membrane receptors; necroptosis can be regulated via genetics, 
pharmacology and other factors; and inactivation of caspase 
can translate apoptosis into complete necrosis or a specific cell 
death with mixed characteristics of apoptosis and necrosis (3).

Identification of necroptosis. The basic identification of 
necroptosis can be divided into morphological and biochemical 
methods. Morphological methods include: Electron micros-
copy judgment and PI staining (16). Biochemical methods 
include: Use of necroptosis-specific inhibitor‑1  (Nec‑1), 
receptor interacting protein 1 (RIP1)-knockout and receptor 
interacting protein 3 (RIP3)-knockout. In addition, the forma-
tion of compounds (RIP1‑RIP3), known as necrosomes, and 
the phosphorylation of RIP1 and RIP3 can serve as comple-
mentary judgment points (17,18).

3. Mechanisms of necroptosis and the TNFα‑TNFR1‑related 
signaling pathway

Following TNF signaling or other harmful stimulation that acts 
on corresponding cell death receptors, successive changes in 
mitochondria and the different forms of cell death occur (19). 
The mitochondrial outer membrane permeability is changed 
which leads to the release of the proteins in the mitochondrial 
intermembrane space, including cytochrome c. The release of 
cytochrome c could activate apoptosis via mitochondrial path-
ways. Additionally, the release of apoptosis-inducing factor 
and endonuclease G is the start of caspase‑independent apop-
tosis. Furthermore, changes in mitochondrial inner membrane 
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permeability induce a rapid decline in mitochondrial 
membrane potential, destroying respiratory chain electron 
transport (4). As a result, adenosine triphosphate synthesis and 
cell membranes are damaged, with necrosis‑like cell death 
occurring (20). In short, damage of the mitochondrial outer 
membrane leads to apoptosis and damage of the mitochondrial 
inner membrane leads to necroptosis. Therefore, compared 
with apoptosis, necroptosis does not involve the key regulators 
of apoptosis factors (caspase) and does not involve the release 
of mitochondrial cytochrome c.

According to previous studies, there are several mechanisms 
of necroptosis, including the TNFα‑TNFR1-related signaling 
pathway, TRAIL and factors associated with the apoptosis 
ligand signaling pathway, the RIP3‑mitochondrial‑reactive 
oxygen species  (ROS) metabolic pathway and the 
zVAD‑mediated PKC‑mitogen‑activated protein kinase 
(MAPK)‑AP‑1-related signaling pathway  (21‑23). Among 
these mechanisms, the signaling cascade downstream of 
TNFα leading to necroptosis has been deeply studied (24‑28). 
In brief, TNFR1 exists in the cell membrane and its subunits 
can spontaneously trimerize at the plasma membrane (24). As 
ligands bind, the trimer conformation of these receptors would 
be changed, allowing their cytosolic tails to recruit multiple 
proteins, and then a complex (complex I) would develop near 
the cell membrane, which can include TNFα receptor‑associ-
ated death domain (TRADD), RIP1 kinase, TNFR‑associated 
factor 2 (TRAF2), TRAF5, cellular inhibitor of apoptosis 1 
(cIAP1) and cIAP2. Ubiquitylation of RIP1 by cIAP1 and 
cIAP2 stabilized complex I, and then combined with trans-
forming growth factor β‑activated kinase 1‑binding protein 2, 
IκB kinase (IKK) and nuclear factor‑κB essential modulator 
(NEMO) regulatory subunit  (25). Afterwards, IKKα and 
IKKβ are activated and thus IκB can be phosphorylated, 
leading to nuclear factor‑κB (NF‑κB) release and MAPK 
activation. The result of this NF‑κB signaling pathway is the 
promotion of cell survival. RIP1 polyubiquitylation not only 

