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Due to very limited therapeutic options, ischemic brain in-
jury is one of the leading causes of death and lifelong dis-
ability worldwide, which imposes enormous public health 
burden. One of the main events occurring with ischemic 
brain stroke is cell death. Necroptosis is a type of cell death 
described as a regulated necrosis characterized by cell 
membrane disruption mediated by phosphorylated mixed 
lineage kinase like protein (MLKL). It can be triggered by 
activation of death receptors (eg, FAS, TNFR1), which lead 
to receptor-interacting serine/threonine-protein kinase 3 
(RIPK3) activation by RIPK1 in the absence of active cas-
pase-8. Here, we review articles that have reported that 
necroptosis significantly contributes to negative events 
occurring with the ischemic brain stroke, and that its in-
hibition is protective both in vitro and in vivo. We also re-
view articles describing positive effects obtained by reduc-
ing necroptosis, including the reduction of infarct volume 
and improved functional recovery in animal models. Since 
necroptosis is characterized by cell content leakage and 
subsequent inflammation, in addition to reducing cell 
death, inhibition of necroptosis in ischemic brain stroke 
also reduces some inflammatory cytokines. By comparing 
various approaches in inhibition of necroptosis, we analyze 
the achieved effects from the perspective of controlling 
necroptosis as a part of future therapeutic interventions in 
brain ischemia.
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Beside cancer and cardiac disease, brain stroke is one of 
the leading causes of death worldwide. In more than 80% 
of cases it is caused by blood supply obstruction leading 
to ischemia (1). Stroke poses an enormous threat to public 
health, since due to very limited therapeutic options, it fre-
quently leads to a life-long disability or death (1). The period 
during and after stroke is characterized by the occurrence 
of metabolic disturbance and inflammatory response, re-
sulting in non-selective death of all cell types. Thus, stroke 
severity and the course of patient rehabilitation are largely 
determined by cell death and/or recovery. The occurrence 
and time frame of reperfusion is also an important factor 
since restoration of blood and oxygen can induce more 
robust inflammation and oxidative stress, which can exac-
erbate ischemic injury. Taking this into consideration, ex-
ploring the mechanism of neuronal cell death affected by 
ischemic stroke is very important for developing efficient 
clinical treatment (2,3).

Necroptosis is a regulated type of cell death mediated by re-
ceptor-interacting serine/threonine-protein kinase 1 (RIPK1), 
RIPK3, and mixed lineage kinase like protein (MLKL), which 
results in membrane permeabilization (4). Various animal 
models have shown that ischemic brain injury is followed 
by necroptotic cell death, which contributes to its pathol-
ogy (5-7). In this review, we discuss the effects of inhibition 
of necroptosis in in vivo and in vitro models of brain isch-
emia. We also focus on the role of necroptosis in inflamma-
tion following ischemia and the potential role of elements of 
necroptosis in the nucleus following ischemic brain injury.

NECROPTOSIS IS A FORM OF REGULATED NECROSIS

Cell death is both a physiological and pathological event 
present during the development and in the processes linked 
to homeostasis. It is also one of the central elements accom-
panying various pathological processes. For a long time, cell 
death has been primarily divided into the programmed 
cell death or apoptosis, and “accidental” cell death or ne-
crosis, which is caused by physiochemical stress. Apopto-
sis is mediated by proteins, among which are caspases, and 
is characterized by cytoplasmic shrinkage, chromatin con-
densation, and plasma membrane blebbing, leading to 
the formation of small vesicles, which are phagocytosed by 
neighboring cells (8). On the other hand, necrosis used to 
be considered as an unregulated form of cell death, which 
culminates in the cell content leakage, leading to inflam-
mation. Today, we know that cell death of necrotic mor-

phology can be regulated, which means that it can be 
triggered by a certain mechanism that activates ef-

fectors included in the cell membrane disruption. Several 
forms of regulated necrosis have recently been discovered: 
necroptosis, ferroptosis, oxytosis, ETosis, NETosis, cyclophilin 
D-mediated regulated necrosis, parthanatos, and pyropto-
sis (9). All these types of regulated necrosis are genetically 
controlled cell death processes that eventually result in cel-
lular leakage and are morphologically characterized by cy-
toplasmic granulation, as well as organelle and/or cellular 
swelling (“oncosis”) (9). These forms are involved in different 
pathological events, and since they are mediated by cer-
tain molecules, the inhibition of these molecules represents 
new therapeutic opportunities for many diseases (10).