influences NF‑κB activation, but also affects the transition from 
complex I to II (26). Deubiquitylated RIP1 cooperates with 
its cognate kinase RIP3 for recruitment to another complex 
(complex II), which includes TRADD, FAS‑associated protein 
with a death domain (FADD) and caspase‑8. In this complex, 
RIP1 and RIP3 are inhibited by caspase‑8 and proteolytic 
cleavage is induced; therefore, the pro‑apoptotic caspase activa-
tion cascade starts. By contrast, when caspase‑8 is inactivated, 
deficient or deleted, complex II does not initiate the apoptotic 
program and the TNFα‑mediated necroptotic pathway is 
used (27,28). As a consequence, caspase‑8 and the interaction 
between RIP1 and RIP3 expression could be recognized as the 
diverging point of apoptosis and necroptosis (29). Nec‑1 could 
halt the necroptosis signaling pathways by inhibiting RIPI 
and RIP3 kinase activity (14,15). In addition, the formation of 
FADD‑RIP1‑RIP3‑NEMO complex has an essential role on 
TNFα-mediated necroptotic pathways (30). A previous study 
identified the influence of the interaction of mixed lineage 
kinase domain‑like protein  (MLKL) and RIP3  (28). Later 
studies further supported the hypothesis that MLKL is indeed 
required for TNFα-induced necroptosis, as key residues of 
MLKL mutants cannot be phosphorylated, which prevents 
the activation of the necrosome (31). A controversial point 
is whether the internal flow of Ca2+ or Na+ ions is caused by 
MLKL‑induced increased membrane permeability or by the 
formation of non-specific membrane channels. A summary of 
the TNFα‑TNFR1‑related signaling pathway of cell survival, 
apoptosis and necroptosis is presented in Fig. 2.

4. Necroptosis in stroke

Stroke is a devastating illness second only to cardiac ischemia 
as a cause of mortality worldwide (32). Stroke used to occur 
mostly in the elderly, but in recent years patient age and age 
at mortality appears to have decreased, garnering attention to 
the problem. Cerebral vasospasm, a cerebral blood circulation 

Figure 1. Different forms and features of cell death, including certain connections and distinctions between these different forms. TNFα, tumor necrosis 
factor‑α; TNFR1, TNF receptor 1.
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obstacle triggered by a sudden blockage or rupture of the cere-
bral vessels is the main cause of stroke. On this basis, brain 
tissues are damaged, and cranial nerve functions are partially 
or full disordered. Following the occurrence of stroke, immu-
nity is a key element of the pathobiology, while the immune 
system participates in the brain damage, exerting a powerful 
immunosuppressive effect (33). Inflammatory signaling runs 
throughout all stages, from early damaging events triggered by 
arterial occlusion, to the late post‑ischemic tissue repair (34).

Stroke is divided into two clinical categories: Ischemic 
stroke and hemorrhagic stroke. Ischemic stroke refers to 
the local brain tissues, including neural cells, glial cells and 
vasculature, becoming necrotic due to a lack of blood supply. 
The fundamental reason for this is that the blood system of 

the brain does not receive timely and sufficient collateral 
circulation after external and intracranial artery stenosis 
or with occluding lesions, thus decreasing the oxygen and 
energy supply, which the surrounding brain tissue metabolism 
requires. Hemorrhagic stroke refers to cerebral hemorrhage 
causing compression and necrosis of the brain tissue. This 
type of stroke is also known as a hemorrhagic cerebrovascular 
accident, and is generally divided into two categories: Cerebral 
hemorrhage and subarachnoid hemorrhage (33).

Cerebral hemorrhage is defined as a hemorrhage caused 
by non‑traumatic brain parenchyma vascular rupture whose 
origin is mainly associated with a cerebrovascular lesion, 
such as caused by high cholesterol, diabetes and high blood 
pressure (34,35). During the first few hours after a cerebral 

Figure 3. Association between three main forms of cell death and stroke. Nec‑1, necroptosis specific inhibitor‑1.