Necroptosis is the most studied form of regulated necro-
sis, and its main characteristic is cell membrane disruption 
mediated by phosphorylated MLKL (pMLKL). Necroptosis 
can be triggered by the activation of death receptors (eg, 
FAS, TNFR1), which can lead to RIPK3 activation by RIPK1 
in the absence of active caspase-8 (11) (Figure 1). Activat-
ed RIPK1 binds RIPK3 through RIP homotypic interaction 
motif (RIIM) domain in the so called necrosome, in which 
they undergo reciprocal auto- and trans-phosphorylation 
(12). Phosphorylated RIPK3 binds and phosphorylates 
MLKL, thus forming MLKL oligomers, which translocate to 
the plasma membrane, where they bind to specific phos-
phatidylinositol phosphate species by a roll-over mecha-
nism and hence trigger plasma membrane permeabiliza-
tion (8). Since apoptosis and necroptosis can be triggered 
by the same mechanisms, it is believed that necroptosis 
has evolved as a “backup” mechanism to ensure cell death 
when caspases are inhibited (13). For example, during in-
fection with cytomegalovirus, adenovirus, or herpes sim-
plex virus type 1 and 2, apoptosis is prevented by viral in-
hibition of caspase-8, allowing necroptosis to execute cell 
death (14). Although activation of necroptosis is benefi-
cial in virus infection, it also contributes to various types 
of pathological events affecting the cardiovascular system, 
kidney, liver, and nervous system (15). Taking all this in con-
sideration, it is understandable that blocking necroptosis 
by RIPK1, RIPK3, or MLKL inhibitors could potentially lead 
to the development of new drugs for various diseases that 
include necroptosis as an important negative element.

INHIBITION OF NECROPTOSIS IS PROTECTIVE IN 
ISCHEMIC BRAIN INJURY

Necroptosis significantly contributes to negative events 
occurring with the ischemic brain stroke, and its inhibition 
is proven to be protective both in vitro and in vivo. Here, 
we discuss the effect of inhibition of different elements of 
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necroptosis on infarct volume and neurological/cognitive 
functions of experimental animals. We focus on specific 
cell types that are protected by the inhibition of necrop-
tosis following ischemic brain stroke. We also report the ef-
fects of inhibition of necroptosis in neurons and astrocytes 
subjected to oxygen-glucose deprivation (OGD), an in vitro 
model of ischemia. Finally, we describe the effects of in-
hibition of necroptosis on inflammation following isch-
emic brain injury and discuss a possible role of elements of 
necroptosis in the nucleus.

It has been shown that chemical inhibitors of necropto-
sis are protective in animal models of ischemic brain injury 
(Table 1) (Figure 1). The first synthesized and the most often 
used inhibitor of necroptosis is RIPK1-inhibitor necrostatin-1 
(Nec-1). The first application of Nec-1 demonstrated its ef-
ficiency in inhibition of necroptosis in vitro, which was then 
successfully transferred to a mouse model of ischemic brain 
injury, where its administration reduced infarct volume (13). 
Since then, Nec-1 has been used several more times to inhib-

it necroptosis following stroke, with a confirmed protective 
effect. Xu et al (16) demonstrated that intracerebroventricu-
lar injection of Nec-1 in mice 4 h after reperfusion reduced 
cerebral infarct volume from 59.3 ± 2.6% to 47.1 ± 1.5% 24 h 
after middle cerebral artery occlusion (MCAO), measured as 
a percentage of difference of the affected hemisphere vol-
ume to non-affected hemisphere volume. Nec-1 administra-
tion has also been shown to be protective in a rat model of 
MCAO, where its intracerebroventricular injection 30 min be-
fore MCAO significantly reduced the infarct volume at 24 h 
after MCAO (5.08 ± 0.02%) compared with the administration 
of inactive necrostatin-1 (iNec), after which infarct volume re-
mained high (45.44 ± 0.1%) (6). In addition to reducing lesion 
size, Nec-1 treatment improved cognitive and neurological 
functions in animal models of ischemic stroke (6,17).