Figure 2. TNFα‑TNFR1‑related signaling pathway of cell survival, apoptosis and necroptosis. TNFα, tumor necrosis factor‑α; TNFR1, TNF receptor 1; Nec‑1, 
necroptosis specific inhibitor‑1; RIP1, receptor interacting protein; TRADD, TNFα receptor‑associated death domain; TRAF, TNFR‑associated factor; cIAP, 
cellular inhibitor of apoptosis; IKK, IκB kinase; NEMO, nuclear factor‑κB essential modulator; NF‑κB, nuclear factor‑κB; MAPK, mitogen‑activated protein 
kinase; FADD, Fas‑associated protein with a death domain; MLKL, mixed lineage kinase domain‑like protein; TAK, transforming growth factor β-activated 
kinase 1; TAB2, TGF-β activated kinase 1/MAP3K7 binding protein 2.
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hemorrhage occurs, injury of the neurons in the ischemic 
penumbra and infarcted surrounding areas is temporary and 
reversible; apoptosis or necrosis is only an end result if no 
intervention occurs (36). Ischemic death of neurons exhibits 
mixed characteristics of apoptosis and necrosis in terms of 
biochemistry and ultrastructure (36). Ischemic cell damage 
is common in the clinic and can be divided into two stages, 
namely the reversible damage (can be repaired after injury 
if blood flow is reinstated) and irreversible damage (due to 
continuous ischemia, hypoxia and lack of basic metabolites). 
Cells mainly die by a necrosis‑like process via dysfunction 
of the mitochondria in the irreversible lesion, but not all cell 
death is triggered by ischemia. Blood reperfusion, including 
some infiltration of neutrophils, cytokines and ROS, etc., 
can exacerbate tissue damage  (36). At present, studies on 
ischemia/reperfusion in vivo are performed on animal models 
by blocking one side of the terminal artery of a certain 
organ or tissue (36). Furthermore, Nec‑1 is the first found 
molecule that has been found to significantly reduce infarct 
size in the rat model of middle cerebral artery occlusion (3). 
The similar effects of Nec‑1 can also be found in the study 
of ischemia‑reperfusion damage in myocardial, retinal and 
kidney tissues  (37‑39). In addition, intracerebroventricular 
injection of Nec‑1 can significantly reduce the infarction area 
in the middle cerebral artery occlusion model  (3), and the 
protective effect of 7‑Cl‑O‑Nec‑1 injection can be detected 
6 h after injury. However, the effect of zVAD‑fmk (a caspase 
inhibitor) injection is extremely small at this point. That is to 
say the nerve protection effect of 7‑Cl‑O‑Nec‑1 can expand 
the therapeutic time window, and reveals the backwardness 
of necroptosis in cerebral ischemic injury (40). Furthermore, 
inflammatory factors increase significantly after cerebral 
hemorrhage, as detected via the immunohistochemical method. 
Activation of microglia can be used as another indicator to 
determine the occurrence and development of neuroinflam-
mation (32). Microglia cells are inherent immune cells in the 
brain, maintaining a static phenotype in the normal state. As 
brain injury occurs, microglia cells are activated and migrate 
to the damaged regions prior to a response by any other cells 
in the body. At the same time, the quiescent branching shape 
of the microglia cells translates to an operative amoeba‑like 
shape. Microglia cells swallow pathogens, apoptotic cells and 
cellular debris through proliferation, although their activation 
and concrete mechanisms remain unclear (32,36). In Fig. 3, the 
associations between the three main forms of cell death and 
stroke are abstractly exhibited.

5. Necroptosis in other diseases

N‑methyl‑D‑aspartic acid (NMDA) receptor‑associated 
diseases. Glutamic acid is an important excitatory neurotrans-
mitter in the central nervous system, and the activation of its 
receptor plays a significant role in physiological processes. 
Meanwhile, glutamic acid can also produce a neurotoxic effect 
via the excessive activation of NMDA receptor (41). A growing 
body of research has suggested that in numerous acute or 
chronic neurological diseases, including Huntington’s disease, 
Parkinson’s disease and Alzheimer’s disease, this excitatory 
neurotoxicity is one of the main mechanisms of neuron 
death (42,43). It has been proved that Nec‑1 can suppress the 

decrease in cell vitality and the release of lactate dehydro-
genase, and decrease the number of living cells induced by 
NMDA receptor (44). The results indicate that necroptosis is 
involved in NMDA‑induced cellular damage.