Inhibition of RIPK3 and MLKL, downstream regulators of 
necroptosis, has also been shown to be protective in 
ischemic brain stroke. The administration of RIPK3 in-
hibitors, GSK’872 or dabrafenib, reduced lesion size 

FIGURE 1. A simplified scheme of necroptotic pathway with inhibitors shown to be protective in in vitro and in vivo models of 
ischemic brain stroke. Necroptosis can be triggered by activation of death receptors (eg, FAS, TNFR1), which can lead to receptor-
interacting serine/threonine-protein kinase 3 (RIPK3) phosphorylation by receptor-interacting serine/threonine-protein kinase 1 
(RIPK1) in the absence of active caspase-8 (CASP8) (11). Phosphorylated RIPK3 binds and phosphorylates mixed lineage kinase like 
protein (MLKL), resulting in the formation of MLKL oligomers that translocate to the plasma membrane causing its permeabilization 
(8). The inhibition of necroptosis by necrostatin-1 (Nec-1), dabrafenib, GSK’872, and necrosulfonamide (NSA) has been shown to be 
protective in in vitro and in vivo models of ischemic brain stroke.
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in mice subjected to ischemic brain injury (18,19). In ad-
dition, the intracerebroventricular administration of MLKL 
inhibitor necrosulfonamide (NSA) 30 min before MCAO 
improved neurological functions of mice and reduced in-
farct volume (20). The intracerebral injection of NSA 4 h af-
ter MCAO also significantly reduced infarct volume, while 
administration of NSA 6 h post reperfusion did not show a 
neuroprotective effect on infarct volume, suggesting that 
NSA had a therapeutic window after ischemic injury (20).

The protective effect of inhibition of necroptosis, seen as 
a reduction of infarct volume and improvement in neuro-
logical functions, is primarily achieved by the protection of 
the brain cells. Ni et al (5) demonstrated that at 12 h of per-
manent MCAO (pMCAO), mice’s cortical neurons and astro-
cytes showed necrotic morphological features, but Nec-1 
treatment improved their morphology and reduced ne-
crotic death of both cell types. They also showed that short 
hairpin RNA RIPK1 or Nec-1 treatment prevented pMCAO 
and decreased MAP2 or GFAP levels in the ischemic cortex 
12 h after pMCAO. Inhibition of necroptosis significantly im-
proved the survival of hippocampal CA1 neurons: morpho-
logically, only 9.3 ± 1.3% and 7.4 ± 3.0% of the hippocampal 
CA1 neurons in the control group survived at 7 and 30 days, 
respectively, as opposed to 90.9 ± 1.1% and 86.7 ± 1.3%, re-
spectively, in the Nec-1 group. This strongly suggests that 
Nec-1 has a long-term protective effect against hippocam-
pal CA1 neuronal death rather than just delaying death (21). 
Although necroptosis is involved in axonal degeneration 
during the progress of neurodegenerative diseases (22), to 
the best of our knowledge its involvement in axonal degen-
eration in ischemic brain damage has not been shown.

Inhibition of necroptosis in neurons subjected to OGD 
has also been shown to have a protective role. Treatment 

of rat cortical neurons with Nec-1 before OGD signifi-
cantly reduced the percentage of necrotic cell death 

measured 3 h post recovery: in OGD group the percent-
age of necrotic cell death was 60.5 ± 5.8%, while in the 
OGD+Nec1 group it was 40.8 ± 4.3% (23). Pretreatment of 
mice’s cortical neurons with Nec-1 increased cell viabil-
ity after OGD-induced damage from 47.9 ± 1.1% in con-
trols without treatment to 68.4 ± 1.6% (16). Furthermore, 
Nec-1 or short hairpin RNA RIPK1 treatment not only pro-
tected neurons, but also reduced cell death of astrocytes 
subjected to OGD (5). Finally, treatment of HT 22 cells (a 
mouse hippocampal cell line) 14 h after OGD by GSK’872 
increased their number 9 h after oxygenation compared 
with untreated control (18).

In our own experiments, we analyzed how neural stem 
cell transplantation after stroke influenced the expression 
of necroptosis markers. Interestingly, we found that neural 
stem cell transplantation, but also enriched medium, sig-
nificantly down-regulated Ripk1. At the same time, neural 
stem cells did not influence Ripk3 and Mlkl levels, which 
remains to be explained (24).

Inhibitors specific for a certain element of necroptosis af-
fect not only an isolated path but also the whole necropto-
sis pathway. MLKL small interfering RNA notably inhibited 
MLKL expression and RIPK1-RIPK3-MLKL interaction in the 
rat cortex and hippocampus subjected to hypoxia-isch-
emia (25). Ni et al showed that Nec-1 treatment inhibited 
pMCAO- or OGD-induced increase in the interaction be-
tween RIPK1 and RIPK3 (5). GSK’872 treatment decreased 
RIPK1, RIPK3, and MLKL expression and inhibited the phos-
phorylation of MLKL compared with the non-treated group 
in vitro and in vivo (18). Nec-1 treatment in a model of bi-
lateral common carotid artery stenosis (BACS) not only de-
creased the expression of RIPK1 but also that of RIPK3 (17).