Inflammatory diseases. Studies have shown the vital role of 
caspase‑8 in the regulation of necroptosis in intestinal epithelial 
cells and terminal ileum cells (45). Spontaneous formation of 
inflammatory damage can be observed in caspase‑8-defective 
mice, and these mice are highly susceptible to colonitis (45). 
In patients with Crohn's disease (which exhibits characteristic 
necrosis of terminal ileum epithelial cells), as expression 
of RIP3 of intestinal epithelium goblet cells increases, the 
necroptosis of terminal ileum cells is enhanced, and this 
can be blocked by inhibitors of necroptosis, suggesting that 
RIP3‑mediated necroptosis may take part in the genesis and 
development of inflammatory diseases (45).

Cancer. Necroptosis serves an indispensable role in the 
pathogenesis of cancer, as this process usually fails during 
tumorigenesis and tumor development (46). For instance, cells 
in chronic lymphocytic leukemia cannot undergo necroptosis 
when stimulated by TNFα and zVAD, and the key component 
of necroptosis, RIP3 is markedly downregulated (47). Besides, 
in non‑Hodgkin lymphoma, single nucleotide polymorphisms 
in the RIP3 gene can be detected and are correlated with an 
increased risk of morbidity, indicating that genetic variations 
in the RIP3 gene may contribute to this cancer type (48). In 
addition, more and more compounds and anticancer agents 
have been discovered to induce necroptosis of cancer cells. 
Shikonin, a small molecule, was the first compound discovered 
to induce necroptosis in cancer (49) and a number of studies 
proved that shikonin and its analogs were highly antineoplastic 
without drug resistance (50‑52).

Other diseases. In the mouse myocardial ischemia model, 
injecting Nec‑1 after reperfusion can markedly shrink the 
volume of focal necrosis overall and in vitro (53). Additionally, 
in the mouse permanent ligation of coronary artery model, 
Nec‑1 can significantly shrink the volume of necrosis, inhibit 
myocardial tissue fibrosis after necrosis and improve heart 
function. In the acute pancreatitis model, RIP3‑knockout mice 
exhibit less necrosis of pancreatic cells, leakage of pancreatic 
enzyme and inflammation of pancreatic tissue (17,28). Another 
study has reported that the PCD of capillary endothelial cells 
is composed of classic apoptosis and necroptosis. The classic 
apoptosis occurs from the original stage and throughout the 
whole growing phase, while necroptosis takes place only after 
appearance of capillary lumina and filtration barriers (37). 
Thus, we speculate that its significance lies in the fact that the 
collapsed contents of necroptosis cells can be taken away by 
the blood flow, preventing inflammation. Increasing numbers 
of studies are focusing on this aspect at present.

6. Conclusions

With the rapid progress of science and technology, a growing 
number of studies have shown that, other than the classic 
necrosis and apoptosis, cell death consists of another form, 
known as necroptosis. The occurrence and progression of 
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necroptosis is based on specific signaling pathways (such as 
TNF-α-TNFR1-related signaling pathway) and regulated 
by specific biological molecules (including RIP1, RIP3 and 
caspase‑8). At the same time as the occurrence of necroptosis, 
inflammation occurs due to release of cellular inclusions 
causing infiltration and activation of inflammatory cells. 
Thus far, the specificity of a terminal target, which is similar 
to DNA fragmentation when apoptosis occurs, has not been 
found in the process of necroptosis. Currently, the basic judg-
ment of necroptosis can be divided into the morphological 
method (electron microscopy and PI staining) and biochem-
ical methods (Nec‑1, RIP1‑knockout or RIP3-knockout). The 
formation of necrosomes and the phosphorylation of RIP1 and 
RIP3 can serve as a complementary judgment indicator.

In clinical diseases, necroptosis is hypothesized to be 
associated with autophagy, apoptosis, necrosis and the inflam-
mation of cells, providing a great possibility for future clinical 
combination drug therapy. These studies not only improve 
scientific literacy and technology, but also enrich the research 
of pathological mechanism in stroke and other diseases. More 
importantly, it may provide a knowledge base for clinical 
studies as well. In addition, due to the multiple signal regu-
latory pathways involved in necroptosis, the mechanism of 
necroptosis is extremely complicated and requires further 
study. Moreover, further research is also required to investigate 
the reasons for the inflammation caused by necroptosis and the 
varying functions of associated cells, including the activation 
and function of microglia cells.
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