Since necroptosis is characterized by cell membrane rup-
ture and cell content leakage, one of the most obvious ef-

TABLE 1. The effects of inhibitors of necroptosis in the animal models of ischemic brain stroke*

Marker Inhibitor Model of brain ischemia Effect Publication

RIPK1 Necrostatin-1 MCAO, mouse Reduced cerebral infarct volume  (13)
MCAO, rat Reduced cerebral infarct volume, 

improved neurological function
 (6)

MCAO, mouse Reduced cerebral infarct volume  (16)
BCAS, mouse Improved cognitive function  (17)

RIPK3 Dabrafenib Photothrombosis-induced focal ischemic injury, mouse Reduced infarct volume  (19)
GSK’872 MCAO, mouse Reduced infarct volume  (18)

MLKL Necrosulfonamide MCAO, mouse Reduced cerebral infarct volume, 
improved neurological function

 (20)

*RIPK – receptor-interacting serine/threonine-protein kinase; MLKL – mixed lineage kinase like protein; MCAO – middle cerebral artery occlusion; 
BCAS – bilateral common carotid artery stenosis.
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fects of inhibition of necroptosis is the reduction of inflam-
mation. Inhibition of necroptosis by Nec-1 following BACS 
has been shown to have long term effects manifested in the 
down-regulation of inflammatory cytokines TNF-α, INF-γ, IL-
1β, and IL-33, 15 days after treatment both on mRNA and 
protein levels (17). Although Nec-1 is a specific RIPK1 inhibi-
tor (26), its administration 30 min before MCAO, in addition 
to suppression of RIPK3, MLKL, and phosphorylated MLKL, 
also suppressed the generation of mature IL-1β – one of the 
most important inflammatory cytokines in the rat brain (6). 
By conducting in vitro experiments using conditioned me-
dium generated from WT and RIPK3−/− neurons to treat mac-
rophages, Yang et al (27) showed that necroptotic neurons 
probably facilitated inflammation through the induction of 
the M1 fate of microglia/macrophages, while necroptosis-
defective neurons may favor M2 polarization by releasing 
distinct inflammatory factors.

Necroptosis is a specific type of cell death mediated by 
RIPK1, RIPK3 and MLKL, resulting in cell membrane per-
meabilization by MLKL (Figure 1). On the other hand, the 
role of elements of necroptosis in the nucleus is less clear. 
It has been long thought that one of the main differences 
between apoptosis and cell death of necrotic morphology 
is the presence of DNA fragmentation in the first form of 
cell death, and its absence in the latter, but recently pub-
lished articles question this concept. It seems that the as-
sociation of MLKL with the cell membrane in necroptotic 
death is preceded by the translocation of pMLKL, along with 
RIPK1 and RIPK3, to the nucleus, and translocation of pMLKL 
to the nucleus is probably not required for necroptosis but 
might facilitate it (28). Furthermore, Weber et al (29) suggest-
ed that the passage of necroptotic signaling components 
through the nucleus was a mechanism for regulating cyto-
solic necrosome formation. Regarding ischemic brain injury, 
it has been shown that in the striatum of ischemic stroke 
rats 24 h post MCAO, most of pRIPK1 positive cells exhib-
ited DNA double-strand breaks (6). In support of the thesis 
that necroptosis may be involved in DNA fragmentation, Xu 
et al (21) suggested that after ischemia-reperfusion injury in 
hippocampal CA1 neurons, RIPK3 forms a complex with AIF, 
which then translocates to the nucleus. This results in chro-
matin condensation and DNA degradation, a process which 
may be inhibited by pre-treatment with Nec-1 (21).

CONCLUSION

Necroptosis has become one of the most studied forms 
of cell death because of its presence in many pathological 
events. Recent articles clearly showed that necroptosis is 

responsible for a large portion of negative effects occur-
ring after brain ischemia. Equally important, inhibition of 
elements of necroptosis significantly reduces brain dam-
age. Taken altogether, necroptosis entered the scenery of 
brain pathophysiology as one of its central elements. Cur-
rent efforts focused on better understanding how to con-
trol necroptosis have a potential to lead to new therapeutic 
options for reducing damage caused by brain ischemia.
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